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SUMMARY

In this work, buckling capacity of isogrid-stiffened cylinders is examined with
changing parameters as R/t, isogrid triangle number on the circumference and
manufacturing tolerances. Firstly, hand calculations are performed based on NASA
Isogrid Design Handbook (NASA CR 124075) and NASA/SP-8007 (Buckling of
Thin-Walled Circular Cylinders). Secondly, a shell-beam FEA model is created using
ANSYS Workbench 2020 R1 where the skin and stiffeners are represented as shell
and beams respectively. This FEA model is employed to perform linear Eigenvalue
buckling analysis and nonlinear buckling analysis. Nonlinear analysis is run as large
deflection activated for with geometrical nonlinearity, nonlinear material properties
activated and with an initial geometrical imperfection applied to the FEA model.

Results of hand calculation and FEA are compared and interpreted considering
different R/t ratios and circumferentially isogrid triangle number.

Buckling capacity is determined and compared for isogrid-stiffened cylinder and
unstiffened cylinder which have same diameter and weight.

Knock down factors (KDF’s) which scale down the theoretical buckling load to
actual critical critical buckling are compared and interpreted for hand calculation and
FEA methodologies. Additionally, the effect of the geometrical imperfections caused

by manufacturing tolerances is showed on the KDF level.

Key Words: Isogrid Stiffened Structure, Non-Linear Buckling Analysis, NASA
Isogrid Design Handbook, Knock Down Factor (KDF) for buckling.
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OZET

Bu calismada; R/t, gevredeki giiglendirici izo-kafes iiggen sayis1 ve imalata
toleranslart gibi parametrelerin degisimi ile izo-kafes gii¢lendirilmis silindir
yapilarmin burkulma kapasiteleri incelenmistir.ilk olarak, NASA Isogrid Design
Handbook (NASA CR 124075) ve NASA/SP-8007 (Buckling of Thin-Walled Circular
Cylinders) dokumanlarina dayanarak el hesaplar1 yapilmustir. Ikinci olarak, ANSYS
Workbench 2020 R1 programi kullanilarak, yapmin ana-kabuk kisminin kabuki
elaman olarak, giiglendirici kafes yapisinin ise kiris eleman olarak modellendigi bir
kabuk-kiris SEA(sonlu elemanlar analiz) modeli olusturulmustur. Bu SEA modeli ile
lineer 6zdeger burkulma ve lineer olmayan burkulma analizleri gerceklestirilmistir.
Lineer olmayan analizde, malzeme ve geometrik lineer olmama durumlari ile imalat
kaynakli geometri hatalar1 da hesaba katilmistir.

Farkli R/t oranlar1 ve ¢evredeki giiglendirici izo-kafes {iggen sayilarina gore
yapilan el hesaplamalart ve SEA sonuglari karsilagtirilmig ve yorumlanmastir.

Ayn1 capa ve agirliga sahip, izo-kafes gli¢lendirilmis silindir ile
giiclendirilmemis tek kabuk silindirin burkulma kapasitesi belirlenmis ve
karsilastirilmistir.

Teorik burkulma kuvvetini, gercek burkulma kuvvetine doniistiirmek igin
kullanilan diigiirme katsayis1 (DK) degerleri, el hesaplar1 ve SEA icin karsilastirilip,
yorumlanmustir. Ek olarak, imalat toleranslar1 kaynakli geometrik kusurlarin DK

lizerine olan etkisi incelenmistir.

Anahtar Kelimeler: izogrid Giiclendirilmis Yapi, Dogrusal olmayan burkulma

Analizi, NASA Izogrid Tasarim Elkitabi, Burkulma Diisiirme Katsayilari.
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1. INTRODUCTION

1.1 Grid Structures
Grid structures means a thin outer skin and above, repetitive pattern of stiffening
ribs to support the whole structure as shown in Figure 1. In that way, structures

increases their stiffness while the weight addition is limited.

Figure 1-1 Grid Structure Example.

Structural efficiency and environmental robustness are major advantages of grid
structures. [1] By changing the direction of ribs, required stiffness is achieved in any
direction, which is needed per the loading condition of the structure. Other directions
that are not on a load path might be used for weight reduction opportunities.
Additionally, cellular structure provides higher damage tolerance capability.

According to the pattern of the repetitive ribs, grid structures are subdivided as
orthogrid, diamond grid, triangle rectangle grid and isogrid shown in Figure 1-2. [2]

The pattern affects the directional material behavior of the whole structure.

I [ >©<> \WAVA NVANVANYA
OQO VAVAVAN ANZINIZAN
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111 §Q<><>©<> 7avava BVININVIN
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Crthogrid Diamond Grid lsogrid Triangle Rectangle
Grid

Figure 1-2 Grid Types.

1.2 Isogrid Strucuters and Usage in Aerospace

Isogrid structures has equilateral triangular pattern of stiffening ribs. Thus, tri-

directional grid provides isotropic material properties in all these directions. Isotropic

1



material properties ensure good compressive and bending combined load capabilities.
Isogrid structure has high stiffness to weight ratio, thus it is used in aerospace and
aviation applications. As an example, Eurojet EJ200 [3] which is a low-bypass
turbofan engine has isogrid stiffened casings as shown in Figure 1-3 and powers

Eurofighter Typhoon aircraft.

Figure 1-3 EJ200 Engine.
In turbojet engines of aircrafts, cold section casings which works under

compression loads are very sensitive to buckling failure. Due to weight restrictions,
design engineers aim to keep the casing thickness as thin as possible while the
hardware has still enough buckling margin.

Also, aerospace launch vehicle program are interested in grid stiffened
cylindrical structures. Hilburger Mark W. et al worked on the buckling of large-scale
, integrally-stiffened metallic cylinder. [4] In the scope of this study, eight different 8
ft diameter cylinders were fabricated and tested under various loading conditions and
test results were compared with finite element analysis results. Figure 1-4 is taken from
the article and shows the fabrication process of integrally stiffened, 2195-T3
Aluminum alloy cylinder with 96 inch diameter and 78 inch length. 2195 Al-Li flat
plates were machines to stiffened panels and bump-formed to curved ones. Finally,
curved stiffened panels were friction-stir welded together.



Figure 1-4 Fabrication Process of Stiffened Test Structure.
1.3 Buckling

Buckling is an instability issue for structures under compressive loading
condition. Especially, it is very critical failure mode for long and slender structures
[5]. The shape of the structure changes suddenly at a critical level if a gradually
increasing load is applied on it. For thin and slender structure as shell cylinders, the
critical level is well below the yielding stress, so their strength is limited by buckling.
Figure 1-5 is taken from reference and shows buckling test of a cylindrical shell under

axial compression loading

Figure 1-5 Buckling Test of a Cylindrical Shell.
3



1.4 Scope of the Thesis

The aim of this study is to investigate the effect of added isogrid stiffeners on
the buckling capacity and the total weight of the cylindrical structure. While the critical
buckling load of the structure increases, also the total weight, which is one of the most
important key parameters for aircrafts, is increasing. Thus, the correlation between the
interval of the stiffeners and stiffness to weight ratio is worth to investigate.

Firstly, analytical calculations are performed per NASA Isogrid Design
Handbook. Theoretical, critical buckling loads are calculated and these values are
multiplied with KDF to get the real critical loads. Following, finite element analysis is
used to study the theoretical critical buckling loads and the nonlinear results
considering geometrical and material nonlinearities. This method is implemented by
the software ANSYS Workbench 2020 R1.

Titanium alloy is chosen as material because of its often usage in aero engine

cold section casings.



2. ANALYTICAL CALCULATIONS

2.1 Buckling of Thin Walled Cylindrical Structure

Based on Donnell’s shell theory, critical buckling load for a isotropic,

moderately long thin walled cylinder under axial compression is given by [7]:

2D

Ny = ky 12 (2-1)
Where
12 (yZ)?
ky = m? (1 + 32)2 + 4 m2 (1+52)2 (2-2)
p=—2t _ 23
T 12 (1-v2) (2-3)
Z=SNT=17 (2-4)
—wnl .
- mnR (2 5)

For moderately long cylinders, which have yZ > 2,85 , equation (2-2) is

minimized to:
43
ky =27 vZ (2-6)

Using equations (2-1)-(2-6), theoretical critical buckling load is obtained as:

2mEt?
N\ . L L 2-7
critical,theoritical RV1—v2 ( )

As seen in equation (2-7), critical buckling load is dependent on the Young’s

Modulus and Poisson Ratio of the material and thickness and radius of the geometry.

L l

Figure 2-1 Dimensions for a thin walled cylinder.
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In reality, actual critical buckling load is less than calculated theoretical due to
non-linearities and geometrical imperfections. To consider this reality, a knock down
factor (KDF) y is applied

y=1-0,901(1—e~?) (2-8)

1 R R
Q= E\/; (for ? < 1500) (2'9)

2.2 Buckling of Isogrid Stiffened Thin Walled Cylindrical

Structure

As described in previous section, those formulas (2-1)-(2-9) are applicable for
isotropic unstiffened thin walled cylinders. However, isogrid stiffened cylinders have
ribs on the skin structure. Based on NASA Isogrid Design Handbook [8], an equivalent
Young’s Modulus E* and equivalent thickness t* can be calculated for isogrid
stiffened cylinders using formula (2-10) and (2-11) in order to be treated as a
monocoque, isotropic unstiffened cylinder. With those equivalent Young’s Modulus
E* and equivalent thickness t* values, equations (2-1)-(2-7) are applicable as stated in
Chapter 2.1.

£ = tiso 1_’5“ (2-10)
Er = g &) (2-11)
Biso

Biso» Xiso aNd §;, are non-dimensional parameters and formulated as equations
(2-12)-(2-14) below using the values of the skin thickness, rib thickness, rib height and
the triangle height shown in Figure 7.

Biso = J[Baiso(l + 61’50)2 + 1+ aiso) (1 + aisogisoz)] (2'12)
bisodiso

aiso - tisohiso (2-13)
diso

8iso = tiso (2'14)



bjso: width of the rib
d;so: height of the rib
tiso: skin thickness
hiso: heigth of triangle

Figure 2-2 Isogrid Parameters.

Using the equivalent Young’s Modulus E* and equivalent thickness t¥*,
theoretical critical buckling load for the isogrid stiffened cylinder is calculated per the
formula (2-7).

NASA-SP8007 suggest KDF per formula (2-8) for lightly stiffened cylinders
and KDF of 0.65 for moderate or heavy stiffened cylinders based on NASA-TN-D-
5561[9].

As a initial design, an unstiffened, isotropic cylinder from Titanium Alloy is
taken with a radius of 150 mm, length of 450 mm and a shell thickness of 1 mm.
Following, six design iterations are studied by increasing the circumferential triangle
numbers with the same rib cross section of 1x2 mm as in Table 2-1.

Table 2-1 Design Iterations.

Skin Radius(mm) 150
Skin Thickness(mm) 1
Skin Length(mm) 450
Rib Height(mm) 0 2
Rib Width(mm) 0 1
Circumferential Triangle 0112116124 36872
Number

Table 2-2 Material Properties.

Young's Modulus(MPa) 9,60E+04
Poisson's Ratio 0,36
Density (kg/mm?) 4,62E-06




Material properties of titanium alloy is taken from ANSY'S Library [2] and listed
in Table 2-2.
Although the limits are not clear for a moderate or heavy stiffening definition,
KDF is taken as 0,65 for 6 iterations.
Table 2-1 Calculation Results.

Skin Radius(mm) 150
Skin 1
Thickness(mm)
Skin Length(mm) 450
Rib Height(mm) 0 2
Rib Width(mm) 0 1
Circumferential
Triangle 0 12 16 24 36 48 72
Number
Mass(kg) 1,966 | 2,142 | 2,198 | 2,319 | 2,486 | 2,663 | 3,007

t*(Eq. Thickness)
mm
E*(EQ. Youngs

N/A | 1,355 | 1,447 | 1,607 | 1,804 | 1,964 | 2,212
7,295E | 6,895E | 6,325E | 5,791E | 5,462E | 5,106E

N/A

Modulus) +04 +04 +04 +04 +04 +04
Theoretical
Critical 3,733E | 5,205E | 5,612E | 6,352E | 7,328E | 8,194E | 9,712E
Buckling Load +05 +05 +05 +05 +05 +05 +05
(N)
KDF 0,518 | 0,65 0,65 0,65 0,65 0,65 0,65

Actual Critical | 1,934E | 3,383E | 3,648E | 4,129E | 4,763E | 5,326E | 6,313E
Buckling Load(N) | +05 +05 +05 +05 +05 +05 +05

Buckling Load to | g g3qr | 1 579 | 1,660F | 1,780E | 1,916E | 2,000E | 2,099E

WeightRatio | ™ 0™ | " 0c™ | 05 | 405 | 405 | +05 | +05
(N/kg)

Calculated equivalent thickness and Young’s Modulus, theoretical and actual

buckling load, buckling load to weight ratio are listed in Table 2-3.
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Figure 2-3 Critical Buckling Loads per Triangle Number.

As expected, increasing the number of triangles per circumference makes the
structure more capable to buckling. Changes in theoretical and actual critical buckling
load is seen in Figure 2-3. In addition, buckling capability to weight ratio is plotted in
Figure 2-4.

2,150E+05

1,950E+05
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S Unstiffened Cylinder

Buckling Load to Weight Ratio

9, 200E +0:

7, 500E +04
1] 10 20 30 40 50 80 70

Circumferential Triangle Number

Figure 2-4 Buckling Load to Weight Ratio per Triangle Number.



3. FINITE ELEMENT ANALYSIS

3.1 Introduction

In this section, a finite element model of isogrid stiffened cylinder is developed
using the software ANSYS Workbench 2020 R1. Geometrical model, meshing details,
material properties and analysis types are described in following sub-sections.

Because the cylinder thickness is too much smaller compared to the diameter
and length dimension, shell model is used for the skin [10].1f the R/t ratio is above 25,

using solid elements become increasingly uneconomical considering the accuracy of
the results and computational time.

Stiffeners have a constant cross-section and the dimension of this cross-section

Is too much smaller compared to the length dimension, thus they are modelled as beam
elements.

As described in section 2, one unstiffened cylinder and six different design

iterations as shown in Table 1 are studied using FEA. Six iterations differ in the
stiffener density as shown in Figure 3-1.

VAN WWAYAW
AVAVAVAVATL
TAVAVAVAVL| KX B
AVAVAVAVAL ' :

VAVAVAVATAL '

AVAVAVAVATY :

VAVAVAYATAYL
AVAVAVAVATA,'
VAVAVAYAYAN
\WAVAVAVATATL
TAVAYAVATAY

VAVAVAVAVY
AVAVAVAVAT.|
VAVAVAYA

N

VAVAVAVAYAN
WAVAVAVATA
TAVAVAYATAY|
WAVAVAVATAYY
AVAVAYAVAL'
VAVAYAYAY)

AVAVAYAY
AVAVAVL
\VAVAYAY)

n=24

Figure 3-1 Design Iterations per the circumferencially triangle number.
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3.2 Geometry

Using Geometry Modeler module available in ANSY'S Workbench, a parametric
model consisting of a surface body and line bodies is developed as shown in Figure 3-
2.

Tree Cutline ¥ Graphics

E|----V, A Geornetry

[;]‘(;1. ¥ Plane
b8 Sketchl

b £ Sketch?

....... v = DPlane
=5 ¥ZPlane

e £ Sketch3
- I Extrudel

....... N Sweepl m
....... B8 Patternl

....... M Sweep3

....... B8 Patternd

- 6 Revolhuel

....... ” Patternt

....... g Projectiond

....... oAk Joint3

....... B ShareTopo
=M@ 1Part, 42 Bodies

E‘""Jﬂg Part 12
....... » Efl Surface Body
....... Al
....... v D

m

Figure 3-2 Geometry Modeler.

The related parameters are the skin outer diameter, the skin length and the grid
number as shown in Figure 3-3. With the first two parameters creates the top surface
of the cylinder skin. Grid number parameter defines the number of the equilateral
triangle on the circumference. Therefore, it changes the density of the stiffeners. The
more the grid number is, the more the isogrid structure is stiffened. However, stiffeners

adds also weight to the structure.

| Marne | Walue | Type |
v okin_Outer Dia 301 rmm Length
w skin_length 450 i Length
arid_Murnber 16 Dirmensionless

Figure 3-3 Geometry Model Parameters.
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3.3 Material

Titanium alloys are suitable materials for casings of aero-engine cold sections
modules as fan and compressor due to their low weight to stiffness ratio [11]. Due to
this fact, titanium alloy is chosen as material to investigate in this study.

ANSYS Workbench material library provides physical and material properties

as shown in Table 3-1.

Table 3-1 Material Properties.

Young's Modulus(MPa) 9,60E+04
Poisson's Ratio 0,36
Density (kg/mm3) 4,62E-06
Bulk Modulus(MPa) 1,1429E+05
Shear Modulus(MPa) 35294

In order to take the material non-linearity’s, bilinear isotropic hardening curve
of titanium alloy is also provided by ANSYS Material library as shown in Figure 3-4.

Titanium Alloy NL: Isotropic Hardening

1.01e+3

Stress

n.oo
0.0 0.0zo0 0.0400

Sirain

n.04a4

Figure 3-4 Titanium Alloy Bilinear Isotropic Hardening Curve.
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3.4 Loading and Boundary Conditions

Figure 3-5 Boundary Conditions.
A remote unit force of 1 N is applied on the edge shown as A in Figure 3-5 in
negative Z- direction. The rotations of nodes on the same edge are also fixed.
The edge shown as B is fixed in Z-direction and free in radial direction. Finite

elements are SHELL281 and BEAM189 for surface body and line bodies respectively.

SHELL281Element

Figure 3-6 Finite Element Types.
13



SHELL181 is suitable element with four nodes with six degrees of freedom at
each node: translations in the X, y, and z directions, and rotations about the x, y, and z-
axes for analyzing thin to moderately thick structures [12].

BEAM188 is proper element with two nodes, which have six degrees of freedom
at each node: translations in the x, y, and z directions, and rotations about the x, y, and
z-axes. It is suitable for analyzing slender to moderately stubby/thick beam structures
[12].

3.5 Meshing

FEA method is based on the concept of discretization of the interested system in
smaller simpler elements. This process is called as meshing [13]. Mesh density that is
determined by the element size is very critical for the accuracy of the analysis results.
Decreasing the mesh size may result in results that are more accurate; however, it
means also increase in element and node numbers. The more the element number is,
the more the computing time is. Optimum point should be determined between the
result accuracy and solution efficiency. A mesh sensitivity analysis is performed for
the design option with circumferential triangle number of 36. The resulted eigenvalue
buckling load, the created node number and their changes for each iteration is listed in
Table 5.

Table 3-2 Mesh Sensitivity Results.

. . Critical .
C|rcumferent|al Mesh Eigenvalue Chang'e n Node Node Number
Triangle Element . Buckling
Number Size(mm) Buckling Load Number Increase
Load(N)
15 6,93E+05 REF 17064 REF
12 6,808E+05 -1,80% 17640 3,38%
36 9 6,811E+05 0,04% 30780 74,49%
8 6,746E+05 -0,95% 35620 15,72%
7 6,741E+05 -0,07% 58754 64,95%
5 6,729E+05 -0,18% 79325 35,01%

14
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Figure 3-7 Buckling Load-Node Number-Mesh Size Plot.
Element size of 8 mm is chosen as the accuracy-efficiency point where the

critical load result is 6,746E5 N and the node number is 35620 by viewing Figure 3-7.

3.6 Eigenvalue Buckling Analysis

The eigenvalue buckling analysis is performed using the static structural analysis
as pre-stressed model for isogrid stiffened model. Project schematic is seen in Figure
3-8.

- B - C
: :
2 m Geometry " 4 2 Q Engineering Data " —#2 & Engineering Data v
. fﬂ Parameters \I3 m Geometry v a3 m Geometry ¥ 4
Geometry 4 @ Model v M4 @ Model v 4
5 @ setup ¥ . =5 @ setp F .
6 |5 Solution Fou 6 |G Solution 5 4
7 | @ Results F 4 7 | @ Resuls 7 4
X Pp:‘ Parameters I ra [}p:‘ Parameters 1
Static Structural Linear Buckling Analysis

Figure 3-8 Project Schematic for Eigenvalue Buckling Analysis.
Per the solution of the model, the first critical eigenvalue buckling load of the
isogrid cylinder with 36 triangles in the circumference is 6,746 E+5 N and the mode

shape which has 16x deformation scale is seen in Figure 3-9.
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C: Linear Buckling Analysis
Total Deformation
Type: Total Deformation
Load Multiplier (Nonlinear): 6,7464e +005
Unit: mm

Deformation Scale Factor: 16 (0.5x Auto)

1.02 Max
0,908

0,74

0,681

0,567

0454

0,341

0,227

0,114
8,48e-5 Min

Figure 3-9 Buckling Mode Shape for the option w/36 circumferentially triangles.

3.7 Non-Linear Buckling Analysis

Using the same geometry with the same mesh structure, a non-linear static

analysis is performed to take the geometrical and material nonlinearities and

geometrical imperfections into account. For geometrical nonlinearity effect, large

deflection is enabled in the ANSYS solver control options. (Figure 3-10)

Solver Controls
Solser Type

Weak Springs

Solver Pivat Checking
Large Deflection
Inertia Relief

Pragram Contralled

Off

Frogram Controlled
| On

Off

Figure 3-10 Ansys Solver Controls.
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By linear elastic analysis, stiffness matrix is kept same. However in reality,
stiffness of the structure changes due to change in the shape of the structure [14].

In order to take the material non-linearities, bilinear isotropic hardening curve of
titanium alloy is also provided by ANSYS Material library as shown in Figure 3-4.

Titanium alloy has a yield strength of 930 MPa. It has a strain of 0.00969 at yield
stress 930 MPa. Up to this point, material behaves linear elastic. After that stress level
of 930 MPa, plasticity begins until the strain limit of 0.0484 at the stress level of 1010
MPa.

The critical buckling load of 6,746 E+5 N determined by the eigenvalue buckling
analysis is applied in Z-direction by pre-defined substeps in Analysis settings as shown
in Figure 3-11.

Step Controls

Mumber Of Steps 1,
Current Step Mumber 1

Step End Time 1s

Aurto Time Stepping On
Define By | Substeps
Initial Substeps 100,
Minimum Substeps 50,
Maximum Substeps 1000,

Figure 3-11 Ansys Step Controls.

Geometry used in the FEA model is perfect, however in reality; there are
imperfections due to manufacturing tolerances. To simulate this condition, the
buckling mode shape and deformations are transferred with a scale of 0,025 to the
nonlinear static analysis as shown in Figure 3-12.

Maximum total deformation for the first buckling mode is 1,02 mm as seen in
Figure 18. Considering inward and outward deformations, total relative deflection is 2
mm. So, scale factor of 0,025 means 0.05 mm profile tolerance, which is a reasonable

machining tolerance for a diameter 300 mm in aviation industry.

- A - B - c b )
2 [ ceometry 2 | @ EngineeringData +/ , el 2 & EngineeringData 2 & EngneeringData '
+3 | [5) Parameters \3 m Geometry v — 3 m Geometry v 4 3 @ Model v 4
Geometry 4@ Model V — G Model v 4 4 @ seup ¥
5 @ setup v ‘/os @ setp v 4 5 Solution F .
5 Solution v 4 6 6 @ Resuts 7 4
7 @ Results v a4 7 @ Results v Mon-Linear Buckling Analysis w/geometrical imperfadions
[X:] PP_J Parameters X [b—ol Parameters I
Static Structural Linear Buckling Analysis

Figure 3-12 Project Schematic for Non-Linear Buckling Analysis.
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At the load level where the structure becomes unstable, solution will be

unconverged and the time step at that point is the knock down factor (KDF).

0,895
203,09
100,
50,
25, . .
z Structure becomes unstable at time point of 0,895
£ 7 \
5
] 25
g
5 .
=1 0,5
0,25
0,1
3,112Be-2
1,82 0,125 0,25 0,375 0,5 0,625 0,75 0,875 1,
time [s]

Figure 3-13 KDF for Actual Buckling Load.

As seen in Figure 3-13, KDF due to geometrical and material non-linearities and
geometrical imperfections is found as 0,895. This means structure buckles under 6,038
E+5 N compression load which is the 0,895 times of the theoretical critical buckling
load of 6,746 E+5 N.

Before buckling, maximum equivalent von-Mises stress is 874,5 MPa at the
upper edge and stress level is around 500 MPa overall per Figure 3-14. Both are well
below the yield stress of 930 MPa. Thus, cylinder buckles in elastic region. Therefore,

failure mechanism is buckling.

Equivalent Stress

Type: Equivalent (von-Mises) Stress - Top/Bottam
Unit: MPa

Tire: 0,895

Deformation Scale Factor: 57 (5x Auto)

Fa,
>

874,47 Max
77823
681,99
585,75
43051
399,27
207,03
200,79
104,55
8,3132 Min

v o,

\
]

Figure 3-14 Stress Levels before Buckling Failure.
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Total deformation before buckling is maximum 2,8 mm at the upper edge of the
cylinder. As seen in Figure 3-15, total deformation shape before buckling failure
matches well with the linear buckling mode shape.

D: Non-Linear Buckling Analysis w/geometrical imperfections C: Linear Buckling Analysis
Total Deformation Total Deformation
Type: Total Deformation Type: Total Deformation
Unit: mm Load Multiplier (Nonlinear): 6,7464¢ +005
Time: 0,895 \ Unit: mm
Deformation Scale Factor: 57 (5x Auto) Deformation Scale Factor: 16 (0.5x Auto)
2,8024 Max 1,02 Max
5112 0,908
24 0734
1,9569 0,681
16777 0567
1,3065 0454
1,153 0341
083411 0227
055293 0114
0271174 Min 8,48e-5 Min
Total Deformation before Buckling Buckling Mode Shape

Figure 3-15 Non-linear Deformation — Buckling Mode Shape Comparison for

isogrid option w/36 circumferentially triangle number.

Unstiffened cylinder has a theoretical critical buckling load of 3,675 E+5 N and
KDF of 0,881. Thus, the actual critical buckling load is 3,238 E+5 N and total
deformation shape before buckling point matches well with the linear buckling mode
shape as seen in Figure 3-16.

The isogrid-stiffened cylinder is 26 % heavier than the unstiffened cylinder,
however it has 87 % higher actual critical buckling load.
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D: Non-Linear Buckling Analysis w/geometrical imperfections
Total Deformation

Type: Total Deformation

Unit: mm

Time: 0,88125

Deformation Scale Factor: 96 (5x Auto)

C: Linear Buckling Analysis
Total Deformation

Type: Total Deformation
Load Multiplier (Nonlinear): 3,6746 + 005
Unit: mm

Deformation Scale Factor: 62 (2x Auto)

1Max

0831

078

0,669

0557

0446

0335

0223

onz
0.000527 Min

1,6314 Max
14609
1,3083
1,1468
098524
08237
066216
050062
033007
0,17753 Min

Total Deformation before Buckling Buckling Mode Shape

Figure 3-16 Non-linear Deformation — Buckling Mode Shape Comparison for
Unstiffened Cylinder.

The FEA results for the other design iterations with different circumferential
triangle number are listed in Table 3-3.

Table 3-3 FEA Results.

Skin Radius(mm) 150
Skin Thickness(mm) 1
Skin Length(mm) 450
Rib Height(mm) 0 2
Rib Width(mm) 0 1
Clrcumfﬂﬁmgﬂrﬂlangle 0 12 16 24 36 48 79
Mass(kg) 1,966 | 2,142 | 2,198 | 2,319 | 2,486 | 2,663 | 3,007
Linear Critical Buckling | 3,675 | 3,962 | 4,335 | 5,497 | 6,746 | 7,665 | 9,068
Load (N) E+05 | E+05 | E+05 | E+05| E+05 | E+05 | E+05

KDF for geometrical and
material non-linearity

. 0,881 | 0,808 | 0,875 | 0,896 | 0,895 | 0,896 | 0,923
w/geometrical

imperfections
Nonlinear Actual Critical | 3,238 | 3,201 | 3,793 | 4,925 | 6,038 | 6,868 | 8,370
Buckling Load E+05 | E+05 | E+05 | E+05 | E+05 | E+05 | E+05

Actual Buckling Load to | 1,647 | 1,495| 1,726| 2,124| 2,429 2,579| 2,783
Weight Ratio (N/kg) E+05| E+05| E+05| E+05| E+05| E+05| E+05
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Linear and actual critical buckling loads are graphed per circumferential triangle
number in Figure 3-17. As expected, increasing triangle number lead to a higher

buckling load.

5,500E+05
8,500E+05
7,500E+05
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2,500E+05

1,500E+05
0 12 16 24 36 48 72

Circumferential Triangle Number

—s—LinearCritical Buckling Load Nonlinear Actual Critical Buckling Load

Figure 3-17 Critical Buckling Loads per Triangle Number.
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Figure 3-18 Buckling Load to Weight Ratio per Triangle Number.
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4. CONCLUSIONS AND DISCUSSIONS

4.1 Comparison of FEA and Hand Calculation

This section compares the FEA results from shell-beam model with the hand
calculation results per NASA design manual, concerning theoretical buckling load.
Figure 4-1 shows the FEA and calculation results of unstiffened cylinder and six
isogrid-stiffened cylinder with different triangle numbers. Regarding unstiffened
cylinder, FEA and hand calculations result in 3,675 E+5 N and 3,733 E+5 respectively.

The difference is only 1,6 %and it is acceptable for early design phase activities.
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0
[
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=]

m

o
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Critical Buckling Load(N)

~
[0
Q
=}
m
T
o
vl

1,500E+05
o] 12 16 24 36 48 72

Circumferential Triangle Number

FEA(theoretical) NASA(theoretical)

Figure 4-1 Theoretical Buckling Loads per FEA and NASA Manual.

As seen in the plot (Figure 4-1), hand calculation overestimate the theoretical buckling
load for isogrid designs. Difference between FEA and calculations reduces with
increasing number of triangles in the circumference. If the structure is lightly stiffened,
difference is up to 31%. However, it decreases to 7-8% if the cylinder is heavily

stiffened as minimum 36 triangle on the circumference.
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Figure 4-2 FEA-Hand Calculation Difference per Stiffener Density.
Above results are for the specific R/t ratio of three. Similar assessment is
performed for different R/t ratios from 50 to 750. Cylinders are moderate/heavily

stiffened as 36 triangle on the circumference. Figure 4-2 and Figure 4-3 shows the

results and difference between them again for FEA and hand calculation.

2,350E+06
2,150E+06
1,950E+06
1,750E+06
1,550E+06
1,350E+06
1,150E+06
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7,500E+05
5,500E+05
3,500E+05

Buckling Load

50

75 100 125

—e—FEA(theoretical)

150

175 200
R/t

NASA(theoretical)

250

350

500
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Figure 4-3 Theoretical Buckling Loads per FEA&NASA Manual for different
R/t ratios.

As seen in Figure 4-4, hand calculation is not suitable for R/t below 100.
Difference is 28% and 15% for R/t ratio of 50 and 15 respectively. Hand calculation

approach does not work properly if the slenderness is low.
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Figure 4-4 FEA-Hand Calculation Difference per R/t.

To sum up, hand calculation and FEA match very well if the cylinder is not
stiffened. For isogrid-stiffened cylinders, hand calculation approach overestimate the
buckling capability of the structure. The overestimate level is around 10% for slender,
moderate/heavily stiffened cylinders, which have minimum 36 stiffener triangle
number on the circumference and minimum slenderness level with R/t ratio of 100 to
800. If the slenderness is below R/t ratio of 100 or the structure is just lightly stiffened,

using hand calculation might mislead the design.

4.2 lsogrid Effect on Buckling Capacity and Weight

Design option with circumferential triangle number 36 has a weight of 2,486 kg.
Considering the same radius of 150 mm and the same weight and same material, 2,486
kg corresponds to an unstiffened cylinder with shell thickness of 1,269 mm. Nonlinear
buckling analysis of this shell results in a critical buckling value of 5,322E5 N while
the same weight isogrid stiffened cylinder has 6,038 E5 N. Isogrid design provides 13

%. improvement for the same weight as listed in Table 4-1.
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Table 4-1 Buckling Capacity of Unstiffened and Isogrid Stiffened Cylinder.

| e Unstiffened
ISOgCE'O:;ISi rt]lél;erned Cylinder w/same
Y Weight
Skin Radius(mm) 150 150
Skin Thickness 1 1,269
Skin Length 450 450
Circumferential Rib 36 N/A
Number
Rib Height(mm) 2 N/A
Rib Width(mm) 1 N/A
Mass(kg) 2,486 2,486 Improvement
Linear Critical Buckling 6,746E+05 5,842E+05 15%
Load(N)
Nonlinear Critical 0
Buckliing Load(N) 6,038E+05 5,322E+05 13%

4.3 KDF by NASA Manual and FEA

In reality, structures buckle earlier than the expected, theoretical critical load due
the geometrical and material nonlinearities and geometrical imperfection caused by
manufacturing tolerances. In order to consider this phenomenon, theoretical buckling
load is multiplied with KDF and actual critical load is obtained. As discussed in 2.2,
NASA suggests a KDF of 0,65 for moderate/heavily stiffened cylinder. This number
is based on the test data obtained at NASA from the 1930s through the 1960s [15].
Considering the high accuracy of today’s modern manufacturing processes and
technology; this KDF looks conservative. Less conservative factors will help to gain
weight saving for aerospace industry.

On the other hand, non-linear FEA buckling analysis result in an average KDF
of around 0,85 depending on the stiffening level as discussed in 3.7.

Due to this fact, hand calculation ends with a lower actual critical buckling load
compared to FEA result, although it overestimate the theoretical, critical load by 7-16

% for moderate/heavily stiffened ones.
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Figure 4-5 Theoretical and Actual Buckling Loads per FEA and Hand Calculations.
4.4 KDF and Geometrical Imperfection Amplitude

There are always initial imperfections due to nature of manufacturing processes
and this fact reduces the buckling strength of the structure. Obviously, imperfections
are random and could not predicted until we measure the actual, manufactured part.
Real 3D geometry of the part can be modelled by modern scanning technology and
can be transferred to FEA software. However, this methodology is piece part unique
and very costly process considering mass production. Instead of this technique, a pre-
deformed 3d model of the structure can be built up for initial geometry with
imperfections. As discussed xxx, first buckling mode shape from eigenvalue buckling
analysis is suitable for this technique. A scale factor is used to regulate the amplitude
of the imperfections. To remember, the structure that is studied in 3 is 300 mm
diameter cylinder with a shell thickness of 1 mm and it has 36 isogrid triangles on the
circumference with rib cross section 2x1 mm. If one checks the first eigenvalue
buckling mode shape, 300 mm diameter varies between 302 and 298,2 mm as seen in
Figure 4-6. Total deviation is 1,9 mm for 300 mm if the scale factor is assumed as 1.
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C: Linear Buckling Load

Directional Deformation

Type: Directional Deformation( Axis) g e
Load Multiplier (Nonlinear): 6,7466e «00] g v vjni‘yﬂ
Unit: mm . ™, . : LA dddn
Cylindrical CS S ara 3 S

Deformation Scale Factor: 31 (Auto Scal

BSOS N N/

1,004 Max

-0,045777
-0,25574
-04657
-0,67566
-0,88562 Min

Figure 4-6 Radial Deflection of First Eigenvalue Buckling Mode Shape.
Scale factors and the corresponding manufacturing tolerances are listed in Table
4-2 and Table 4-3.

Table 4-2 KDF’s per Manufacturing Tolerances-1.

Scale Factor 0,01 0,02 | 0,03 | 0,04 | 0,05 | 0,06 | 0,07

Corresponding Manufacturing 0,02 | 0,04 0,06 008| 01 | 012|014
Tolerance(£)(mm)

KDF 0,96 |091|0,88|0,86|0,84|0,84 0,81

Table 4-3 KDF’s per Manufacturing Tolerances-2.

Scale Factor 0,08{009| 01|02 |05 |075]| 1

Corresponding Manufacturing
Tolerance(2)(mm) 016018 02 | 04 | 1 | 15| 2
KDF 0,79 0,78 | 0,77 | 0,67 | 0,5 | 0,43 (0,38

As expected, the more the structure have manufacturing tolerance, the lower
KDF is for actual critical buckling load. Figure 4-7 shows the change of KFD per
manufacturing tolerance. In section, +0,05 mm tolerance is assumed for the isogrid
structure with a diameter of 300 mm. Considering the modern manufacturing

techniques used in aero industry, this tolerance level looks quite achievable.
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Figure 4-7 KDF’s per Manufacturing Tolerances.

This correlation (Figure 4-7) shows the importance of the manufacturing
tolerances for aero/aerospace industries considering thin walled cylinder structures.
Buckling capacity of those type structures is very sensitive to geometrical
imperfections. For instance, manufacturing tolerance of + 0,1 mm results in a KDF of
0,84, while KDF is 7 % lower for = 0,2 mm tolerance level. Just 0,1 mm change in

manufacturing accuracy reduces the buckling capacity by 7 %.

4.5 Conclusion

Regarding thin walled cylinders, results of hand calculation per Donnell’s shell
theory and FEA method are very close as 1,6 % for critical buckling load. However;
hand calculation per NASA’s manual overestimates theoretical critical buckling load
by 7-8 % compared to FEA results for moderately isogrid stiffened cylinders with R/t
ratio of 150. The difference increases up to 31 % if the structure is lightly stiffened. In
addition, if the R/t ratio is below 100, 7-8 % difference increases up to 28 %. Thus,
hand calculation is not proper for R/t ratios below 100.

One of the most important design criterions in aerospace technologies is the
weight. Using isogrid stiffeners increases buckling capability of the structure. This
study shows that isogrid-stiffened cylinder has 13% more buckling capability than the
monocoque cylinder with the same weight.

Manufacturing tolerance is very critical factor to determine the buckling capacity
of the structure, because it effects KDF, which allows calculating the critical buckling
load from theoretical buckling load. This study shows that the change in manufacturing

tolerance from + 0,1 to = 0,2 mm decreases the buckling capacity by 7 %.
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