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Design of composite landing gear for an LSA airplane

Abstract

Purpose
The purpose is to introduce a software tool under development by the author. Based on industry demands a software tool
is developed to fill the gap between commercial software and limited closed-form analysis in this specific area.
Design/methodology/approach
Python programming language offers a great potential to develop relatively simple software that includes GUI and can be
turned into an executable file — therefore easily spread. Also, thanks to large community, Python offers extended scientific
libraries for solving number of engineering problems.
Results are compared to the commercially available software (in this case, MSC NASTRAN). Further evaluation is to
compare results to the laboratory tests.
Findings
First results were obtained on the comparison between KUFEM and NASTRAN. These results are sufficient reassurance
for next stages of development.
Next results are the comparison of KUFEM results to the laboratory test. As only one type of product has been tested, no
final conclusion can be made. However within these limits, the results are very promising and optimistic.
Research limitations/implications
Future development will include:

further evaluation on different products,

even more composite-oriented calculations,

enhanced graphical environment.
Practical implications
KuFEM, within its limits is an alternative to other commercial programs. It is meant to compromise between limited closed
form designs and detailed designs in expensive software.
Social implications — this is an optional entry.
Originality/value
KuFEM is a unique software tool. It allows user to work with finite element method in a simple pre-programmed way. It
enhances the standard BEAM elements in order to go deeper in the analysis. Currant evaluation promises potential good

results.
Keywords Beam Element, LSA, Composite, Landing Gear, Spring.

Paper type Research paper.

Introduction

When designing new light sport airplane with fixed landing gear, the manufacturer faces a question whether to buy a final

product (such as those offered by ComLet company [4]), or make his own design.

Designing own composite landing gear can be approached with large commercial FEA packages (such as Nastran,

Ansys, Abaqus, etc.), use CAD built-in analysis modules or do it with closed form analysis on a sheet of paper.
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These closed—form solutions may be fast and simple, but they offer only little precision and the final product is
more question of designer’s feeling, trial-and-error experimenting and possibly some reverse engineering.

On the other hand using expensive software packages may give great results but requires time and experienced
user. The most time consuming stage of the design is modelling different layups and analyse the results.

This paper presents option in between. Simple program with its own Graphical User Interface (GUI) capable of

predicting deformed shape, strains and stresses of the landing gear.

State of the art and motivation
At present day, the author works for a small company based in Olomouc, Czech Republic. The company’s name is
TechProAviation and the main article of production is metal light sport airplanes. Design, manufacturing and certification

of several types have finished or are still going on.

Even though the airframe is made out of aluminium alloy, there are few composite parts. Wingtips and cockpit parts
for sure. But most importantly: landing gear and springs.

Main landing gear, nose wheel spring or tail gear spring are classified as thick composite parts, made mostly out of
unidirectional composite material. The current trends in composite landing gear were studied with a conclusion, that a new
software tool needs to be developed.

Mister Spencer [8] describes a procedure of design and optimization of a composite landing gear by means of
NASTRAN solution sequence SOL200. He suggests using rectangular beam elements, and optimizing their parameters in
iterative way.

Mr. Goyal [9] stresses out the importance of kinematics (the influence of the deformed shape on the stresses).
Because of achieving large deformations, he suggests to use non-linear analysis techniques. An example design is shown
in the article. The aim is to design composite main landing gear for a light sport airplane of myow = 350kg. The non-linear
analysis, employed by mr. Goyal, applies the loading gradually in different sub-steps.

Ms. llic [10] describes the development of the main landing gear for an unmanned aerial vehicle. First, the global
geometry is defined. Along the length a total of 8 control points are chosen. In these points the strains are evaluated and
compared to strain gages reading from the laboratory test. The numerical analysis used 2D shell elements with 2D
orthotropic material definition.

Mr. Torstenfelt [11] explains the principles of finite element method in very understandable fashion. First bars are
explained and the equations are derived. Then the same is shown for beams. Examples are given for 2D and 3D cases.
Also common mistakes are pointed out. The same topics are covered in a book from Mr. Ferreira [3]. As part of the book
MATLAB codes are provided to the reader so he can see first-hand the procedure.

When building a model of some system, the validation and verification is necessary part of the development. Mr.
Sargent: [13] defines these terms as follows:

e Model validation ensures that the model is used within its domain of applicability.
e Model verification ensures that the model and its implementation are correct.
Mr. Conover [7] used similar definition. In this text, author defines these terms in more straight forward manner:
o Model verification: KuFEM calculates results that are same or very close to NASTRAN.
e Model validation: KuFEM calculates results that are close to the real laboratory tests.
Very important topic is the material properties that will be used. Mr. Chamis [6] presented the significance of tensile

/ compression elastic moduli difference. He formulated modular ratio parameter that is a fracture of elastic modulus in
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tension and compression. Should the modular ratio be 1.5, the deflection of three-point-bend loading can be 25%
underestimated. This implies the importance to consider the difference.
Analysing the mathematical formulation [13] of unidirectional composite material, more usually referred to as

transversely isotropic, the following Hook'’s law can be deduced:

[i¥ 1] H12 12 - . mn
( €1 A Br — 51 — Ell 0 0 0 ( o1 )
i —m2 1 po3 0 0 0
€2 E Es Esy 09
: B1a  _pas 1 0 0 0
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L 212 ) |0 0 0 0 0 = | \ 2z

When analysing the actual numbers in the area of application intended for KuFEM, the Hook’s law shrinks to an

isotropic material:

1
El = E_l . 0‘1
This is not true along the whole landing gear however. In the area of outer attachment a significant through-

thickness is introduced (figure 4, left). In this area, o; needs to be calculated.

Program KuFEM

This section introduces the GUI and explains the input user must make prior running the calculation. The program is

primarily intended for the main landing gear — the explanation will use this geometry to illustrate the meaning of the data.

User should be aware of the meaning of the term “mid-fibre”. The mid-fibre is created as an intersection of two
planes representing middle of the thickness and width. It is defined through nodes (points lying on the mid-fibre, figure 2).
There can be as many nodes as the user defines. Four nodes have special meaning: point “L” (where the forces are
introduced), point “D” (where the axle is attached to the laminate) and points “A” and “B” (where the landing gear is
attached to the fuselage). These special points must be included in the input file and later be referred to by their number.

All nods must be listed in order as shown on figure 2.
Program Input

There are two input files that KUFEM needs to run the calculation. Both are excel XLS or XLSX files in column-wise

orientation.

First file describes the geometry of the mid-fibre. Each two following nodes define one element (the number of
elements is one less than the number of nodes). Figure 2 shows landing gear geometry simplified into the nodes and
elements.

The second input file is also an excel sheet. It lists the geometry and properties of each element. As the number of
elements is not limited by the program, it is only up to user to set the reasonable amount. Two aspects must be
considered: a) how many elements is user able to define sets the maximum, whereas b) the required accuracy sets the

minimum.
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The geometry of the element includes the width and thickness (upper flange, lower flange, wrap and total thickness,

dimensions explained in table 1). Also the upper and lower flange may have different mechanical properties, depending

on tensile / compression loading [6]. In this example, the upper flange is compressed while the lower flange is stretched

out.

Figure 3 Geometry of a cross-section.
B J -
|
N = 1
O =
i
Table1 Denotation of geometry.
T [mm] | total thickness (without wrap) | to [mm] thickness of the wrap layers (constant all around)
B [mm] | total width (without wrap) Ex [MPa] upper flange modulus of elasticity
ty [mm] | upper flange thickness Ep [MPa] lower flange modulus of elasticity
tp [mm] | lower flange thickness

Besides two excel sheets describing geometry and mechanical properties, user must fill information about boundary

conditions and loading. These inputs are shown on the GUI window on figure 1. These inputs are:

type of boundary condition and the number of supported node,

three vectors of the loading force (figure 4, right),

attachment geometry (figure 4, left),

number of iterations.

Figure 4 Outer fuselage attachment geometry and force vectors.

Deformed Shape Calculation

This calculation is based on an assumption, that the X-direction displacement is negligible in comparison to the Y and Z

directions. Assuming UX=0 significantly reduces difficulty of the problem. Only two translations and one rotation for each

node will be calculated.

For a two-dimensional beam problem the Euler-Bernoulli beam theory is adopted. It assumes that undeformed

plane sections remain plane under deformation (cross-section remains constant).
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Local stiffness matrix is calculated for each element:

r AEE _AE 0 0 0 0 _
o LE AL 0 0 0 0
LS = ’ 0 12 ¥ 12E-LJ3 6 ¥ 6 %
0 0 —12. &L 12. & _¢. 2/ _g.&/
b # L L
0 0 6-%2— _6.?& 4.% 2.%
L 0 0 6- 44 6.4 2.5 4. EL ]

Each element is positioned in a different angle q, relative to the YZ axis. In the next step a transformation matrix of
goniometric functions is calculated:

cos (a) 0 sin (o) 0 0 0

0 cos (@) 0 sins(a) 0 0O

T_ —sin () 0 cos () 0 00
N 0 —sin (o) 0 cos(a) 0 O

0 0 0 0 1 0

0 0 0 0 0 1

By multiplying these two matrixes for each element a global stiffness matrix is obtained:

[GS]=[T]~*- [LS] - [T]
Combining all Global Stiffness matrixes together creates Global Stiffness of the whole Model (GSM). This is ruled

by the DOF number for each node.
Those DOF that were removed by boundary conditions are reflected in the GSM matrix and also Loading Vector F.

Final vector of displacements and rotations is obtained by multiplying the GSM matrix and Force vector:

{U} =[GsM] - {F}*
Also the reactions can be determined by multiplying global stiffness matrix and transposed displacement vector:

{R} = [GsM] - {U}"

o, and g, stresses and strains

General FEM approach to determine stresses and strains is to solve strains through strain-displacement matrix [B] and
then obtain the stresses by multiplying the strain vector by stiffness matrix:

{e} = [BI{U}

{o} = [E]{e}

It represents a function of the partial derivatives of shape functions with respect to the global XYZ coordinate
system. This leads to Jacobian introduction. Jacobian matrix relates derivatives of the function in local coordinate system
to derivatives in global coordinate system.

However, for KUFEM this approach will be substituted by more intuitive approach, based on geometry and element
forces. Suggested approach follows simple idea, familiar to all engineering students:

Force Stress

- Stress and ——— - Strain
Area Stif fness

This approach has one more advantage. The first part of the calculation was considering only 2D case. This is not
the limit of the suggested procedure however. It allows considering all six components of loading (3 forces and 3
moments, see figure 5).
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Figure 5 Element geometry and loading in the centre of the element.
Ni FZ

It has been described in previous section that the whole geometry is located in one plane; therefore the geometry is

two dimensional. An angle between the element longitudinal axis I and global vertical axis Z can be calculated. According

to this angle all forces and moments are transformed into the element coordinate system (figure 6).

Figure 6 Element geometry and element loading.
Ni . FK, MK
Ni . FI,MI

FJ5MT

dZ
®
m

Ni+1
dyY
Based on geometrical characteristics and the element forces, the stresses are calculated. Primarily, the stress

along the fibre in the flange is calculated as a sum of:

. . M
e bending along lateral axis: o;; = T] k
J

. . . M .
e bending along vertical axis: o, = ]—"-]
K

. . F
e normal tension/compression: g;; = ;’

Figure 7 Element geometry and loading example.

e total maximum stress in the fibre is calculated as a sum: o, = gy, + oyx + 0y;

g1

o from Hook’s law, the strain is obtained through the elastic modulus: ¢; = .
1

Fuselage Attachment

The analysis is focused on the boundary conditions other than pinned. The outer fuselage attachment is extremely loaded
with through thickness force as a result of the geometrical arrangement (figure 8, left). Also the twisting moment, created
by FX is restrained here (figure 8, right).
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Figure 8 left: influence lines of the landing gear, Raz force component, right: twisting moment from FX.

N X/
T q
x
\

This through thickness force acts perpendicular to the fibres, therefore effectively decreasing the allowed values in
direction along the fibres. Significant through-thickness stress leads to decreased strength capacity in direction 1. Using
interactive failure criterions, Tsai-Wu [5] for example is recommended.

These failure criteria are not part of KUFEM. User is only provided by the calculated stresses and the failure
criterion assessment is up to him or her and the material data available. Figure 9 illustrates the stress state in the area of

fuselage outer attachment and failure envelope of an elliptical criterion as an example.

Figure 9 Through-thickness stress (0;) decreases allowed stress along the fibres (o).

FK 5
RF<1

% RF>1

o1

For evaluating the through-thickness stress, user has to input the value R (width of the attachment). Obviously, the
wider the attachment is the lower the stress. The attachment geometry is important also. Figure 10 shows unsuccessful
geometry of attachment.

Figure 10 Problematic attachment geometry.

o

AP NI AT S et AN @ AN cat ¢

Problematic of determining the failure index of the multi-axial stress state is complex task and beyond the purpose
of this program. Therefore only the force and stress values are presented to the user.
The stress o3 (figure 11) presented consists from two separate forces. One is the vertical reaction to the F; force.

The other is the reaction to the Fy induced twisting moment.
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Figure 11 Components of o3 stress in outer attachment.

RAZ

Vertical force reaction in outer hinge:

Ryz = —Fy -

Moment reaction to the FX force:
Myy = —Fx (AZ - Lz)

From these reactions the peak of the through thickness stress is calculated and presented to the user. Further
evaluation is up to user’s experience and available material characteristics. Finally the last analysis is the wrap shear
stress determination:

_ e oM
2:-T-ty 2-B-T

To
Linear and non-linear calculation

In case of main landing gear large deformations are expected. For this reason user can choose using non-linear

calculation. Non-linear calculation reflects progressive deformation as a response to the increasing load (figure 12).
User may choose between 1, 5, 10 and 20 iteration steps. Choosing 1 effectively means linear solution.

Figure 12 Difference between linear (1 step) and non-linear (2 steps) calculation.

final deformed shape final deformed shape

undeformed shape

undeformed shape

At this point, the functionality has not been finished. Preliminary verification suggests deeper understanding of the

subject will be needed. The topic will not be discussed further in this article.

Program Run and Outputs

KUuFEM has been created in Python programming language and is fully executable on any Windows platform (XP and

newer, 32bit or 64bit). Program includes graphical user interface and provides data output in various forms.

Graphical User Interface and Data Input
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Simple graphical user interface (shown on figure 1) allows user to define the loading, boundary condition, geometry,

properties and choose number of iterations.
¢ Node coordinates

Browse for an excel sheet with [Y,Z] coordinates of the nodes.

e Element properties

Browse for an excel sheet with thickness, width and elastic moduli of each element. Number of elements must be
one less than the number of nodes.

e Number of iterations

Select number of iterations. Choices are 1, 5, 10 and 20. If selected 1, linear calculation will be run (stiffer results
will be obtained).

e Loading at last node

Define the forces in X,Y,Z direction acting in the middle of the wheel (point “L”).

e Boundary condition specification

Select the type of boundary condition (figure 13). Pinned is a single point fix: in node number 1 are removed all
DOFs. If selected divided BC, user is required to define the node’s number, where is located the outer attachment to the
fuselage. Node 1 (inner attachment to the fuselage) removes both translations, whereas the outer attachment at node
specified by user only vertical translation is removed. Similar is continuous BC. User is also required to define number of

node with the support. At node number 1 are symmetrical boundary condition (zero Y-displacement, zero X and Z

rotation.
Figure 13 left: Pinned BC, centre: continuous BC, right: divided BC.
u2 R3 i
N R3 =
. ul

e Attachment

Specify the width of the outer attachment to the fuselage for through-thickness stress determination. This input is

meaningless if pinned boundary condition selected.
Program Commands and Outputs

When all data are filled correctly, the user can execute the calculation and create output files afterwards. Figure 14 shows

the command menu.
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Figure 14 Available program commands.

1

2 lFilel Help

2 Run Calculation CTRL+R FS

5 Generate IGES CTRL+I

6 NASTRAN input CTRL+N

; Quit CTRL+Q

9 . -y

10 . ()

11 \ U ¢
12 , )

13 @ Pinned () Continuous

14 .

15 e Run Calculation

16

17 Runs the calculation and creates Excel and text outputs with stress strain data. User can later create graphs from
ig this Excel outputs. Text output summarizes the results.

20 e Generate IGES

21

22 Deformed geometry is exported in IGES file (one of the universal 3D graphics format).
23 e NASTRAN input

24

gg Program can generate BDF file that can be run by standard NASTRAN solver.
27

gg Example problem

30  Latest work on KUFEM project concerns the nose wheel spring on Merlin 103 airplane (figure 15).

32 Figure 15 Merlin 103 nose wheel spring.

At first, loading and working diagram (figure16, left) has been given as a goal to be met. The loading is determined
46  through the level landing at front centre of gravity position defined in [1], [2]. The travel of the

a7 By using KUFEM program and simple spread sheet adjustments the geometry and layup has been optimized in
49  order to meet the working diagram (figure 16, right) as best as possible. Linear and non-linear (10 iterations) solution is
50 shown.

52 To compare results obtained in KuFEM, same task has been submitted into NASTRAN solver. Two models were
53 analysed in NASTRAN (shown on figure 17):

55 1. Beam 1D model (equivalent to the KuFEM model, KUFEM itself generated source BDF file)

56 2. HEX 3D model (8-node HEX elements were used)
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Figure 16 Required working diagram. KuFEM calculation.

Page 12 of 14

1 1
I }
I |
| I
I }
! | |
! | ! |
! | ! I
1 Il +
| |
— | : —_ e KUFEM Linear ~Z | }
z ! | z s | |
z i g = = —=KUFEM 10iter P ! S
I 2 L | S
? : Z ! !
© el t : x - ; ]
! i ! |
I \ | \
| \ | |
! | ! |
! | ! I
| I
0 | 0 |
0 U [mm] 0 U [mm]
Figure 17 NASTRAN solution and models.
[Fr=ptimateloadrie— = [m e e e g e
NASTRAN BEAM
t
|
| __ _Umitload _____ | A i
| |
| |
| |
| |
e t :
I
3 | ====NASTRAN HEX SOL106 1 i
3 | |
w | : “
| | <0
SO
= NASTRAN HEX SOL101 | | S
ot
| | SRR
| |
| |
| |
| |
| |
0 1 1

U [mm]

According to the calculated designed specification a series of springs has been manufactured. Three specimens

were tested in laboratory. Total of nine measurements are evaluated as a sector in the working diagram on figure 18.

Conclusion

Figure 18 Laboratory tests results.

Limitload

FIN]

-

0 U [mm]

This article has introduced a software tool that aims to simplify the design stage of the composite component. KUFEM is

designed to fill the gap between limited closed formula approach and sophisticated commercial CAE software.

A case study is presented on a real structure for the Merlin 103 airplane. Inputs and outputs were briefly explained,

so was the mathematical apparatus.
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The Merlin 103 nose spring gear has been designed using KUFEM. Further analysis made in NASTRAN confirmed
the mathematical results. Also final products were tested in the laboratory. The only parameter that could be tested is the
stiffness of the spring. All three results are in good agreement.

As the springs were not to be destroyed, the ultimate strength prediction could not be verified. However the
stresses and strains obtained in KUFEM and NASTRAN are in agreement.

Mr. Conover [7] defined the terms verification and validation:

o Verification: “Did | construct the models right?”
o Validation: “Did I construct the right models?”

In these terms KuFEM has been verified to give the correct numbers based on comparison with NASTRAN results
for both: linear displacement and stresses and strains.

As for validation, the nose gear spring test has proofed KUFEM to be valid in terms of displacement. Stresses and
strains could not be validated — no strain gage measurement has been taken, nor has been reached the ultimate strength.

The author defines the following evaluation (table 2) criteria in order to compare the available solvers:

Table 2 Evaluation of the solutions (1=best, 3=worst).

Closed formula KuFEM | Commercial programs
Price 1 2 3
Experienced engineer 2 1 3
Speed 2 1 3
Result accuracy 3 2 1
Solution versatility 3 2 1

Last author’s note concerns the purpose of the KUFEM software. It aims to help with design of the product. By no

means is it intended as a proof-of-structure tool. Only the strength test can provide a valid proof.
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Nomenclature

Symbols

A [mmz] element cross-section area

B [mm] total width (without wrap)

E [MPa] see E;

E, [MPa] element stiffness along the fibre
Ey [MPa] upper flange modulus of elasticity
Ep [MPa] lower flange modulus of elasticity
F [N] force

L [mm] element length

M [Nmm] moment

R [mm] width of the attachment

T [mm] total thickness (without wrap)

Definitions, Acronyms and Abbreviations

1 primary axis of the element coordinate axis

2 secondary axis of the element coordinate axis

3 third axis of the element coordinate axis

A outer point where the landing gear is attached to the
fuselage

B inner point where the landing gear is attached to the
fuselage

D point, where the axle is attached to the laminate

GS Global Stiffness matrixes

GSM Gilobal Stiffness of the whole Model

I primary axis of the element coordinate axis

U [mm] displacement

k [mm] position along K axis

Mrow [kg] is the maximum takeoff weight
tp [mm] lower flange thickness

ty [mm] upper flange thickness

to [mm] thickness of the wrap layers

a [°] characteristic angle of an element
€ [-] strain
o [MPa] axial stress

T [MPa] shear stress

J secondary axis of the element coordinate axis
K third axis of the element coordinate axis

L point, where the forces are introduced

LS Local stiffness

LSA Light sport aircraft

O wrap

T Transformation matrix

U vector of displacements

X primary axis of the global coordinate axis

Y secondary axis of the global coordinate axis

Z third axis of the global coordinate axis
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Abstract. The motivation for this work is a desire for a deeper understanding of the structural failures in a composite
glider wing, which has been tested in the laboratories of the Institute of Aerospace Engineering, Faculty of Mechanical
Engineering, Brno University of Technology. To understand the causes of the encountered failures, one has to consider
the effects of all the stages in the design, manufacturing and testing of the wing. This paper focuses only on the design
stage. The presented facts were obtained from a finite element analysis. The geometry used for the analysis is that of the
tested specimens. This allows validating the results by the comparison of the deformation and strains measured during
the laboratory tests. The analysis starts with a simple 1-beam loaded by three-point-bending. In the next step a cantilever
is added. Several more modifications follow, changing the 1-beam to the wing. The case evaluation considers the inter-
action between normal (material direction 1) and inter-laminar shear stresses in the upper flange. The goal of this paper
is to quantify the effect of each design change in the wing structure and loading on the stress plane 6;-T3;.

Keywords: beam, normal stress, shear stress, classical laminate theory, wing, composite.

1. Introduction alloy. However, since the middle of the 20th century, a

The wing is the most recognizable and most interesting
part of the airplane. From the design and structural point
of view it seems very simple: it consists of only three
different basic structural parts (beam, ribs and skin); there
are no complicated mechanisms; and, most often, it is a
straight and linear geometry.

In the last 110 years of aviation history and design
process, a long-proven beam-theory has been used. By
means of simplifications and assumptions, one can calcu-
late the stresses in the wing and achieve a good product,
which is light, yet strong enough.

The classical beam theory was created assuming a
homogenous isotropic material — like steel or aluminium

new kind of material suitable for airplane manufacturing
became available on the market. This material is a com-
posite — a combination of two different constituents. One
is the fibre — giving the composite its strength. The other
is the bounding agent — glue, which keeps the fibres in
the right position.

Composites spread fast and many designers have
found the benefits of the light-weight, sleek surface,
strength, shape adjustability and good fatigue properties.

Designers and engineers used to isotropic metals
had to deal with the composite anisotrophy. At first, the
directional properties’ difference led to a new failure

© Brno University of Technology
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index definition. Later, the ply-nature of the composites
had to be described. Thus, out of the Midlins Plate theo-
ry, the classical laminate theory has been developed (Liu
2003).

Tools dedicated to composite design evolved over
the years. Most of composite design is done on a comput-
er nowadays. However, even today, most of the computer
programs still use the same assumptions about thin plates
and zero through-thickness stresses. Such assumptions
are not always correct and deeper analysis is required.

When discussing small airplanes, one or two seat
gliders and ultralight sport airplanes, one has to keep in
mind the limited possibilities of the designers in terms of
technological support (material and strength tests),
equipment (expensive computers and software), and, last
but not least, the time pressure in the commercial envi-
ronment of the companies.

These reasons left the designer with no time and/or
no means for a thorough analysis. Thus, simple old ana-
Iytical procedures are still used; simplifications are made.
Such a rushed process forces the designers to add more
layers, just to stay on the safe side. This process decreas-
es the light-weight advantage of composite products.

The purpose of this article is to offer a new point of
view towards a composite wing design method in terms
of a comparison between analytical and numerical solu-
tions of different beam shapes, ultimately evolved into a
wing.

The process of a wing design will be illustrated on a
real structure. The wing in question is that of a single
seat, all composite glider plane, manufactured in the

Kutna Hora, Czech Republic.

The results are evaluated using real laboratory tests
(Juracka 2007; Maté&jak 2010) that took place at the Insti-
tute of Aerospace Engineering, Brno University of Tech-
nology.

2. Problem
The wing segment, which is being tested at the 1AE, is of
a full composite structure with thick carbon flanges. The
first five tests were static tests, the next four (currently
running the 9" specimen test) were fatigue tests. Tests of
two whole wings were carried out as well.

The simulation and calculation is based on the
wing segment, as it is smaller, and more available test
data exist.

The simulated te

st layout is shown in Figure 1.
% 8 % 1o .
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To find out where the problem of the premature
failures may be, an in depth analysis of all the processes
between the construction and structural design of the
wing until the manufacturing is suggested.

This paper, however, focuses on the design stage
only. It should answer the question as to what is the dif-
ference in the structural response of the wing segment to
the introduced forces presented by analytical and numeri-
cal solutions.

This analysis will be performed on a step-
evolution of the wing. It will start with a simple I-beam
and finish with full wing geometry and all components of
loading (Fig. 2).

To give credibility to this analysis, the finite ele-
ment model shall be compared to the laboratory test.

During the laboratory tests, the failed component
has been identified as the upper flange (Juracka 2007).
Therefore, the analysis will focus solely on the upper
flange in the root-rib area.

3. Description of the 8 steps of evolution
It has been already declared that the evolution will consist
of eight steps. These step changes are to combine both,
the geometry and loading schematics.

Fig. 2. Geometrical evolution: from an I-beam to a wing

The change from the I-beam to the wing will be
gradual. First, the inner  part of  the
I-beam’s (step#1) cross-section will be replaced by a
cantilever (step#2). Instead of one web, there will be two;
the cross-section is called the “box”.

The next two steps are about the transition be-
tween the cantilever and the outer wing I-beam. These
changes will increase the size of the transition wall into
the rib-wall (step#3) and rib flanges (step#4).

Then the rear spar and skin joins the construction
(step#5) and helps with the load re-distribution. The final
geometrical change lies in adding small stiffening ribs
and making holes (step#6) in the root-rib (passages for
the aileron and flap control mechanisms).

Further changes will take place during the loading. There
will be three different loading steps, responding to the
geometry change.



The first loading case (referred to as Loading A) is
a simple three-point bending (Fig. 3) of an I-beam. This
represents the fatigue laboratory test layout (Fig. 1). This
loading is used for the geometrical configurations in

Step#1-#6.
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Fig. 3. Shear force distribution along the wing span,
Loading A

The second loading scheme (referred to as Load-
ing B) is linked to a geometry which includes the root rib
and the skin with a rear spar. It will be combined with a
full geometry of the wing and is called step#7.

The introduction of this force represents the other
wing. It does not affect the flanges, at least not from the
first look, but it will be investigated, because this force
significantly changes the shear force distribution in the
root rib. The comparison of the shear force distribution in
the root rib for Loading A and B is shown in Figure 4.
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Fig. 4. Shear force distribution in the root rib: Loading A
and Loading B.

Finally, Loading C incorporates the rest of the
aerodynamical forces: the twisting moment and the longi-
tudinal-bending force (Fig. 5).

By definition, the beam will transfer only the forc-
es Fz and Fx, whereas the skin will transfer the twisting
moment. This assumption has been confirmed by three
different finite element analyses where different combi-
nations of forces and moments were evaluated with a
resulting verdict that the twisting moment has no signifi-
cant effect on the flanges or the beam itself.

In the light of this assumption the analytical calcu-
lation will not be taken into account at this moment.

Fig. 5. Loading C

4. Analytical solution
The simple beam theory describes the stress state of a
beam in terms of o; and 13;. The normal stress o; is pure
tension or compression. The shear stress along the verti-
cal axis inside the flange is a side-effect of the principal
tension/compression stress:
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However, in the business practice, the approach

that is usually applied to solve the stress state is a reduced

Equation 1. It is simplified to calculate the average nor-

mal stress, whereas the shear stress is thought of as non-

existing:
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The use of composite materials requires integrat-
ing all the plies into one global variable, such as E;. Fur-
thermore, the stresses and deformations into the
individual plies need to be recalculated.

The classical laminate theory is suitable (Liu
2003) for thin-wall structures, such as the skin of the
wing. One of the assumptions during the theory devel-
opment is that there are only planar forces and moments
acing upon the laminate plate. This assumption can be
illustrated by a vector of the loading forces and moments:

[;:"; =[Ny Ny Nzy My My Mgp]" @)

This, however, may not apply for the flanges. The
flanges are by no means thin and they aren’t made of
plies either.
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5. Numerical solution
The numerical solution, or finite element analysis, is time
consuming, expensive and demanding in terms of com-
puters, software and engineering experience.

On the other hand, the FEE offers a very detailed
analysis of all 6 stress components (for solid elements)
and 3 stress components for shell elements, respectively.

It provides the possibility of incorporating the ad-
hesive contact between parts. The loading can be much
more complicated.

The MSC:Patran incorporates laminate modeller
software for a simple definition of the plies. But it still



uses similar assumptions as the CLT. Therefore, some
important information about the stress is missing as well.

The flanges are ideal for applying solid HEX ele-
ments. This is beneficial, because it allows a direct and
precise reading of the shear stress.

Another feature of the finite element analysis is
the use of the contact function. This contact is a “G”-
type, g stands for glue.

The layer of the glue that is in contact, instead of
being equivalenced with the flange will significantly
affect the stress in the interface.

6. Validation of the FEM
Since the laboratory tests not only provide the simple
geometry and loading schematics, but also the results
from the tests, it is possible to validate the finite element
model against these laboratory measured parameters.

The finite element model has been validated with
respect to the laboratory tests results (Matéjak 2010). The
validation parameters were the reaction forces, deflec-
tions and deformations. All these parameters were evalu-
ated at 10% increments of the ultimate loading within the
range from 10% to 60%.

The typical differences are provided in Table 1.

Table 1. Validation of the FEA against the laboratory
test.

Condition Difference [%]
Reaction forces 1.5-5.0
Deflection 10-15
Deformation 10

Based on these results, the FE model is declared to be
trustworthy, reflecting the real construction behavior and
can be used for the evolution step analysis.

7. Results of step evolution

Based on the comparison of o, stress in the upper flange,

especially in the root section area, the following conclu-

sions can be formulated:

— the transition between a single and double web spar
creates a large concentration of stress (approximately
twice as much of 6, stress in the root area);

— spreading supports from within the beam to the hinge
points in the rib lowers the stress by 20%;

— the flange of the rib has no significant effect on the
peaks in the compression stress;

— the rear spar adds about 15% of tension stress to the
root section of the flange;

— the introduction of a downward force decreases the
compression stress peak at the root.

The previous Figures 6 and 7 demonstrated the
relatively good agreement between the analytical and
numerical solutions. Some effects that the analytical solu-
tion cannot take into account are visible, such as geomet-
rical non-linearity.

One of the most important conditions that allows
using the analytical equations states:

“The solution is valid only in a distance away of the are-
as of the boundary conditions. ” (Jani¢ek et al. 1992).

That means that the analytical solution of our wing
segment should not be valid, among other areas, at the
root section.
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Fig. 6. Comparison of o, solution, Loading A, Step 1.
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Fig. 7. Comparison of 13 solution, Loading C, Step 8

Figure 8 shows the o, stresses obtained in the root
area from both solutions of the upper flange for the Load-
ing C:
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Fig. 8. Cofnparison of o, solution, root, Loading C, Step 8

Figure 9 shows the influence of the web on the shear
stress in the glue layer. This influence can be traces along

the wing span.
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Fig. 9. Peaks of t3; due to shear force in the glue layer



8. Conclusions

The step-evolution analysis has mapped the stress contri-
bution of each geometrical change or change in the load-
ing conditions.

Another outcome of the analysis is the comparison
of the finite element analysis and the analytical solution.

The conclusion to be drawn from the method
comparison is that there are significant differences, but
neither is considered to be a severe overlook which might
cause the failures of the structure.

The biggest impact of this in depth analysis is the
definition of new questions to be answered. The ques-
tions concern the stress interaction.

The wing construction and loading strongly resemble the
three-point bending tests. This obvious analogy evokes
the suspicion that the elliptical failure envelope, known
from the three-point bend tests, may in some way apply
even here, in the wing construction, and explain the
premature failures.

The shear stress 13; iS caused by the shear force.
Focusing on the shear force distribution between the
components, a distinct pattern appears in the glue layer
between the web and the flange.

The peak stresses are located in the positions of the glass-
fibre walls of the web.
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Abstract. Acoustic emission (AE) is current trend of non-destructive monitoring methods. It suits
perfectly for supporting of fatigue tests. The method is also applicable in monitoring of quasi-static
tests. AE helps the engineers to understand the degradation process in the tested object and also
keep track of the failures. This article offers an insight into the practical experience with acoustic
emission. Tests of three different composite structures (wing, fuselage and hull panel) were chosen
to illustrate the application of AE monitoring system during fatigue and quasi-static tests. These
tests have shown that accuracy of localization is sufficient to identify damaged areas. Moreover, the
system may offer an early warning of upcoming failure.

Introduction

Passive acoustic emission detection has been used at the Institute of Aeronautical Engineering (IAE)
for almost a decade. This method is non-destructive monitoring tool used for keeping track of
structural failures in the specimen during laboratory test. Passive means, that the sensors, attached to
the tested specimen are only “l/istening” to the emissions produced (emitted) by component due to
the introduction of external loading. Detected acoustic emission signal has commonly a character of
an ultra-sound frequency. The released energy travels through the structure with certain speed,
specific to each material.

There are two types of localization: linear (Fig. 1a) and planar (Fig. 1b). Linear localization does
not demand as many sensors as planar; therefore it allows the user to investigate larger specimens,
such as the wing. Employing fewer sensors is an advantage in fatigue tests because of lower
memory storage requirements. This sensor layout allows identifying problematic areas.

On the other hand, planar localization provides more accurate location of the emission source. It
has been applied in later stages of fatigue test.

As for quasi-static tests, planar localization is more suitable as the test does not provide the time
to identify the problematic area. For identifying the problematic areas one has to use either the
Finite Element Analysis (FEM) or educated guess.

"2
—
Al _ _
—_______ |} ______ e — %%
Q__ 77/<,»—'/// R _
] B —

Figure la: Linear localization. Figure 1b: Planar localization.
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Figures la and 1b show the layout of the sensors (green points) on the wing segment during
fatigue test. There is also an illustration of geometrical precision (planar is more accurate).

Very important aspect of the method is the physical accuracy of localization. Prior each test a
calibration procedure has to be completed in order to establish the emission propagation velocity
between each pair of sensors.

Each sensor has an interval of signal frequency which it is able to detect. In case of global
localization, hi-frequency sensors (100-300kHz) are used in order to cancel out the noise. For
detailed analysis of extremely loaded area, low-frequency sensors are used (30-60kHz) [1].

Example of determining the speed of acoustic signal propagation follows:

Tested specimen is a composite wing with carbon fibre flanges. Flanges are the primary area of
interest and they will be monitored by linear localization sensor setting.

A pen-test (as described in [2]) between two sensors is conducted and evaluated. Measured
velocity of propagation is 8000m/s. Moreover, pen-test allowed establishing the accuracy of the
method. The error of localization turned out to be less than 10mm (Fig. 2). This procedure used
program “Deamon’” [3].
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Figure 2: Pen-test and accuracy of the localization.

Quasi-static Strength Test of VUT-061 Fuselage

VUT-061 is in-house designed and built light two-seat aircraft. A strength test of the fuselage has
been planned as a part of the air worthiness proceedings. At first a finite element analysis has been
used to simulate the structural response and to predict the problematic areas. According to this
prediction a bunch of sensors was placed around the critical area and then the strength test started.

Figure 3a,b: FEM simulation (a) predicted critical area, strength test until destruction (b). [4]
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Figure 3c: Acoustic localization of the failure location. [4]
Figures 3a-c show a perfect correlation between the theory (simulation) and real laboratory test.
Still, this is not where the post analysis of acoustic emission ends. The thorough post-analysis has
shown the difference between failure of the foam core (crushing) and skin failure.

Fig.4a Fig.4b
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Figure 4: Post analysis of skin failure (a) and core crushing (b).

From certain load level the foam core starts to be crushed (Fig. 4b, time 20s). This crushing emits
sound waves that are detected by all sensors around the damaged area. The vertical axis show
cumulative number of emission events.

Fast failure of the skin is shown with red curve (Fig. 4a). This was obtained from reduced
number of sensors near to the failure itself. Skin has failed at time around 150s.

Quasi-static Test of CRP Composite Panel

Tested carbon panel consists of skin, bulkheads and stringers. Loading is quasi-static compression.
A total of 10 sensors were placed on the skin surface, as shown in Fig. 5, and the loading started.

A sudden structural failure occurred quickly and without prior warning. Acoustic analysis of this
test registered only a few emission events.

Small amount of data recorded and fast destruction did provide no reasonable data to make
conclusions as to where and when the failure was initiated.

Also it has been discovered that the sensors are prone to falling off at the time of destruction.
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Figure 5: Carbon composite panel offered only a few emission events to analyse.
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Fatigue Test of Composite Wing Segment

The acoustic emission is easily applicable on the composite wing under fatigue test. AE offers quite
accurate structural-health monitoring. The drawbacks are mostly in the need for experienced
personnel and — in case of long fatigue tests — huge data storage and computer processing capacity.

A series of wings and wing segments were tested (under both quasi-static and fatigue loading) [5]
at the IAE. The series of four wing segment fatigue tests were preceded by series of 5 quasi-static
tests as part of airworthiness certification (first in 2004). First fatigue test (specimen #6) was
running in period from September 2007 till April 2008. As it was the first fatigue test of its kind at
the institution, all parameters had to be defined and the experience had to be gained. After other two
segments were tested, changes in design were made and sample #8 has been tested under quasi-
static loading in February 2010 (sample #8 was a full scale wing). AE has been involved in this
static test; however the results were inconclusive because the failure occurred at different area than
predicted.

Similar test of beam segment of wind turbine blade has been conducted in Germany [6]. The test
aimed to analyse the shear glue bound of the flanges and the web.

Since January 2013 until August 2014, wing segment #9 has been tested. This test will be
discussed further in this article.

Strategy for monitoring of segment #9 was to employ linear localization at the beginning of the
test. Normally this would be due to initial analysis of potential problematic area. Since this segment
was the 9™ of its kind and problematic areas were known, this precaution served to minimize the
amount of data generated by the monitoring. When the number of emission events started to rise
more sensors were added in order to have the advantage of planar localization.

More than global structural failure of the whole segment the acoustic emission localization has
discovered local problems — such as steel pin failure or layup delamination.

The root rib is connected by two steel pins to the fuselage (during the test the fuselage is replaced
by a device introducing the correct loading of the wing.

Figure 6: Root rib pin initiates emissions.

Monitoring system has discovered, that in the area of the leading edge pin there is located a
problem (Fig. 6). However it is the engineer who must figure out what is the cause for increased
acoustic activity. It may be separation of composite rib and the steel housing of the pin. Other
possibility is the pin itself (Fig. 7).

e

Figure 7: Root rib pin has failed. After it h;s ben repaired, the fatigue test continued.
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Increased activity has been indicated on the web. After the examination a delamination has been
discovered (Fig. 8) in the area where the carbon part of the web ends. This delamination can be a
result of the loading or it could have been created during the manufacturing.

Total: 450214
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Figure 8: Delamination on the web.

Recognising of certain types of failures can be achieved through an analysis of the types of the
signal. Ono and Gallego summarized [7] the types of failure in composite and paired it with typical
frequencies of the acoustic emission caused by these failure. For example delamination induced
signals in cross-ply glass fibre composites, such as the case described above, are emitted on
frequencies under 400kHz.

Probably the most interesting failure is the last one that ended the fatigue test. Huge
concentration of acoustic emission spiked during weekly check in the area of the cantilever pin
(position 1-8 on Fig. 9). However, this spike disappeared when evaluating longer period (Fig. 10).

Based on the evaluation of longer period (Fig. 10) it has been decided to neglect the rising
emission event number in the cantilever pin.
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Figure 10: 100% of life #4, all sensors (whole life cycle number 4 evaluated).
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Therefore the fatigue test continued for few more days. Then the cantilever pin failed (Fig. 11).

Pl -

Figure 11: Cantilever pin has failed in the place, where it was welded.

What happened was that the evaluation of the whole life #4 cycle has disguised the spike in the
critical area, there was no direct personal check of this pin (because it would require complete
disassembling of the set). The failure of the cantilever pin has subsequently led to a critical damage
of the web and to the end of this fatigue test.

Conclusions

The passive acoustic emission analysis is a very good non-destructive method of problem
localization. In combination with the composite materials the most successful usage is during the
long-duration fatigue tests. Also very successful application is quasi-static monitoring of slow-
failing structures.

Practical experience with AE localization on composite structures is very positive. It allows to
monitor the fatigue tests and to discover potential problem. Knowledge of position of where the
problems are allows the personnel to stop the test and identify exactly the nature of the problem and
to take actions.

In case of quasi-static tests, the post processing can distinguish between different types of
failures (core crushing and skin failure).

Summary of the practical experience with the AE localization:

Advantages:

+ good accuracy of localization,
+ different application: fatigue and quasi-static tests,
+ sample or full size product monitoring.
Drawbacks:
— difficult to recognize the source (pin, bearing, delamination...),
— need for large data storage and processing capacity.
Where to use AE localization analysis?
e long fatigue tests,
e appropriate structures under quasi-static loading.
How to use AE analysis during fatigue tests?
e weekly evaluations,
e monthly evaluation,
e after-period evaluation.
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Abstrakt

Predkladany ¢lanek obsahuje popis pfipravy a pribéh konecnoprvkové pevnostni analyzy segmentu kompozitového kiidla
pomoci programi Patran Nastran. Simulovand geometrie i zatizeni odpovidaji realné predloze, zkouSené na Leteckém
dstavu. Simulované varianty obsahuji razné druhy elementti a okrajovych podminek. Vysledky jsou porovnéany s analytic-
kym vypoctem.

Clanek obsahuje vycet nékterych nedostatkti metodiky navrhu kompozitnich kiidel. Pokousi se na tyto nedostatky
upozornit diky poznatkim ziskanych z provedenych simulaci. Cela simulace, stejné jako pevnostni zkousky, se soustfedi
na kofenovou ¢ast kiidla. Tomu je uzptsobené definované zatiZeni jez vyvozuje redlny napjatostni stav pravé ve zkoumané
kofenové oblasti.

1 Uvod

Navrh kompozitnich kiidel pro kluzaky byl po dlouhou dobu FeSen tradi¢nimi zazitymi metodami. Tato metoda zanedbava
nékteré vyznamné faktory, jako napriklad:

e velké deformace kiidla,
e rozdilnost zavésu kfidla,
e dopredné slozka zatiZeni,

o velka stihlost.

tvve

Tato neadekvatni metoda se projevila béhem pevnostnich zkousek nizs§i tinosnosti a Zivotnosti, nez bylo pivodné predi-
kovano [1]. Pouziti zjednodusené metodiky, zanedbavajici podstatné vlivy, bylo zptsobeno absenci prostiedkt (vypocetni
vykon a software) pro detailngjsi analyzu slozitych konstrukénich celkii. Nyni vSak nastala moZnost i potieba detailngjsi
analyzu provést, a to ptimo se znalosti vysledki zkousek realné konstrukce.

Pro kone¢noprvkou analyzu je pouzit Nastran. Pfiprava vstupniho souboru do Nastranu byla provedena v programech
CATTIA a Patran, pfi¢emz silnym pomocnikem pii této analyze je modul laminate modeler, ktery umoziiuje vytvaret
korektni vrstveni na zna¢né zakiivenych plochach.

Geometrie zkouSenych segmentd byla prenesena do pocitace, doplnéna o geometrii od vyrobce [2| a byla zahajena
piiprava detailni kone¢no-prvkové analyzy.

2 Priprava analyzy

2.1 Geometrie

Z geometrického hlediska se kiidlo déli na nosnou plochu (délka 3,8m) a krakorec (o délce 604mm).
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Obrazek 1: Pudorys segmentu kiidla. Nosna plocha o délce 3800mm a krakorec o délce 604mm.

Zebro

Z konstrukéniho hlediska jde o jednonosnikovou konstrukei s nosnym potahem a zadnim zesilenym zavétranim. Spojeni
kiidel a trupu je feseno nasledovné:

Obrézek 2: Polohy zavésu kifdla: C1 a C2 predni a zadni ¢ep; C3 spojovact ¢ep kridel; C4 lozisko pro palec pravého
kridla, C5 palec. Cisla v ostrych zavorkach koresponduji s okrjaovymi podminkami zadavanymi v Patranu.

Piedni a zadni ¢epy pfenaseji pouze transla¢ni silu (rovina XZ a smérem +Y). Cep C3 slouzi ke spojeni obou polovin
kridla tak, aby se nevysunuly. Kloubové lozisko C4 a ¢ep Cb slouzi k prenosu ohybového momentu mezi kiidly. Prava a
leva polovina kiidla nejsou symetrické kvili principu zéavésa C4 a C5. Levy nosnik uhyba dopiedu, pravy dozadu.

Kviili symetrii zatizeni by mélo platit, ze vertikalni sila v lozisku C4 a palci C5 jsou témér totozné.

2.2 Material a skladba

Materalové charakteristiky jsou dobfe znamy, viechny pouzité materialy byly méfeny na LU.
Skladba vrstev je uvedena v [1]. Napfiklad schéma vrstveni kofenového Zebra vypadé nasledovné:
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Obrazek 3: Pudorysny ez kofenovym Zebrem a krakorcem znazorniujici styl vrstveni.



2.3 Zatizeni a okrajové podminky

Pro simulaci byly zvoleny okrjaové podminky z redlného letadla a silové a momentové zatizeni odpovidajici zkousce.
Vetknuti simuluje redlny stav za letu, tedy ze ¢epy C1 a C2 pfenasi posouvajici silu do trupu, palec C5 s loziskem C4
ohybovy moment mezi kiidly a ¢ep C3 zabranuje vytazeni kfidel z trupu a téz se podili na pfenosu ohybového momentu.

Za povsimnuti stoji funkce ¢epit C1 a C2 co se tyce posuvu v ose Y. Toto spojeni je realizoviano pomoci trupovych
Gepu oprenych do loZisek v Zebru. Zpusobem, jakym je kiidlo zatizeno, dochazi k tlaku do ¢epu C1 smérem do trupu a
vytahovani loziska z ¢epu C2 smérem ven z letounu.

Aerodynamické silové zatiZeni je pro potiebu zkousky kondenzovéno do t¥i slozek (sily do sméru Z a X a momentu
ve sméru Y) pusobici na konci segmentu. Toto zjednoduSeni zptisobuje to, Ze reidlny napjatostni stav nastava pouze v
oblasti kofenového zebra. Protoze k poruchdm béhem fyzickych zkouSek dochazi pravé v tomto misté, je toto zjednoduseni
akceptovatelné a simulace ma pro tuto oblast svou vypovédn{ hodnotu.

Jako nahrada pravého kiidla je do loziska C4 zavedena sila, ktera je iterativné naladéna se silovou reakci v ¢epu C5.

TZ

Obréazek 4: Kondenzované zatizeni segmentu kiidla.

2.4 Analyticky vypocet

Pro potfeby hodnoceni konvergence simulaci byl proveden orienta¢ni analyticky vypodcet statické rovnovahy a rozlozeni
extrému napéti po rozpéti segmentu kiidla.

Statickd rovnovaha a reakce ve vertikdlnim sméru (osa Z) byly spoc¢teny pro kontrolu reakci ve vetknuti a rychlejsi
ziskani sily R3 béhem vypodcta.
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Obrazek 5: Silova rovnovaha kridla.

Jako kontrolni hodnoty byly spoc¢teny prubéhy napéti po rozpéti. Pro zjednoduseni byl segment kiidla zredukovan pouze
na vetknuty nosnik (vetknuti v kofenovém Zebru) a ten je zatiZen silami TX a TZ. Toto zjednoduSeni je aplikovatelné,
protoze zatizeni od momentové slozky MY je zanedbatelné. Maly vyznam zatizeni od MY potvrdil i porovnévaci vypocet
v Nastranu. Extrémy napéti od kombinovaného naméahani byly identifikovany nasledné:
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Obrazek 6: Polohy extrému napéti na pii¢ném fezu nosniku.

e Ohyb od sily TZ: horni péasnice tlacend, dolni pasnice tazena,



e ohyb od sily TX: predni ¢asti péasnic tlacené, zadni vlakna tazena.

Touto analyzou byla stanovena kritickd mista pasnice: maximalni tlak je v horni pésnici na prfednim vlaknu, zatimco
maximélni tah je v dolni pasnici na zadnim vlaknu.

3 Modelovani

Pro v8echny publikované vysledky byl pouzit fesic SOL106 s deseti kroky FeSeni a vystupnim souborem OP2. Vysledna
napéti jsou uvadéna jako halvni napéti ve vlakné (ox).

3.1 Vrstveni

Kvili komplexnimu charakteru vrstveni byl model rozdélen do 4 skupin s vlastnimi laminate modeler LM-soubory:
e horni potah,
e dolni potah,
e stojiny,
e Zebra.

Kazd4 skupina obsahuje rtizné podskupiny obsahujici elementy na ploSe korespondujici s ur¢itou laminou a materialem.
Jako prvni vznikla pfirucka popisujici jednotlivé vrstvy (oblast modelu, material, orientace). Napiiklad zesilené kofenového
Zebra na dolnim potahu obsahuje 8 vrstev z materialu oznac¢eného MATS pod thlem 45° od pfedem stanoveného sméru.
Cela vrstva (ply) se jmenuje LMgrupDolni _#4d:

LMgrupDolni_#4d
8XMATS; 45° [

Obrazek 7: Priklad definice vrstvy. Vyznacéené elementy patii do skupiny dolniho potahu s ¢islem 4d. Vrstveni je z
materidlu MAT5 pod dhlem 45°. Celkovy pocet vrstev je 8.

V dalsim kroku byla sestavena tabulka se sekvenci a po¢tem vrstev:

Vrstveni skupiny LMgrup_Zebro

Referencni smér: globalni osa X, pripadné Y

Grupa # | Material | Orientace | Pocet

vrstev
1 5 45 16
2b 5 45 6
2c 5 45 6
3 5 45 10
2a 5 45 5
2d 5 45 5
4 5 45 5
5 5 45 3
6 5 45 17
2e 5 45 6

7 5 45

8 5 45 8
9 ocel 0 3mm




Obrazek 8: Sekvence vrstev zebra.

Tato sekvence vrstev byla zadana do Lay-Up souboru. Pro snazsi orientaci v post-processingu byly rozliSeny ¢isla vrstev
a nazvy skupiny. Pocatek sekvence pro horni potah vypada takto:

B " LM_Layup definition
EEEET T
. ¢, ¢, vy, ]
Current Layup Seguence is: Asymmetric
Current Layup Ply: nfa
LM_Layup defintion (Expanded view)
GPlylD Ply Group Seguence LM_Ply [LW_Material] [Thickness] | Reference An.. e
1 200 G1M1 MAT1 0.07 0 )
2 2002 G2aMs MATE 0.14 0
3 2003 GZaMs MATE 014 o
4 2004 G2bM4 MATS 0.38600001 0
5 2005 GZbM4 MATE 0.38600001 0
3 2006 G4aM7 WATF 0.30000001 0
7 2007 G3aMa WATS 0.2545995%9 0
8 2008 G4aM7 MAT? 0.30000001 0
9 2008 G3bM8 MATS 0.29499999 o
10 2010 G4aM7 MATT 0.30000001 0
1" 201 G3cME MATE 0.25495959 0
12 2mz2 G4aM7 WATF 0.30000001 0
13 2013 GSMS WATS 0.43000001 0
14 204 GEME MATS 0.4300000 0
< T b
LM_Layup controls Existing LM_Plys LM_Layup Data
Action: Add v 0 30
G10M3 - En
Seq. GPlylD ~ 2001 G11M3 = -
G1M1 =
Ply Group G2alE | Compress |
’7 BZaMs
Sequence GZbl4 Add Uisted | clearal |
e ’17 GaaMg
Muttiplier -
I?Sbmﬁ - Import. | Export |
Angle Offset 0.0

Obrazek 9: Cast Layup tabulky pro horni potah.

3.2 2D model

Jako prvni model vznikla pouze jednoducha 2D sit s proménnou hustotou elementi. Od konce segmentu se sit zhustuje
smérem ke kofeni. PouZité elementy jsou pouze linearni QUAD a TRIA. Pro zavedeni okrajovych podminek byly pouzity
MPC prvky typu RBE2.

Pocet nodii: 13414

Pocet elementt: 13860
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Obrazek 10: Pudorys kfidla s 2D meshi.



3.3 3D model

Pro detailngjsi analyzu byl model upraven a péasnice, lepidlo a stojina byly modelovany pomoci 3D elementti. Tato sit mé
témét konstantni velikost elementi po celé délce. Zavedeni okrajovych podminek je identické s 2D modelem.

Pocet nodii: 112908

Pocet elementt: 121739

Obrézek 11: Padorys kiidla s 3D meshi.

Hlavni rozdil oproti Cisté plosné siti jsou objemové elementy ve stojiné a pasnicich. Téz pfibyla vrstva 3D elementt

reprezentujici lepidlo:

Lepidlo Pasnice

Obrazek 12: Rez kiidlem znézoriujici rozloZzeni 2D elementt a 3D elementi (lepidlo, pésnice, stojina).

Pro pasnice byl pouzit 3D ortotropni materal, stojina a lepidlo jsou modelovany jako bilinearni isotropni material.

3.4 Vysledky a porovnani modela

Itera¢ni metodou byly nastaveny okrajové podminky (sila R3 do Zebra, vetknuti). Vysledny model byl spoéten nelinearnim
feSicem SOL106 a porovnan s analytickym vypoc¢tem. Néasledujici grafy znéazornuji extrémy napéti v péasnicich po délce

rozpéti segmentu kiidla.
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Graf 1: Prubéh tlakovych napéti horni pasnice.
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Graf 2: Prubéh tahovych napéti dolni pasnice.

Predchozi grafy znazornuji priubéh napéti po rozpéti. Je zretelné vidét vstupni predpoklad, Ze nejvétsi podobnosti
jednotlivych vypocetnich metod nastavaji pravé v oblasti kofenového zebra. Pro lepsi prehled o napjatostnim stavu v této
oblasti slouzi nasledujici grafy:
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Graf 3: RzloZeni tahovych napéti v dolni pasnici v kofenovém fezu.
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Graf 4: RzloZeni tlakovych napéti v horni pésnici v kofenovém fezu.

V téchto grafech je znazornén napétovy fez pasnicemi v oblasti kofenového zebra. Na vertikalni ose je vyskova souradnice
pésnice a na horizontélni ose je odpovidajici napétovy stav. Poloha extrémnich napéti velmi presné odpovida predikovanym

hodnotam a poloham analytického vypoctu.



Analyticky vypocet extrému napéti se shoduje s vysledkem 3D modelu pro horni pésnici podstatné lépe nez s dolni
pasnici. Tento drobny rozdil je zpiisoben rozdilnou geometrii: horni pasnice je témér rovnd a skuteéné ma charakter
pfimého nosniku. Zatimco dolni pésnice je mirné zalomena smérem vzhiru.

4 ZAavér

Béhem modelovani byla sestavena metodika pfenosu komplikovaného vrstveni do vlastnosti kone¢noprvkového modelu.
Dosglo k odzkouseni rtiznych druht modelt a kombinaci okrajovych podminek a zatiZeni a jejich vliv na konvergenci feSenf,
deformaci a napjatostni stav.

Na zéakladé provedenych simulaci lze sestavit nékolik pravidel, podle kterych se budou fidit pristi navrhy a analyzy
kompozitnich kiidel:

e nelze zanedbavat dopredny ohyb kiidla,
e nutno zohlednit velké provozni deformace kiidla,
e simulace pomoci 2D elementii neni dostate¢né.

Jako nejvyznamnéjsi piinos dosavadni simulace je poznatek o dulezitosti ohybové tuhosti nosniku v dopfedném sméru. Je
nutné vyuzivat Siroké pasnice s vysokym kvadratickym momentem i ke druhé ose.
Jako dalsi krok v analyze segmentu kompozitniho kiidla budou provedeny:

e vyhodnoceni napétovych stavii pomoci pokrocilych poruchovych kriterii Puck a Larck,
e analyza vlivu vyztuzené nabé&zné hrany slouzici jako dalsi nosnik,
e analyza vlivu tuhosti kofenového Zebra,

e piidani kontaktnich vlastnosti mezi lepidlo a okolni konstrukeci.
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