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Abstract

There are two types of Light Sport Aircraft landing gear configuratiire taildragger and tricycle
arrangemenhere the difference is specified by the positbthe main landing gear. Shipment delay of the
current Aluminium 7075 T6 landing gear has caused further delays in the manufacturing of the BushCat Light
Sport Aircraft. Thus, a composite alternativasrequired which could be manufactured localllie objective

was to determine which locally available material was best suited as an alternative to the current Aluminium
7075 T6 designThis included estimation dghe correct design loads acting on the BLeshaircraft main

landing gear and to specify a composite alternative that could withstand these calculated design applicatior
loads.The loads that were usegbuld be obtained from the ASTM F224i3! regulations and EASA CZ3
amendmentsThe loads were validated by means ioiite ElementAnalysis and analytical calculations. Drop

tests were also conducted by the company and image processing was used to compare the calculate
deformations to the FEA results. This was used to validate the load and constraint appiicAtsys2023

R2 software The composite materials used for analysis were unidirectional epglase wet layup and
prepregdibres. A coupon studywvas conducted on Aluminium 7075 T6 alloy and [0/90/90/0], [0/45/45/Q],
[0/90/45/0] layered unidirectional epoxygéass wet layup and prepreg coupdoaded under tension,
compression, bending and torsidine FEA results were validated using analytical calculations obtained from
the Classical Lamination Theory. It was concluded that the unidirectional ejgiagseprepreg coupons were

best suited as an alternatagbetter results in witktanding the applied load applicatiomere obtainedThe

prepreg ibres also contained a lower void content in comparison to the wet layup firesncreasing the
fatigue life of the composite laminate as well as reducing the moisture absorpedimal composite landing

gear vasanalysed using the Pud#ilure criterionand it was found that after analysis and modificativare
conducted, the newly designed composite landing gear could withstand the applied loads during limit load
and ultimate load conditions without any fibre or irfiere failure in the strubf the landing gear. It was

found that failure hal occurred in one of the fibre plies near the bolted regions of the axle section during
ultimate (emergency) landing conditions and was thus concluded that the composite landing gear should stil
be inspected when attempting emergency landing at highgtictoaditions atinaircraft maximum takeff

weight of 600 kgThefinal composite landing gear desigfier modificationsvas4.613 kg heavier than the
Aluminium 7075 T6 landing geawith regards to manufacturing the final composite landing gear a vacuum
bagging process should be followed where the final vacuum bagging assembly containing the composite layuj
of the landing gear should be placed inside an oven or autoclave to stadritige process. Once the
composite landing gear is cured, it could be machined into its final shape wedestaorctive techniques

such as ultrasound of thermograpgnouldbe used to inspect thimal compositdanding gear for any air of
volatile compounds withing the laminate. Static and dynamic destructive testndd also be usedto
validateif the final composite landing geaarcwithstand all landing conditions aircraft maximum weight

without any fibre failure or delamination occurring.
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1. RESEARCH BACKGROUND

Aircraft landing gear plays an essential role during ground and landing opefatioftse bnding gear must
withstand the loads during operation and absorb the impact energy of landing to ensure other components «

the aircraft are not damaged in the prog&ks

South African Civil Aviation Authority (SACAA) approved aircraft manufactusdnown for manufacturing

the BushCat Light Sport Aircraft (LSA). The BushCat Aircraft main landing gear is manufactured using
Aluminium alloy 7075 T6. The current landing gear is manufactured by Grove Aircraft Landing Gear Systems
Inc. which is situated in United States of America. Due to the current landing gear being manufactured by a
foreign companythe aircraft manufacturdras experienced delays in shipment of this spelkifiding gear

which causd further delays in the assembly and delivering of the BushCat Aircraft. By finding a solution to
the problem, shipment costs and manufacturing delawyislbe eliminatedThe evidence othemain landing

gear supply delais contained irappendixC.

2. PROBLEM STATEMENT

The problem igreated byrequent delays of the main landing gear supplied by Grove Landing Gear Systems
Inc. andis significantfor the manufacturing stages of the BushCat Aircraft. This component is-t#meoff
shelf productmay exceed the required specifications for its application on the BushCat aircraft. Grove
specialises in the manufacturingAiuminium leaf spring landing gears by using their expertise, testing and
machinery throughout the entire procddse product isot locally available in South Africdatis, a composite
alternative is required sincedan bemanufacturd locally, is cost effective and are used by variousenot

local Light Sport Aircraft manufacturers.

3. RESEARCH QUESTIONS

3.1.Critical Research Question:

Can a main landing gear thistmanufactured usingomposite materialwithstand the loads acting on the

currentAluminium alloy 7075 T6 landing gedesign?

3.2.Sub Questions:

Which locally available composite material is best suited as an alternative to the current Aluminium 7075 T6

design?



4. RESEARCH OBJECTIVES

The objectives of this research are to:

a. Determine the correct design loads actingrenBushCat Aircraft main landing gear.
b. Validate Fnite ElementAnalysis(FEA) resultswith numerical values and drop tessults.
c. Specify a composite alternative that can withstand these calculated design application loads.

5. LITERATURE REVIEW
5.1.Introduction
The literatureeviewwill focus on the load conditions, landing conditions and the requirements of an aircraft
landing gear specified by the Ultility, Aerobatic and Commuter CatedohphA CS23 Initial Issue) and
(ASTM F2245i 14) standard specifications for the design pedormance of a Light Sport Airplane. It also
includes literature regarding composite materials used for Light Sport Aircraft main landing gear.
5.2.Aircraft and Landing Gear Loads

5.2.1. Loads/ Forces Acting on BushCat Aircraft Landing Gear:

There are two types of BushCat Aircraft landing gear configurations, namely Tricycle and Taildragger landing

gear configuration as seenhkigurel. Note that the main landing gear is positioned at different locations on

the aircraft.

2300mm

5075mm 1695w _

9E43mm,

16935mm

Figure 1: BushCatAircraft Tricycleand TaildraggeiLanding Gear Configuratioand Aircraft Dimensiors [2]



In Figure?2, the currentAluminium 7075 T6alloy landing geais displayed as a leaf spring design with its

load and deflection graph, which is important when considering the different landing conditions. The

defl ection 6dé denot e.dtindicatesthe effiziéncydfahe Eheck absomtion lmythe t h
landing gealand is directly correlatedtothea n di ng ¢ e ar Otkeimpdzrtifdrcestdyringtlamding b s o
[3].
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Figure 2: Landing Gear Design and Load vs Deflection Grafdjs

In Figure3, the basic landing conditions are indicated according to the ASTM F2245ndEASA CSi
23 regulations for the Tricycle and Taildragger configuratjdhsEach landing condition has its own Centre
of Gravity (CG) position whiclinfluences load distribution of the aircraft and the loads experience on the

main landing gear

Tan (K) = 14 deg

q_n
A"T“ D)

Level Landing

Level Landing
(inclined reactions)

14 deg

2 b

‘ﬂ.-m deg

Level Landing
(nose wheel just
clear of ground)

d

Tail-down Landing

Tail-down Landing

(stall attitude)
Figure 3: Basic Landing Conditiong!]




Table 1 contains a summary of Load/ Faspelicationdor each landing condition. It is important to note the
different landing conditions specified by the ASTM F224%4 regulationg4]. When designing the main
landing gear folany Aircraft, the desigris requiredto withstand the worst landing condition specified in

Figure3 andTablel. The safety factor required for each condition is[4]5

Tablel: Description of Load/ Force Components for Each Landing Condjéipn

Tail Wheel Type Nose Wheel Type
- Level Tail-down Level Landing with Level Landing with Tail-Down
Condition " - - ) Nose Wheel Just -
Landing Landing Inclined Reactions Clear of Ground Landing
Vertical component at CG nW nW nw nwW nw
Fore and aft component at CG KnW 0 KnW KnwW 0
Lateral compenent in either direction at CG 0 0 0 ] 0
Shock absorber deflection (rubber or 100 % 100 % 100 % 100 % 100 %
spring shock absorber), %
Tire deflection Static Static Static Static Static
Main wheel loads (V) (n-L)W (n-L)Wb/d (n-L)Wa'/d’ (n-L)w (n-L)W
(both wheels) (D, ) KnW 0 KnWa'/d' KnW 0
Tail (nose) wheels (V) 0 (n-LyWa/d (n-L)Wb'/d' 0 0
Loads (D)) 0 0 KnWh'/d' 0 0

The following inputs are required to obtain the load/ force component at the Centre of Gravity (CG) and
general loads for each landing scenio

0 T U

b ¢ - Ratio of assumed wing lift to aircraft weight

¢  Load factor on wheels

¢ ¢ G, Loadfactor

@ Maximum design weight of Aircraft (kg)

& Chord length of aircraft wing (m)

@ Wing span of aircraft (m)

If £ o® gmasses such as the engine, fuel tank, occupant, seats, and ballast must be designed for a limit

load factor for landing T x €& T .

According to the ASTM F224b 14 regulations, during emergency landing conditions the landing gear

must be designed for the followindfimate load factorf4]:

¢ 3intheupwardsdirection
¢ 9 or 10 (for enginesh theforwardsdirection
¢ 1.5in thelateraldirection



According to theeASA CSi 23and ASTMF2245i 14regulationsthe following must be considered:

1) For side load conditions as seeffrigure4, the limit vertical load factor 1.34W, lateralinertia load
factor 0.83W and the vertical ground reaction force is divided between the main wheelatéraé
ground reactioffrictional loadis 0.5W acting inboard while 0.33W is acting outboard. The drag loads

can be assumed to be z5h

83w

- & CG.

B7W (vertical) B7TW
A

Yy 1.34W
.5W (inboard) .33W (outhoard)

T 7TV 777 777 Y

Figure 4: Side Load Landing Conditiorj4]

2) During braked roll conditions as seenhigure5 with tyres in the static position, the limit vertical
load factor 1.33W. A drag reaction equals the vertical/ normal reaction is multiplied by the

coefficient of frictionof 0.8 at wheel contact point to the ground when brakes are affjlied

A .B7W (vertical)

» S54W (rearward)

S S S S S S S S

Figure 5: Braked Roll Landing Conditiof#]



Figure6 and Figure7 providesthe free body diagrarfor the loads exerted on both tricycle and taildragger
landing gearAs seen inFigure 6 and Figure?, the aircraft can land normally whilst during crosswind
conditions the aircraft calpefi s k e wwingdandingpyhi ch i s al so known as a
the crosswinds are strong enough, they can crea’

aligned with the centreline of the runway.

Figure 7: Loads on Taildragger Configurated Aircraft During Landifgj



Figure 8 displays themassand centre of gravity CG) position graph obtained from the BushCat Pilot
Operating Handbook (POHR]. Each specific mass that the aircraft may operate at has a forwards and
rearwardsCGlimit. The percentage position at 66 is determined using the percenta@eanAerodynamic
Chord (MAC). A demonstration is shown iRigure 9. This graph is known to every pilot operating the

BushCat Aircraft as well as the engineer designing the landing gear.

620 1365
MAC: 1508mm (59.37in)
600 1325
29.5% MAC 39.0% MAC
580 600kg (13201b) 600kg (13201b) 1285
560 1245

28.6% MAC 38.1% MAC
1205

540 560kg (12351b) 560kg (1235b)
E; 1165 2
=< 520 -
8 1125 &
= 500
1085
o 1045
460 25.8% MAC 35.8% MAC
445kg (981Ib) 445kg (981Ib) 1005
440 265
420 925

24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
CG (%MAC)

Figure 8: Mass vs CG%MAC) Graph for BushCat Aircraf2]
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Figure 9: MAC Chord Drawn Trough the Centre of the Area of the Viéhg



Wheel spin up loads must also be considered dleimdjng. Equation providesthe wheel spin up loads
during aircraft landinghatare specified by thEASA CST 23 regulation$5].

0 _ )

Where:

O = Maximum rearward horizontal force acting on the wigks|

i = Effective rolling radius of wheel under impact based on tyre pressure during opétation
“Ou= Rotation mass moment of inertia of rolling assenblyg feet)

@ = Linear velocity of aircraft in the-glirection at instant of conta(ft/s)

= Peripheral speed of ty(/s)

¢ = Coefficient of friction

O = Maximum vertical force on wheel/ ty(Ho)

0 & Time interval between wheel contact and maximum vertical force exerted on(s)heel

According to theEASA CS-23 regulation the following requirements are necessary when testing the landing
gear such ag) limit shock absorption testg) limit drop tests an®) ground load dynamic tefs]. These
tests are necessary after the new composite landing gear is instatleet the safety requirements.

1) Limit shock absorption test
The landing gear may not fail, but yielding is allowed whilst simulating a descent velocity 1.2 times the limit

descent velocity assuming that the wing lift force is the same as the weight of the [&}craft

2) Limit drop tests
Limit drop tests must be conductadingcomplete aircraff4]. The drop height may not be letsmnthe

height calculated in the following formula:

Ei T8ip 0 e : (2
Where:

h = Drop heightd )

Mg = Mass Gravity
S =Wing Aread )

The drop height may also not be less than 0.234 mooe than 0.475 1f4].



If the wing lift is provided during free drop tests, then the weight for the landing gear drop height is calculated

using Equation $5]:

0 o — (3)
Where:
Me = Weight used during drop test (kg)
h = Specified free drop height (m)
d = Deflection of tyre + the vertical component of the axle distance travelled (m)
Mm = Weight of main landing gear (kg)
Mt = Weight of tail gear (kg)
Mn = Weight for nose gear assuming mass of aircraft acting at CG and exerts a force of 1g downwards anc
0.33g forwards (kg)

L = Ratio of wing lift to aircraft weight, may not be more then 0.667¢g

3) Groundload dynamic test

For the ground load dynamic test, the test must be condusiteglacomplete aircraft and must adhere to the
level landing conditions. The drop height must be 2.25 times the drop height that is calculated in the limit

drop test sectiofb].

Composite Materials Used on Light Sport Aircraft Landing Gear

A composite material is composed out of two elements that work together to achieve desired material

propertieq7]. Composites are divided into three main groups:

1) Polymer Matrix Composites (PMC)
2) Metal Matrix Composites (MMC)
3) Ceramic Matrix Composites (CMC)

However, for this project the focus will be on the PMC composites to design and manufadureatent

leaf spring landing geaPMC usea polymer base resin as the matrix and for the reinforcement it uses glass
fibre, carbon fibre or aramiff’]. The resins used can be epoxies or polyesters depending on the desired
properties anapplication that is needed. The resin matrix better distributes the load across the fibres and

protects it from abrasion or impact dam#ige



As seen irFigure D, combininga compositeibre material with resin allows for a composgemponenthat

is highly resistant to both tensile stresses and strimsng loading of a composite structti@mponent

the composite fibers are more effective in withstanding stresses whilst the resin is more effective in
withstanding strainThus, a combination of both is neediedide a composite structure/ component to
withstand the exerted loads

‘ Filyra

Tengile Siress

FRF Composite

Resin

.

Siraln

Figure 10: Tensile vs Strain Graph for PM[Z]

When using a fibre such &sglass, the resin used must have a larger elongation to break percentage then the

S-glassto achieve the maximum strain propertiék

A
HS Carbon

Tensile Stress (MPa)

IEnoxy Resin

Strain (%)
Figure 11: Strains to Failure of PMC'§/]

The overall material property for the composite is determined by the foll¢#ing

1) Properties of the fibre
2) Property of the resin
3) Fibre Volume Fraction (Ratio of the fibre to resmmposite)

4) Orientation and geometry of the fibres inside the composite

10



Figure 12 providesthe four main loads experienced by a compasit@ponenduring load condition§/].
The mainloadsthat any composite structure or component will experiéntensile, compression, torsion

and bending respectively.

t

Figure 12: Tensile, Compression, Shear and Flexural Loads Respedifi}ely

The resin normally used for aircraft landing gear applications is aircraft grade Epoxy resin. This is due to the
highest stress and strain in comparison to Polyesteiamdesterresinsthat Epoxy resin can withstand
Polyester resins are considered a brittle resin which is not applicable for composite aircraft landing gear since

its brittleness will not produce the spring action needed for the landindj/gear

Composite materialdemonstrateexcellent fatigue resistance in comparigormost metals. The fatigue
resistance of a composite is determined by the quality of the manufacturing process. As a restiigssumbxy
resins are extremely resistant to fatigue in comparison to other resins used, thus it is veryimpaolpelar

aviation industry when used for aircraft structUyrgs

F 3
Vinylester
Polyester 1
1
1 |
[ | !
w 1 |
d | |
»n | 1
1 |
1 |
1 |
| |
| |
| |
3% | 45% 1
L L [
Strain

Figure 13: Resin Comparisofv]
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Figure 14 shows how fibre laminates can be stacked to resist thechsekdisplayed inFigure 12. The

symmetry and balance of tiseack is important, the 48egree stacks help with shear loads, whilst the 0 and

90-degree stacks help with bending loads acting on the stry¢jure

Starting at the top surface (0/+45/-45/90/-45/+45/0}

Figure 14: Laminate Stacking Orientatidfd]

Table2 provides a comparison between the different types of polymer matrix compositesdvEmages

disadvantagegeneraktostprovided byToray Advanced Compositesvailability,and ease of manufacturing

werecomparechowever, ¢ass fibre reinforcementasstudied and useduring the design of theomposite

landing gear in this research report.

Table2: PMC Material Comparison

Glass Fibres

Carbon Fibres

Aramid Fibres

Advantages

-High impact resistancg@seful for
applications requiringmpact and
shock absorbingffects)[8]

-High strain capacity8]

-Exceptional strength to weight ratio
-Low corrosion

-High fatigue resistands]

-Good aesthetics

-Dimensional stability allowing fibres to
maintain shape and dimension during
changing environmental conditiori8]

-Exceptional impact resistance
-Good fatigue resistance
-Good strength to weight rat[8]
-Very low compressive strength
(useful for only tensile and stiffness
applications less stiffthancarbon
fibre) [9]

Disadvantages

-Lower strength to weight ratio
-Can absorb moisture over time
8]

-Limited temperature resistance
-Can be susceptible to strong aci
or alkalis[8]

-Hi gh Youngés modu
-High brittlenesgsusceptible to low
strain failure)[8]

- Possibility to cause damage to structu
during minor impact loadg]

-High material and manufacturing costs

-Degrades under prolonged exposy
to UV-rays.

-Hybrid forms with other composite
have increased delamination
possibility [8]

-Possibility tonot bond particularly
well with most resin systeni9]
-Possibility to absorlwater rapidly

[8]

GeneralCost E-glass 7581 (300 gsm) @ Carbon3K@i 50/ kg Aramid (Twaron) (640 gsm) @
4.50/m"2 Carbon12K@ 35/ kg 14.50/m"2

Availability -Widely used PMC, manufacture( -Most widely used PMC, manufactured| -Widely used PMC, manufactured k
by Toray and MitsubishChemical | by Toray and Mitsubishi ChemicE] Toray and Mitsubishi Chemic§d]
[9]

Ease of -Void content should be carefully| -Requires specialized manufacturing | -Mostly in hybrid forms with other

Manufacturing

controlledwith regards to resin
content application.

-May require oven or autoclave
which increases production cost

[10]

using autoclave curing. Camcrease
production cosf10]

P M C &hais manufacturing process
should be tailored to reduce
delamination possibilities in final
product[10]
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5.3.RX1E-A Aircraft CompositeUndercarriage Case Study

In the following study conducted by the Chinese Society of Aeronautics and Astronautics (CSAA) a
composite leaf spring landing gear was manufactured for the RXti#o-seater electric aircraft by means
of autoclaving11]. The ASTM 224514 standards were followed during the research conducted by CSAA.

Figure 15: RX1EA TwoSeater Electric Aircraffl11]

B
Brake e —‘—Toj
=

//,

/ A
,;//\

Outer joint

/ g /’
Leaf spring [ S Inner joint

//
Axle loading point [ //

Wheel

Figure 16: RX1EA LeafSpring Landing Geajl11]

Glass fibre unidirectional belt prepreg has a low modulus and high toughness. These characteristics ar
necessary to absorb the energy transferred to the landingLjgarhe design of this composite landing gear
must be able to minimise structural damage that can be caused by material d§ldjtido obtainan
optimum design, two stages need to be considered when constructing the composite gear. Stage 1 is tt
thickness optimisation of theomposite fiberlayers whilst Stage 2 is thdiber stackup orientation

optimisation of the laydil1].

Table 3 providesthe material properties for thepoxy eglass fibre composite preprely.includes the
longitudinal modulus of elasticit§O ), transverse modulus of elasticif® ). in-plane modulus o#lasticity
‘0 ), in-planeP o i s s o n('0 3, lomgidudinalotensile strengtfy ), longitudinal compressive strength

(, htransverse tensile strength ), transverse compressive strenfth ) andthein-plane sheastrength

G ) [
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Table3: Properties of Glass Epoxy-Glass Prepreg Fibre Material [8]

Parameter E\(GPa) E>(GPa) G2(GPa) 2 a\(MPa) a{(MPa) a5(MPa) a5(MPa) a12(MPa)
Value 30 T 3.7 0.3 642 610 58 131 64
Thefollowing equationss used to obtain values of each landing load condjtidh:
1) Stiffness of leaf spring landing gear and tyre
0 — 4)
Where:
"= Combined stiffness of leaf spring landing gear and @yre
Q = Stiffness of wheel tyrg-)
Q = Stiffness of leaf spring ged¥)
2) Drop height of landing gear during drop test
Q p& ¢ — (5)
Where:
"= Drop height )
® = weight of aircraft QN
“Y= Area of aircraft wingd )
1) Load factor on the centre of gravity (CG) position
E —— U (6)

Where:

¢ = Load factor on CG-J

"= Drop height ¢ )

'Q= Total shock absorber travl )
‘Q = Shock efficiency+)

0 = Ratio of assumed wing lift to aircraft weighj (

14



2) Total shock absorber travel

Q — (7)
Where:

'Q= Total shock absorber trav )
¢ = Load factor on CG-{
@ = weight of aircraft QN

"= Combined stiffness of leaf spring landing gear and tyre (

Table 4 providesthe weight of each layer of the compoghat was adjusted by means of optimising the
thickness for eachayer. This reduad the weight of the leaf spring landing gear and an experinvast
conductedo checkwhat the displacement and ground load force in (Newtons) are for each optinjisation
To avoid crack propagation the numiaércontinuous layerslid not exceed four layefd1]. The angle of

each layer in the continuous layer stack is also displayed.

Table4: Data Obtained/ Calculated of the Composite Material During Different Optimisations [8]

Model Root layup & thickness(mm) Ground load(N) Displacement(mm) Mass(kg)

Stiffness constrained leaf [45/—45/0/45/90/—45/0/45/90/—45/0/45/90/—45/0]s 12973.483 156 4.9
[0.8/0.8/3.2/0.8/0.8/0.8/3.2/0.8/0.8/0.8/1.6/0.8/0.8/0.8/1.6]s

First-stage optimization [45/—45/0/45/90/—45/0/45/90/—45/0/45/90/—45]s 8289.118 189 3418
[0.6/0.6/3.2/0.92/0.06/0.92/3.2/0.5/0.6/0.5/2.1/0.5/0.6/0.5]s

Second-stage optimization  [45/—45/0/45/—45/0/45/90/—45/0/45/90/—45]s 9439.633 169.665 3.8

[0.8/0.8/3.2/1.6/1.6/2.4/0.8/0.8/0.8/1.6/0.8/0.8/0.8]s

Duringthe second stage optimisatisimownin Figurel7, a comparison ipresentedegarding the area of the
leaf spring landing gear where the thickness was adjusedthicknesslistribution before optinsation was
focused near the bracket section of the gmamected to the aircraft fuselaged after optingation the
thickness distribution was modified to bwrefocused before thop bend section of the leaf spring gear

strut.

Thickness (mm) Thickness (mm)

(a) Thickness before optimization (b) Thickness after optimization

Figure 17: Layer Thicknes®ptimisation[11]
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Figure 18 depicts the 3 modesamely tensile, compressive and shear failure respectiValy.strength
criterion of composite materials can be divided in two categories namely ultimate strength failure criteria such
as the (maximunstress and maximuwstrain criterion), TsaHill, Hoffman and TsaWu which does not
distinguish between failure rdes whereas the second category distinguishes between failure modes such as
the Hashin, Puck and LaRCOBhe Puck failure criterion was usddring the design sindailure between

fibre and intetfibre is distinguishednd can reasonably simulate the failure mechanisms betweenfiiitgs

the theoretical prediction results agree well with obtained experimental résudtssure validity of the
analysis An addition to the Puckailure criterionalsoincluded filre and inteffibre tension and compression

failure making itanoptimal choice for the analysis of the composite leaf spring landind Har

o : 5 Z o . : :":_, ’,/',‘ ; 0.

Mode A Mode B Mode C

Figure 18: 3 Failure Modes: Tensile, Compressive &tiearf11]

In Figure19, the FEA simulatiomesultsprovide a visualisation on whetteefailure wasmost likely to occur
for each failure parametand modeQQ is the interfibre failure Mode A damage paramet€lQ

is the inteffibre failure Mode B damage paramet€lQ) is the inteffibre failure Mode C damage
parameterQQ is the fibre tensile Mode A damage parameter@@dis the fibre compressive failure Mode
B damage parametefhe main compositgear was more prone to intfiore tensile failure(QQ ) and
inter-fibre compression failur¢QQ ) than nterfibre shear failurg(QQ ). Fibre tensile(QQ) and
fibre compressior(QQ ) damage was also present during loading conditions on the modifiedTheat.
during loading of a composite leaf spring landing géser FEA resultslepictthatthetensile and compressive

loadresulted in the failure of the composite leaf spring landing gear.

% ) 2

(2) Mode A damage parameter ef,, (b) Mode B damage parameter ef,

D 2 N

(d) Fiber tensile damage parameter ef,

»

(e) Fiber compression damage parameter cly\

Figure 19: FEM Simulation for Each Failure Parametfirl]
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Table5 providesthe FEA strainresults ofthe compositdeaf springfor eachlandingcondition for both the

tricycle and taildragger aircradiuring ultimate (emergency) load conditions

Table5: Maximum Strain of Leaf Spring in Tensile, Compressive and Shear Condition [8]

Condition Tensile Compressive  Shear
strain strain (pe) strain
(pe) (pe)

Level landing with inclined 15340 -15300 10170

reactions

Level landing with nose 20700 —20650 13720

wheel just clear of ground

Tail-down landing 18370 —19460 13040

Side load conditions 2323 —2497 1582

(Inward load)

Side load conditions 9795 —~10140 6797

(External load)

Braked roll conditions 8131 —8241 5965

During the physical test conducted on the fibre composite landing gear, strain gauges were attached to th
gear during the tesFigure 21 andrigure 22 shows the distribution of the strain gauges on the composite
landing geaandthe crane used to apply the load to the gear.

Figure 21: Crane Loading Schenj#&1]
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The experiment was conducted in two phases. The first phase was a static strength experiment that increas
the load to the ultimate loddi1]. Thisexperiment was conducted to determine if the leaf spring geahene
stiffness and strength requirements and to record the displacement of the loading point on the axle togethe
with the strain on the leaf sprifigl]. The second phase was a failure experiment where the ultimate load was
continuously applied to the gear until damage occurred. This was to determine the ultimate strength of the
gearf11]. The load on the gear was maintained for 30 seconds at the limit lotbayehr wathen examined

for any deformation or failure. It was found that if the gear was loaded 115% the ultimate loaderde fib
faileddue tatensile load. The displacement of the gear in each direction is displayed up to 100% the ultimate

load.

Figure 22 represents the failure experience by #8&degree and-Oegree unidirectional fibers. Thd5
degree fibers delaminated due to compressive loads anddbgr€e fibers failed due to tensile Iead
experienced during 115% the ultimate load condition.

0° layer fiber failure

Figure 22: Tensile Failure on Landing Gedt1]

Figure23 provides the X, Y and Z displacements of the composite leaf spring landing gear during ultimate
(emergency) load conditionEhe maximum X, Y and Z displacements was 65mm, 250 mm, and 350 mm

respectively.
65 300 400
| _ | =350
: st g 250 S| E
= I P = ~ = 3001
Sast - = 2001 e N
o =
E L —F E o E 250 &
535t S 150t . 3
87 P 3 g 2 200}
= o 2 & o
A 25F a4 -+~ Numerical simulation A 100F =~ -+ Numerical simulation| 5 50L =" -« Mumerical simulation
va o Experiment data 3 - Experiment data P « Experiment data
15 50 100 =
30 40 50 60 T0 8O 90 100 30 40 50 e0 70 80 S0 100 30 40 50 €0 70 80 90 100

Load (%) Load (%) Load (%)
Figure 23: Displacement Under 100% Ultimate Load in Each Direc{ibh]
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In conclusion;Table6 shows the results obtained by #iein gauges compared to the simulation results. The
maximum strain occurreon measurement points 10 andviZichwasnear the side edges of the gear. This
is an indication bwherefibre and inteffibre tensile and compressifailure is most likely to occur on this

type of composite landing gear.

Table6: Comparison of Undercarriage Strain Results [8]

Measurement ~ Numerical simulation  Experiment Error
point data(pe) data(ue)

1 14280 13298.964 6.87%
2 16950 18226.335 7.53%
3 17300 15533.67 11.21%
4 12890 13448.137 4.33%
5 18720 16874.208 9.86%
6 18960 17278.248 8.87%
7 —13090 —14048.188 7.32%
8 —19540 —17906.456 8.36%
9 —16000 —17545.6 9.66%
10 —19670 —18550.777 5.69%
11 —17540 —16415.686 6.41%
12 —19070 —17634.029 7.53%

5.4.Void Content and Fatigue Life of Composite Laminates

Voids or volatilecompoundsre considered as entrapped air inside the matrix of a composite stificure.

24, represents a visualisation of the fibres and matixentinside a composite structure.

Matrix
Malrix
v

Fibre I

Figure 24: Fibre and Matrix Representation Inside Composite Struct[@es

It is considered virtuallympossible to obtain a laminate that is totally void fas¢he actual void content
present will depend on several factors such as the process used during manufacturing and the[&4sin type
Manufacturing methods such as hand-u@ywill generally result in the highest void contevtiilst other
methods such as autoclave manufactut@aipniquesesult in the lowest void contents within the composite
structure or componerif]. The resin type used during manufacturing is important since some resins
(particularly phenolicsproducevolatile compoundsduring the curing processlowever, the higher the
viscosity of the resin during manufacturing, the more difficult it becimeemove the entrapped air and

volatile compoundgrom the laminat¢9].
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The void content present within any composite structure is expressed as a volume fogclitve percentage

void content can range anywhere from 0.05% up to 10% irsidgosite structurel®]. The presence of

voids carbedetrimental to the strength and elastic properties of the composite since the stiffness is reduced
due to the volume of the composite carrying the applied loads are redheddansverse modulu®() and
in-planeshear modulus’© ) are dominated by the matrix properties, thus the reduction in these properties is
greater thAn w in comparison to the longitudinal modul(@ ). The longitudinal modulus is dominated by the

fibre properties thust is notaffectedmuchby the void contenf9]. However, if the void volume fraction
exceeds 2%, the effects are more significant on the matrix dominated strength than its elastic properties. Th
voids tend to cause stress concentrations within the matrix which promotes failure such as cracking. Anothel
significant impact of void content on the performance of composite structures tcHrateéduce the fatigue

life and moisture resistance of the struc{@eMoisture absorption can cause swelling which in turn induces
internal stresses that weaken the matrix. The moistureliiffiately degrade the bonding between the fibres

and the matrix resulting in accelerated fatigue crack growth inside the sti@ture

Another factor leading to reduced fatigue life of the composite laminate is ultraviolet (UV) degradation. The
UV radiation can break the polymer chabtmwn within the matrix leading to embrittlement and reduced
strength. Composite structures used outdoors or in environmeniviiith UV exposure are more prone to

fatigue crack initiatiorand propagation directlffecting the fatigue life of the compositt2].

5.5.Introduction, Literature Study and Case StudySummary

In conclusionthere are two types of light sport aircraft landing gear configurations namely the tricycle and
taildragger aircraft configuration, the difference between the two is represented by the position of the main
landing gear situated beneath the fuselage dditbeaft. Siipment delays of the current Aluminium 7075 T6

alloy landing gear has caused further delays in the manufacturing of the taildragger and tricycle Light Sport
Aircraft. Thus, a composite alternative is required which could be manufactureg tocailhstand the same

load conditions as the Aluminium 7075 T6 alloy landing gear. According to the ASTM F224nd the

EASA CS23 regulations both the tricycle and taildragger aircraft has their own landing load conditions which
should be considered whedasigning a main landing gear out of composite matefibblscomposite materials
focused during design of a composite alternative to the current Aluminium 7075 T6 alloy landirsgjegear

polymer matrix in combination witB-glassfibres.

During the case study conducted on the Chinese RXHpoxy EGlass belt prepretgaf spring landing
gear, the Puck failure criterion was used to analyse the failure present withing the compositeegeack
failure criterion distinguishes between fibre and Hiifgre failure of a composite laminatié wasfound that
the composite leaf spring landing gear was more prone tefintertensile and intefibre compression failure
than interfibre shear failure. The composite gear was also prone tadibsde and fibre compression failure.
During structuraltesting of thegear,it is found that the45-degree and-degree fibres failed due tladove
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mentionedailure parameterat 115% the ultimate (emergency) loaldich corresponded to the Puck failure

FEA analysis This case study is relevant since it validated the Faithre criterion through experimental
testing and confirmed its accuracy in predicting the failure modes in the composite laminate under specific
load conditionsSecondly, itidentified the different failure modes inside of the composite structure and

highlighted the critical areas where the composite landing gear is vulnerable under limit and ultimate loads.

Lastly when manufacturing a compossteucturejt is important to consider reducing the void content within

the matrix as much as possible due the reduction in fatigue life when the void volume fraction increases.
Voids and volatilecompounddend to cause stress concentrations withing the matrix which promotes failure
such as crack initiation and crack propagation dukngtinuousloading of the composite structure.
Manufacturing methods such as hand-Ugyresults in high void and volatile content wghiautoclave
manufacturing methods results in the lowest void and volatile content within the congpasitare. The
fatigue life of the composite structure will also depend on the moiahodionand UV radiation exposure

as it can significantly reduce the fatigue life of the compositesture or component
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6. RESEARCH METHODS

6.1.Research Design

For this proposed researditerature observations, calculations, AEBmulationsand advice from composite
manufacturing experts have baeed.This combined approach aimed to offer a more thorough analysis and

addressed the research questions and objectives comprehensively.

The literature providgvaluable knowledge on forcd#satact uporiLight SportAircraft landinggearaccording

to the correcEASA CS 23 amendments aliSTM F22457 14 standardsCalculations andwumerical
modellingcan be used to simplify the complexity of using a composite design for landing gear by obtaining
results regarding the stresses experienced by cedetionf the gear antb determinevhether the material
cansafelywithstand these loads. Advice framanufacturing expertsan be valuable since manufacturing a
componenbf compositenaterialsneeds practical experience and practical ideas to ensure that the design can
be manufactured with what is locally available.

6.2.Instrumentation

The following software will be used during the duration of the research:

1) Ansys2023 R2Software- The software will be used to conduct BEA analysis on th&luminum
7075 T6 alloy and composite landing gear whilst isitbjected tathe different landing loads
conditions. Ansys software will also be used for the layering of the composite landing gear used in
the FEA analysis.

2) Siemens NX 12 The softwarewas used to modethe Aluminium 7075 T6 alloy landing gear
components such as the brackets, axles, bolts, andlinutgs also used to model th@omposite
landing gear thawasused forayering of the composite gear aRBA analysis inside of Ansys.

6.3.Data Collection/ Analysis

Data on various parametensms sourcedo ensurethat the designwasvalid. Some ofthe datathat was
collected by engineers Hte companyncludedaircraft weight, current landing gear dimensiodop test
resultsandthe Pilot Operating Handbook (POH).

1) Aircraft weight- Theweight is important when determining the loads on the landing gear. This data

collection include maximum takeoff weight, empty weight, and payload weight.
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2) Landing gear dimensionsAccording tothe aircraft manufacturgthe new design must be of similar
dimensions as theurrentaluminum alloy landinggear so that minimal change®re requiredfor

brackets and aircrafbodification

3) Landing conditions The landing conditions are important sirsey determingheforcesthatact in
on the landing gear during different conditions for the taildragger and tricycle Bushcat aircraft. These
landing conditions are determined using B#&SA CS 23 amendments at5TM F22451 14

standards

4) Regulatory requirementsThe regulatory requirements inclutilhe POHas itprovidedinformation
regarding the limitationsluring theoperaton of the Bushcatircraft These limitations includke

aircraft airspeed, weight and balance whigreimportant for calculations.

5) Stressanalysis Oncethenecessary dataascollected, Ansysvasused to perform a structural
static stress analysis on the landing gear. This analgsisisedo understand the forces acting on

the landing gear and identify potential failure points.

6.4.Validity and Reliability

To validateand verify the composite landing gear design the followirgeconducted:

1) Landing gear drop testAnsys simulationsverecompared to an actual drop test. The deformations
werecompared to the deformations presented in the simulatliasyas done to chethkat the loads
and constraintsvere applied correctly onto the gear. Thigsthen transferred to the composite

landing gear in the final design.

2) Landing gear deflectionThe vertical stroke deflection was compared to the deflections obtained by
FEA analysis to validate that the loads, application of loads and consivanetsorrectlyappliedin

Ansys.

3) Meshindependence study A meshindependence studyas conducted during the landing gear
deflection and bending stress analy3isis was doneso thatthe correct mesh element sieeuld
determine thenost accurat&EA result against the analytical calculations as well as the sensitivity

of the stress and deflections obtaitlecugh FEA analysighen changing the mesh parameters.

4) Coupon simulations Ansys softwaravasused to conductreFEA analysis on Aluminium 7075 T6
alloy during tensile, compression, bending and torsion load application. The vesgdtsompared
to numerical calculations. The resulisreused during the composite gear opsation todetermine

the correct fibre orientations theduldwithstand the loads more effectively.
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7. LANDING GEAR LOAD CALCULATIONS

7.1.Introduction

In this section thioadscalculationdor the different side loads, brake loads, wheel spin up loadsalggiing
torque andfor all landing conditions for the tricycle and taildragger gear configurations of the BushCat
Aircraft were conducted. The effetttatthese forces have on the main landing gear were anadysketie

loads calculated were useddnmapter8 andchapterl0 for the FEAanalysisof the Aluminium 7075 T6 and
composite alternative landing gedhe loads were calculated for a maximuncraift mass 0600kg and a
speed of 966 km/h (60 mph) obtained from the and BushCat Aircraft specifications as sEailéY and
Table8.

Table 7 provides thespecificationsobtained from the documents of the BushCaiht Sport Aircraft
regarding thenaximum masapproved byhe South African Civil Aviation Authority (SACAA) and Federal
Aviation Administration (FAA).Table 7 and Table 8 provides the BushCat Aircraft weight and balance
specifications as well as the final approach speed.

Table7: Light Sport Aircraft Maximum Takeff Weigh{{13]

Country | Authority Operated ‘erated Ma:.;
as* Mass
South African Civil Aviation NTCA 560 kg
South Authority (SACAA) / (12301bs)
Africa Recreational Aircraft Association of 450 kg
fri Microlight
South Africa (RAASA) {992 |b5]
S-LSA
Federal Aviation Administration 600 kg
UsA (FAA) E-L5A (1320 Ibs)
EAB

Table8: BushCat Aircraft Weight and Balance Specifications, Final Approach §pagd

Parameter Mass Arm

Empty Mass (Nosewheel) * 340 kg 310 mm
Empty Mass (Taildragger) * 350 kg 435 mm

Fuel Tank (Max Capacity — 94L) 69 kg 1060 mm
Maximum Take-Off Mass 600 kg 445 - 588 mm
Maximum Upper Baggage 25kg 1060 mm
Maximum Lower Baggage 20kg 1418-1624 mm

Once airspeed of 560 mph IAS (600 kg) is obtainethe wing flaps should bget to the landing setting

whilst confirming that the fuel pump is on and the fuel selector [ 8)n
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7.2 Aluminium 7075 T6 Alloy Landing Gear Assembly

Figure25 provides thdanding geaand wheehssemblyannotations othe mainanding gear on thBushCat
taildragger aircraffThe @ame assembly applies for the tricycle airciafEigure25the following annotations

can be notedegarding theassembly of thenain Aluminium 7075 Taalloy landing gear

Aircraft main gear assembly Wheel assembly

2. Spring gear 1. Wheel assembly (hub and tyre)
3. Bracketgq(radius plates) 2. Calliper assembly

4. Protection shims 3. A3C axle nutwith split pins
8.M12 x 60 mm bolts 4. A3C axle

9. M12 washes 5. AN6 24A bolts

10.M12 nylock nut 6. AN5 23A bolts

7.M8 x 16 x 1.6 mm washers
8. M10 x 18 x 2 mm washers
9. M10 nylock nut
10.M8 nylock nut

Figure 25: BushCat Landing Geakssembly to Aircraffl3]
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7.3.Analytical Calculations

7.3.1. Landing Condition Loads

Table9 and Table 11 provides the different landing conditions for the nose wheel and taildragger aircraft

configuration usewith an aircraft maximum takeff weight (MOTW) of 600 kg with a limit ground reaction
load factor of n = Z on the landing gear according@& 23473 amendment®uring emergency landing
the ultimate load factor should be n inZaccordance withSTM F2245 Refer to section 5.2.Eigure3 and

Tablel for different landing conditions and equations used.

Table9: Taildragger Aircraft Landing Loads (Limit Load Factor =13

Taildragger Aircraft
Level Landing Tail down landing Units
Vertical component at (CG) 123606 12360.6 N
Fore and aft component at (CG) 14715 0 N
Lateral component at (CG) 0 0 N
Shock absorber deflection 100 100 %
Tyre deflection static static -
Main wheel loads (Vertical componen 84366 738177 N
Both wheels (friction) 309015 0 N
Tail/ nose wheel (Vertical component 0 137067 N
Tablel0: Taildragger Aircraft Landing Loads (Ultimate Load Factor = 3)
Taildragger Aircraft
Level Landing Tail down landing Units
Vertical component at (CG) 17658 17658 N
Fore and aft component at (CG) 14715 0 N
Lateralcomponent at (CG) 0 0 N
Shock absorber deflection 100 100 %
Tyre deflection static static -
Main wheel loads (Vertical componen 13734 1201684 N
Both wheels (friction) 44145 0 N
Tail/ nose wheel (Vertical component 0 223132 N
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Tablell: Tricycle Aircraft Landing Loads (Limit Load Factor =1)

Tricycle Aircraft
Level Landing with Level landing with Tail down Units
inclined reactions nose just clear of landing (stall
ground altitude)
Vertical component at (CG) 123606 12360.6 12360.6 N
Fore and aft component at (CG 14715 14715 0
Lateral component at (CG) 0 0 0
Shock absorber deflection 100 100 100 %
Tyre deflection static static static -
Main wheel loads (Vertical 42183 84366 84366 N
component)
Both wheel (friction) 154508 309015 0
Tail/ nose wheel (Vertical 42183 0 0
component)
Tablel2: Tricycle Aircraft Landing Loads (Ultimate Load Factor = 3)
Tricycle Aircraft
Level Landing with Level landing with Tail down Units
inclined reactions nose just clear of landing (stall
ground altitude)
Vertical component at (CG) 17658 17658 17658
Fore and aft component at (CG 14715 14715 0
Lateral component at (CG) 0 0 0
Shockabsorber deflection 100 100 100 %
Tyre deflection static static static -
Main wheel loads (Vertical 6867 13734 13734 N
component)
Both wheel (friction) 220725 44145
Tail/ nose wheel (Vertical 6867 0

component)
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Refer to section 5.2.Figure4, andFigure5 for side/ braked roll loads, equation 1 for whsgin up loads
during a MOTW of 600 kg Table13 represents the loads obtained for side/ braked roll and vspaelup

loads.

Tablel3: SideLoads, Wheel Spiblp Load and Landing Gear Deflection

Side Load Conditions
Left Tyre
Vertical Load 394362 N
Inboard Load 2943 N
Right Tyre
Vertical Load 394362 N
Outboard Load 194238 N
Braked Roll Conditions
Both Tyres
Vertical Load 3943.62 N
Rearward Load 3178.44 N
Wheel SpinUp Loads
Both Tyres
Rearward Load 1761652 N

From Table9 to Table 12 according to theASTM F224514 andEASA CS-23 regulationsfor an aircraft
MOTW of 600 kgthe maximum ground reaction and torsional loads for limit load conditvens8436.6 N
and 3090.15 Nm respectively. For ultimate load conditions the maximum ground reaction and torsional loads
werel3734 N and 4414.5 Nm respectivdlote that the angle of impact during landiregiedfor each load

landing condition on both the tricycle and taildragger aircraft.

In Tablel3 according to the ASTM F22454 and EASA C23 regulationsthemaximum ground reaction
load during side load and braked roll landing conditiese3 943 . 6 2 N whi |l st dur i n¢
landing conditions the maximum lateral loadsthe inboard load of 2943 N. During wheel spimloads it

wasassumed that the load is omlgtive 1 second after impda¢fore roltout phase
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7.3.2. Landing Gear Stroke Deflection

Figure 26 presents hova force generates deflection whepplied to the landing gear during the different
landing conditions. As seen in the figure, the total stroke is a result of the perpendicular component of the
ground reaction force. This diagram can be used for both the Aluminium 7075 T6 alloy and tslapdsig

gear when calculating the stroke.

deceleration load - F;

total stroke — S

l axle position
Y fully compresed

gear leg
lenght -/

static

N,
N7
VY
¥ A
«

’," fully extended

/
/' deflection T

£4
/
/ /
i /
E ‘\‘ / \( Y
e

component of Fs
perpendicular
to gear leg

reaction force
Fs

Figure 26: Landing Gear Deflection Loads Diagraji¥]

Equation 8vasused tdind the reaction forceer tyreatdifferent impact anglefNote that the frictional loads

werenot presenin the calculations of thianding geateg stroke deflection

0 (8)
Where:

"O= Reaction forcg0 )

O = Vertical ground raction componenfload factor integrated0 )

— = Impact angle of landing geR 'Q Qi )Q Qi

During landing, the impact angle ranges from O talédrees. Level landing conditiongrepresented by-0
degree@mpact angleand landing conditions that occur duritag) down,inclined nose wheel clear, and stall

altitudeconditionswaspresentdby a 14degree impact angle.
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Equation9 wasused to calculate the stroke deflection of the leaf spring landindege&iote that thestroke
deflectioncalculatedusing equation 9lid not account for theaddedrotationaldeflection obtained by the
radius plate bracket®hen doing an FEA comparisaine radius plate bracket rotational deflections should

be eliminated.

N o ©)

Where:

"Y= Stroke deflectiorfa &)
—=Legangle QQ"Qi )YQQi
0= Length ofleg (& &)

‘0= Youngs modulus{ 0 §

‘O=Moment on inertidd & )

The ground reaction loads can be found fibable9 to Table12 Thelegangle of the Aluminium 7075 T6
alloy landing geawasfound to be approximately Z8degrees and theglengthwasapproximately 65.36
mm. See Appendix BAluminium 7075 T6 alloy gear and Composite gear drawifigsinore information
regarding the dimensions

Equation10 provides more information regarding threoment of inertiaussed during the stroke calculations

0 — (20)
Where:
o= legthicknesqd &)
"Q= legwidth (6 &)

Due to the Aluminium 7075 T6 alloy landing gédeg not being uniform in thickness and width throughout,

it wasassumedhat thesection of thdéegwith the least thicknessnd maximum widtlshould be takesince

this section occupies the most stress during each landing condition as seen inScHdmehicknessvas
approximately 12 mm and the widthwas approximately53.102 mm. By taking these dimensionan
approximatiorwas obtained fothe vertical stroke deflections occurring during each landing conditions as

validated in chaptes.

Equatiors 11 to 13 wereused to obtain theeaction moment, bendingres, and safety factowithin the

landing gear leg:

0 "Od (11)
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Where:

0 = Moment reaction due to ground reaction forlz&Y &

"O= Perpendicular force componeit (

, (12)
Where:
. = Bending Stres) 0 &
o= Distance from neutral axis to outermostréa &

"YO _— (13)
Where:
YO = Flexural yieldstrength safety factdr)

) = Flexural yield strengti)(0 &

Table14 andTable 15 provides the stroke deflection of the Aluminium 7075 T6 Alloy landing gear during

the different landing conditions.

Table14: Aluminium 7075 T6 Alloy Landing Gear Deflection (Limit Load Factor = 2,1)

Landing Condition Deflection/ Stroke Bending Stress Safety Factor
(mm) (MPa) (Yield)
Taildragger Aircraft
Level Landing 19.443 191.12 2.51
Tail Down Landing 16.507 162.26 2.%
Tricycle Aircraft
Level Landing(Inclined) 9.433 92.26 5.18
Level Landing (nose just clear of 18.865 185.45 2.59
ground)
Tail Down Landing (stathltitude) 18.865 185.45 2.59
Side, Braked and Wheel Spip 9.088 89.34 5.37
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Table15: Aluminium 7075 T&lloy Landing Gear Deflection (Ultimate Load Factor = 3)

Landing Condition Deflection/ Stroke Bending Stress Safety Factor
(mm) (MPa) (Yield)
Taildragger Aircraft
Level Landing 31.651 311.13 1.5
Tail Down Landing 26.871 264.14 1.8
Tricycle Aircraft
Level Landing (Inclined) 15.356 150.94 3.18
Level Landing (nose just clear of 30.711 301.89 1.59
ground)

Tail Down Landing (stathltitude) 30.711 301.89 1.59
Side, Braked and Wheel Spisp 9.088 89.34 5.37

From theanalytical result®btainedthe maximum stressccurred on the taildragger aircraft during level
landing. The stress will differ during the Aluminium 7075 T6 alloy landing gear FEA anadgsiseen in

chapter Que to the frictional loads being presant radius plate brackets having rotational deflection

7.3.3. Selt-Aligning Torque (Towin)

Torque occurs on the landing getiutas aircraft wheel toudsthe runwayasseen inFigure27. Frictional

loads on the wheels in contact with the runway, braking during landing and flex of the leaflapding

gear resuftin the inner surface of the tyre touching the runwidyis actiorsubjecs the landing geastrutto

torsion. The gear will then counteract the torsional loads to realign the wheels straight again.

1 |
| Longituginal.axis,y I
N 0

__ ——
Ll sl .-

| prasms !

Wheel paths

— l ‘

ongitudinal axis of the aircraft forward he aircraft

Wheels aligned are parallel to the Tow-in: wheel paths cross

Tow-out: wheel paths diverge

Figure 27: Aircraft LandingTowIn and TowOut WheelSelfAlignment15]
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Figure28, provides the fredody diagram regarding the frictional force due to the tyres impacting the runway

creating towout loads on the landing gear leg.

Tyre friction

Top view of gear
{axle region)

Axle

Torsion on gear due to
tyre firction

Figure 28: SeltAligning Torque FreeBody Diagram

Equationl4 were used to calculate the témvtorsional loads on the aircraft:

0 O 0 T 0O 0 P(S (14)
Where:
0 = Torquecreated due to tyre frictional load & &
O = Tyre frictional load §
0 = Length of A3C stub axIshaft(& &
0 = Thickness of A3C axle hedd d
0 = Thickness of the gear at axle regiona

Equation 15 was used to calculate the torsional stress on the gear leg during I&tmdathat the torsional
stressvasonly an estimate since landing gear leg has a leg arc aagleot uniform in thicknesslT'he gear

thickness and gear width useds14.2 mm and 53.102 mm respectively.

t — (15)

Where:

t = Torsional stres)(0 &

0 =1%value dotained througlﬁb Gratio(-)

= Gear thicknessi( &)

w= Gear width ¢ &)
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Equation 16 was used tdtain the rotational deflection of the landing gear leg due to tyre frictional resulting

in two-out conditions.
— _ — (16)

Where:

— = Torsional deflectioffQ Q "Qi )Q Qi
a= Length of gear legy( &)

6 = 2"value obtained throug‘l";? J)ratio ()

"O= Shear Modulusi &)

Equation ¥ wasused to obtai® and equation 18 was used to obtairused in equation 1T hese values
are influenced byhe ratio of ® ¢,and follow a linear line plotted on a graﬂﬁne‘b ¢,ratio used during the

calculationavas3.740.Thus,0 =0.141and0 = 0.405.
6 narcé’a) T8Ip X U 17)
6 mBix&n O (18)
Equation ® wasused to obtain the torsional yield safety factor of the landing gear leg:
"YO e (19)

Where:
YO = Torsional yield strengtbafety factor <)
» = Torsional yield strengtih(0 §
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In Tablel6, the wheels of the aircrafterein tow-in position causing torsion on landing gear ldgss, diring

impact the wheels will be in tom alignment.

Tablel16: Self Aligning Torque Experienced by Landing Gear (Limit Load Factor = 2,1)

Landing Condition Torque (Nm) Torsional Deflection | Safety Factor
Stress (Degrees) (Torsion
(MPa) Yield)
Taildragger Aircraft
Level Landing 237.632 157.40 4.58 2.10
Tail Down Landing 0 0 0 -
Tricycle Aircraft
Level Landing (Inclined) 118.82 72,29 2.29 4.21
Level Landing (nose justiear 237.63 144,57 4.58 2.10
of ground)
Tail Down Landing (stall 0 0 0 -
altitude)
Side, Braked and Wheel Spin 244.42 148,70 4.71 2.04
Up

Tablel7: Self Aligning Torque Experienced by Landing Gear (Ultimate Load Factor = 3)

Landing Condition Torque (Nm) Torsional Deflection | Safety Factor
Stress (Degrees) (Torsion
(MPa) Yield)
Taildragger Aircraft
Level Landing 339.48 224.85 6.55 1.47
Tail Down Landing 0 0 0 -
Tricycle Aircraft
Level Landing (Inclined) 169.74 112.43 3.27 2.94
Level Landing (nose just clea 339.48 224.85 6.55 1.47
of ground)
Tail Down Landing (stall 0 0 0 -
altitude)
Side, Braked and Wheel Spin 244.42 161.90 4.71 2.04
Up
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7.3.4. Bolt Bearing Stress

AN5-23A and AN624A boltsmanufactured usin§740 alloy steelereused when attaching the stub axle

to the main gear as well as the brackets. Thé-28A bolts wereused at the bottom and the Bi3A are

used at the top of the stub axle. The ARBA and AN624A boltswereonly used for the Aluminium 7075

T6 alloy landing gear. When designing the composite landing gehajster 11, different boltwere used

since theshank length of the current bolts weoe short Figure29 represents bearing stressdgthe bolts

acting on the material. The material must be able to withstand these loads especially when using composit

materials.

Landing gear axle region
(side view)

Arm radius bolt torque load
due to friction
Tarque mor

ment around
contre point

Bearing

Applied =
Load

Shear path
Figure 29: Bearing Stresses Experience by Landing Gear Mat§t&]l

Equation 20 was used to obtain the bearing stress exerted onto the main landing geaagiaftdédbte the

area that was useudhsthe side surface of the bolt in contact with the landing gear.

» _— (20)
Where:
., = Bearing stres@) 0 &
Y = Radius of tyred &)
Y = Armradius ¢ &)
"0

= Frictional load(0))

Oa

= Landing gear axle region thickng®s &)
‘Q = Bolt diametel(d &)
Equation 21 was used to obtain the safety factor of the gear being subjected to bearing stresses:

“YO _ (22)
Where:

“YO = Bearing stress safety factey (

, = Yield strength(0 0 &

36



Tablel8: Landing Gear Material Bearing Stress (Limit Load Factor = 2,1)

Landing Condition

Bearing Stress (MPa)

Safety Factor

Bearing Stress (MPa)

Safety Factor

ANS5 (Yield) AN6 (Yield)
Taildragger Aircraft
Level Landing 16.71 28.48 13.93 34.48
Tail Down Landing 0 - 0 -
Tricycle Aircraft
Level Landing 8.36 56.97 6.96 68.36
(Inclined)
Level Landing (nose jus 16.71 28.48 13.93 34.48
clear of ground)
Tail Down Landing 0 - 0 -
(stall-altitude)
Side Load and Braked Roll
- 17.19 27.69 14.32 33.23

Tablel9: Landing Gear Material Bearing Stre¢dltimate Load Factor = 3)

Landing Condition

Bearing Stress (MPa)

Safety Factor

Bearing Stress (MPa)

Safety Factor

ANS5 (Yield) ANG6 (Yield)
Taildragger Aircraft
Level Landing 23.87 19.94 19.90 23.93
Tail Down Landing 0 - 0 -
Tricycle Aircraft
Level Landing 11.94 39.88 9.95 47.85
(Inclined)
Level Landing (nose jus 23.87 19.94 19.90 23.93
clear of ground)
Tail Down Landing 0 - 0 -
(stall-altitude)
Side Load and Braked Roll
- 17.19 27.69 14.32 33.23

From results obtainethe Aluminium 7075 T6 alloy landing gear withstands the bearing loads exceptionally

well by having a minimum safety factor 88.93during level landing at ultimate load conditions.
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8. FEA VALIDATIONS AND MESH INDEPENDENCE STUDY

8.1.Introduction

In this section the validatioof the FEA analysis and mesifdependence study [sesentedThe application
of loads, constraints and mesh refinementse validated by comp#&on with drop tests and landing gear
deflection calculations. The landing gear and its components was modelled and assembled using Siemens N

12 and the FEA analiswasdonewith Ansys2023R2 Mechanical.

8.2.Landing Gear Leg Vertical DeflectionValidation

Figure 30 displays the main landing gear wittle components thawere used for the validatioriThe no-
separatiorcontact type were used for tlending gear in contact with the stub axlasle bolts andnylock
nutswhilst the bonded contact typeasused for the radius plate brackets in contact the M12 bracket bolts
See AppendiB for dimensions othelanding gear

Radius Plate Brackets

M12 Bracket Bolts
Leaf Spring Landing Gear

Stub Axles / ANS5 x 23A bolts M8 nylock nut

ANG6 x 24A boltg M10 nylock nut

Figure 30: Main Landing Gear Assembly
Table20 provides the material properties for the landing gear and its assembled components.

Table20: Material Properties (Landing Gear Assembly)

- Al 7075 T6 Al6061T6 | AlI6082T6 8740 Steel Units
(Landing Gear)| (Stub Axle) | (Radius Plates| (Bolts and Nuts)

Density 2800 2698.8 2698.8 7861.1 E @
Youngo6s Mo 72000 68900 69000 205 MPa

Poi ssonds 0.32 0.33 0.33 0.29 )
Bulk Modulus 66667 67549 67647 162.7 MPa
Shear Modulus 27273 25902 25940 79.457 MPa
Tensile Yield Strength 503 276 276 861.84 MPa
Tensile Ultimate Strength 572 310 310 930 MPa

38



8.2.1. Landing Gear Vertical DeflectioREA Load and ConstrairSetup

Figure 31 provides a 9@legree impact load application to the Aluminium 7075 T6 undercanihgst no
frictional loads were applied to the stub axl€se impact angle was adjusted for each landing condition
both the tricycle and taildragger aircraftereas the maximum impaahgle were 14legreesThelimit load

applied is equal td218.3 N per tyre for taildragger level landing as sedtigare31.

Figure 31: Taildragger AircraftLevelLanding Load Application (Deflection Validatipn

Figure 32provides the constrain application to the radius plates of aircraft landingeggeation 9 used to
calculate the deflections does not include the rotational deflections occurring on the radius plates bracket:
thus, the fixed support is used over its surf&epiation 9 only accounts for landing gear leg deflection as the

rotation of the radius plate brackets added an additional vertical deflection to the landing gear leg.

Figure 32: FEA Vertical Deflection Validation (Constraint Application)

Figure 33 provides the FEA results for vertitidit load and ultimate loadeflectiors of the taildragger
aircraft level landing. Note that the rotational deflection of the radius plate brackatst included.

Figure 33: FEA Vertical Deflection Validation (Taildragger Aircraft Level Landjrigmit and Ultimate Lod Results
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Table21 andTable22 provides the comparison between the FEA and analytical results for the landing gear

leg deflection during limit and ultimate loads respectively.

Table21: Validation of Results and Meshdependence Study (Landing Gear Deflectidtimit Load)

- Calculated | 23 mm 20 mm 16 mm 13 mm 10 mm

Results Mesh Mesh Mesh Mesh Mesh

(mm) (%error) | (Yerror) | (Yerror) | (%error) | (Yerror)

Landing Gear Deflection (Taildragger Aircraft)

Level Landing 19.443 17.998 18.150 18.183 18.101 18.106
7.432% | 6.650% | 6.480% | 6.902% | 6.877%

Tail Down Landing 16.507 15.352 15.377 15.400 15.410 15.412
6.997 % | 6.846% | 6.706 % | 6.646 % | 6.634%

Landing Gear Deflection (Tricycle Aircraft)

Level Landing (Inclined) 9.433 8.512 8.522 8.536 8.53 8.546
9.764 % | 9.658% | 9.509 % | 9.477% | 9.403%

Level Landing (Nose 18.865 17.554 17.565 17.570 17.926 17.615
Clear) 7.002% | 6.891% | 6.865% | 4.977 % | 6.626%
Tail Down Landing (Stall 18.865 17.554 17.565 17.570 17.926 17.615
Altitude) 7.002% | 6.891% | 6.865% | 4.977 % | 6.626 %

Side Load and Braked Roll

Side Load 9.088 8.401 8.412 8.426 8.436 8.464
7559% | 7.438% | 7.284% | 7.174% | 6.866 %

Braked Roll 9.088 8.401 8.412 8.426 8.436 8.464
7.559% | 7.438% | 7.284% | 7.174% | 6.866 %

Table22: Validation of Results and Me$fdependence Study (Landing Gear Deflectidgitimate Load)

- Calculated | 23mm 20 mm 16 mm 13 mm 10 mm

Results Mesh Mesh Mesh Mesh Mesh

(mm) (%error) | (Yerror) | (Yerror) | (%error) | (Yerror)

Landing Gear Deflection (Taildragger Aircraft)

Level Landing 31.651 29.367 29.519 29.552 29.470 29.475
7.216 % | 6.736 % | 6.632% | 6.891% | 6.875%

Tail Down Landing 26.871 25.030 25.055 25.078 25.088 25.090
6.851% | 6.758% | 6.673% | 6.635% | 6.628%

Landing Gear Deflection (Tricycle Aircraft)

Level Landing (Inclined) 15.356 14.303 14.313 14.327 14330 14.337
6.857 % | 6.792% | 6.701% | 6.681% | 6.636%

Level Landing (Nose 30.711 28.614 28.625 28.630 28.986 28.675
Clear) 6.828 % | 71.916 %| 6.776 % | 5.617 % | 6.630%
Tail Down Landing (Stall 30.711 28.614 28.625 28.630 28.986 28.675
Altitude) 6.828 % | 71.916 %| 6.776 % | 5.617 % | 6.630 %

Side Load and Braked Roll

Side Load 9.088 8.401 8.412 8.426 8.436 8.464
7559% | 7.438% | 7.284% | 7.174% | 6.866 %

Braked Roll 9.088 8.401 8.412 8.426 8.436 8.464
7559% | 7.438% | 7.284% | 7.174% | 6.866 %
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8.3.Landing Gear Drop Test FEA Validation

8.3.1. Drop test setupby the company

Drop tests were conducted thretaildragger setup loadetith 375 kgof sand bagsThe aircraftframe drop
heightwas0.3 mto represent an ultimate load (emergency landing) conditimha cameravasplaced in
front of the aircraft frame to capture the drop test being conduidtedailwheelvassecured onto a block to
replicate a taildragger level landing.2-ton lever blockweightwasused to lift the aircraft frame using a

chain and a hoo#ttached to a steel structufe 3-ton maximum weight crane scal@sused to measure the

weight of the aircraft frame loaded with sand bags

P ———

Figure 34:Drop TestCrane, Weight Scale and Lever Blck Set Up
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8.3.2. Drop Test FEA Load and Constraint Setup

The drop test setup and load application method represtitdeagger level landing thus, the loads were
applied the same way as in section 8.3.1. The conssetimp will differ since the drop test validation takes
the rotational deflection of the radius plate brackets into accAargeen irFigure35, during heavy landing
conditions, the gear strut will deflect upwards whilst the centre section of the gear deflects dohwards
If the gear is attached too rigidlyhe load will transmit to the fuselage resulting in failure in the lower
longerons near the attached pofiifg].

—

Fom2 Heavy Load fome1
m or Hard Landing
(Exaggerated)

Figure 35: Radius Plate BracketRotational Deflectiornfl7]

Figure 36 provides the fixed support application method used for the drop test FEA validation. It is applied

in the centre of the radius plate bracketstmduce rotation deflection during landing.

Figure 36: Drop Test Fixed Support Application

Figure37 provides the drop test FEA vertiaid horizontatleflection results at a drop weight of 375 kg and
drop height of 0.3 m.

53.387 mm

124.02 mm

Figure 37: Drop Test FEA Verticahnd HorizontalDeflection Results
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The deflectionsverecalculated from the images by taking the actual length and dividing it Ipyxesiédength

to obtain gixel to lengthscale Thisscalecan be used to obtain deflectidos any other part of the landing
gear during the drop tests. Thdésrgths obtained from the images are also compared to the FEA results to
ensure validationin Figure 38 we can se¢he dimension of the current Aluminium 7075 T6 alloy landing
gearthat were used during the drop test validatiorkigure 39, thewe can see the dimensions calculated
using the calculated pixel to length scale. These calculated dimensions were compayeck 838 to make

sure the calculated dimensiomsing the scalare of similar valueNote that the distance between the syre
variesbetweerFigure38 andFigure39 sincebefore the gear is droppéte weight of tyre®ends the landing

gear legs inwards.

} 1240mm

528mm

r|= 1592mm —'1

Figure 38: Aluminium 7075 T6 Landing Gear Drop Test Dimension

vertical pixel
length =358
Original
length =

70 1060 pixel length 1330
bottom length = 1060 * 1,494 = 1583,64 mm

P9 [
ixel length = 21 1
deflection=21*14

length = 1217 * 194 = 1818,198 mm

plxel Ier}gth = 248

Figure 40: Aluminium 7075T6 Landlng Gear Drop Test Maximum Horizontal and Vertical Deflection
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The followingcalculations were done as seeffrigure39 andFigure40:

1) Pixel to Length ReferenceScaleand Original Distances

To find the pixel to length referenseale the actual measured lengtasdivided by the pixel length as seen
in Figure39. Note that this calculatiomasdone before the landing gear is droppedwamdkerwenteflection.

Top BeamSection(Reference)

P ¢ AMPQARO ®P P QW QY b MM "QuXBENQO
01 "QQOH&AMOp ¢ @ @i

UV o BV Q¢ . 7 T ) 0§
Qe—— ST
N Qo E0Q £€TXQ@ 6 o o 50

o08 WT

Original Horizontal Distance Between Tyres

The pixel length is multiplied by the pixel to lengitaleto find the horizontal distance.
p o QW & X M QwQa T @THQWADETQO0

0Qi 6 OOV OAQE 'Qp T @THQHIEVQPE wWT p L Yot G

Original Vertical Distance

VXD Qua QP g QuQa b P QuEADENQO

0Qi 0 @NO'QOAQE Qd L P QAP wWT LV oFUL QG

2) Vertical Top Beam Deflection

As seen irFigure40, the top beam sectiomaslocated just beneath tlaércraft fuselage.
T CRPQUQU TP QW QG ] QUADEVQO
©Q1 0 OEMBHEGEQ QN Qo g HEFHALENQPE wT o @ X @ &
3) Landing Gear Vertical Deflection
X CQuQU TP QwQa ¢ fp "QuBEdQo
©Qi 60 WAL O D QR QHAEDAPE wT T XBX @ &
000 dRY OWMPABQOO EEGa T X&WXT VR XPa
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4) Landing Gear Horizontal Deflection

P T MUQOQE TP QO £ PN QUCBEDQS
08 | Q& QE P G ANQBEDDPE wT p U BUwd b
b OO EEIA'QY EEBEEQH p RPUwHA p L WO & ¢ 0@ L B

0'QL DBD & L0086 | Q4 LEB I H BIQB F® HQQL "B ERX WA

Table 23 provides theerror percentage between theesh independence study comparison between the

analytical and FEA results for the drop test validation

Table23: Validation ofResults and Mesh Dependence Study (Drop Test)

- Calculated 23 mm 20 mm 16 mm 13 mm 10 mm

Results Mesh Mesh Mesh Mesh Mesh
(mm) (Yoerror) (Yoerror) (Yerror) (Yoerror) (Yoerror)

Drop Test

Vertical Deflection 31.374 33.484 33.50 33.507 33.529 33.6
(Top Beam) 6.899% 6.943% 6.963% 7.024% 7.220%
Vertical Deflection 55.27 53.051 53.185 53.230 53.29 53.387
(Landing Gear) 4.05 % 3.78% 3.70L % 3.58 % 3.47%
Horizontal Deflection 117.279 123.833 123.99 124.082 124.136 124.23
(Landing Gear) 5.293% 5.413% 5.483% 5.524% 5.595%

To ensure reliability of the findings presented able23, the uncertainty was calculated below based on the

margin of error when taking the pixel length measuremergeeasirFigure39 andFigure40. The aim is to

predict the inherent inaccuracies in the results to evaluate the conclusions drawn from the data presented i

Table23. In this study presented, a change in 5% to 10% of the original pixel \wagt#valuated to see the

changeoccurring in the pixel to length ratio and its effect on the calculated deflections. This is due to the pixel

to length ratio making use of the actual length of the landing gear séti@that the original pixel to length
ratio calculated wa%.494with a correspondingixel lengthof 830.

Table24: Drop Test Pixel to Length Ratio Uncertainties

Percentage change -10% -5% 0% +5% +10%
CalculatedPixel Length 747 788.5 830 871.5 913
Pixel to Length Ratio 1.660 1.573 1.494 1.423 1.358
Vertical Deflection (Top| 34.859 33.024 31.374 29.879 28.521
Beam)

Vertical Deflection 61.418 58.186 55.276 52.644 50.251
(Landing Gear)

Horizontal Deflection 106.614 111.691 117.279 123.448 130.306
(Landing Gear)
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Figure41 provides a visualisation with regarsthe uncertainty of the pixel to length ratio and the
deflection compairsons betweent the FEA and analytical results.

Vertical Deflection (Top Beam) Vertical Deflection (Landing Gear)
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Figure41: Drop Test Pixel to Length Ratio vs Deflection Uncertainties
8.4.Load/ Constrain Application and Mesh Independence Studgummary

In conclusiontheanalysis conducted through FEA assumed that the load was applied gradually and remained
constant whereas the physical drop test involved dynamic loading where the gear experienced sudden impa
and varying loads during the impact phase which resultedtialimpact, rebound and possibly secondary
impacts. Aother uncertainty which could be presented was the boundary conditions defined during the FEA
analysis such as the constraint application at the radius plate brackets. During the physicalliests;]ing
conditions were more complex and less controlled, considering the frictional forces between the tyres and
ground during impaciThe deflection results obtained through FEA analysis and analytical pixel calculations
were within a 10% error range. The usage of the 10% error range signified a reasonable level of agreemer
between the numerical and analytical results due to the commgseand uncertainties inherent between the
FEA results and physicétsts. Thusit should be considered that thetist&EA provided valuable insights

with regards to the structural behaviour of the landing gear, but physical drop tests were crucial for validating
these simulations by capturing the dynamic effects that occur duringwaedldrop test scenario. Thuse

can conclude that tHeadapplication on the stub axlasdconstraint application to the radius plate brackets

in Ansys were a close approximate according to thewedt physicaldroptests conducted.
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9. ALUMINIUM LANDING GEAR ANALYSIS

9.1.Introduction

In this sectiora FEA analysis was conducted on therent Aluminium 7075T6 alloy landing gelaaded
with all landing conditions aa maxmum weight of 600 kg at limit load and ultimate load conditionall
loads werepresentedn Table 9 and Table 12. All load/constraint and mesh application wel@ne using

validated methodsonducted irchapter8.

9.2.Mesh Application

A 10 mm mesh size were used on the Aluminium 7075 T6 alloy landing gear, stub axle, bolts, and nuts as
validated in chapter &igure42 presents the 10 mm mesh application to the landing geaasssinbled

components.

Gear:10 mm Radius Plates
and M12 bolts

10 mm

Stub
axles:
10 mm

Axle bolts
and nuts:
10 mm

00 400,00 800,00 (mm)
[ ——  S—
200,00 600,00

Figure 42: Mesh Application to Aluminium 7075 Féloy Landing Gear

9.2.1. Taildragger Aircraft
9.2.1.1.Taildragger Level landing

The landing geaatlimit load conditionsvassubjected to main wheel ground reaction loads of $R6end
309015 N in frictionalloadson the main tyresThe average wheel size with hub and tyre is 10 inches thus, a
5-inch radiuswith resultingtorque loads on the stub axlesing392449 Nm.At ultimate load the ground
reaction loadvas13734 N and 4418 N in frictional loads thusapplyinga torque load on the stub axles of

560642 Nm. Itwasassumedhatthe landing gear impaatthe runway vertically with a 9@egree angle.

w- » =
2004/02/21 1727

Force: 84366 N
Moment: 392,45 N.m

Figure43: Taildragger Level Landing Aluminium Landing Gear Load Application (FEA Limit Load)
47



12233 mm 53.125 mm

i
/
i
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7.467 mm

Figure44: Aluminium Landing Gear Level Landing FEAnit Load X, Y, Deformation Results (Taildragger)

199.11mm ] : 86.345mm

10.848mm A Y

Figure 45: Aluminium Landing Gear Level Landing FEAtimate Load X, Y, Deformation Results (Taildragger)

During level landing of the taildragger aircradt,|imit load conditions th@bserved stressn the surfacef
the main gear was37529 MPa whereas the maximum wasress through the main gear le@s
approximately 291.9 MPas seen ifrigure55. The yield strength of Aluminium 7075 T#as480 MPathus,
havinga yield safety factorof 1.644at limit load landing conditiong-or ultimate load conditions seén
Figure47in the stressvas606.17 MPa on the surfagehereasfor the maximum stress throughout the main
gear the FEA results show approximately 471.47 MPa. The ultimate strength of Aluminium 70¥&sT6
540 MPa resulting in an ultimate strengtifety factoof 1.145 near the surface of the gaaultimate load
landing conditionsThe stress reducesthe measurementastakencloserto the middle of the gear strut
increasing the ultimate safety factor during ultimate (emergency loads).
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375.29 MPa

291.9 MPa

471.47 MPa

Figure47: Aluminium Landing Gear Level Landingtimate LoadFEA Stress Results (Taildragger)

In Figure48, the left imagerovides equivalent elastic strain for limit loads and right image for ultimate loads

during taildraggesircraftlevel landing

0.0084227 mm/mm
0.0052147 mm/mm

Figure 48: Aluminium Landing GealcevelLandingLimit and Ultimate Load-EA Strain Results (Taildragger)

In conclusion during level landing of the taildragger aircrdfte X, Y and Zimit load deformations were
122.33 mm, 53.125 mm and464mm respectively. fielimit load stress on landing gear wagproximately
291.9 MPa resulting in a yielstrengthsafety factor of 1.644vhilst the limit load strainon the geawas
0.0052147 mm/mm. At ultimate load conditiaghe X, Y and Z deformations wei®9.11mm, 86.345mm
and, 10.848 mm respectivelyhe ultimate loadstress on the landing gear was approximad&ly.47 MPa
resulting inanultimatestrengthsafety factor of 1.14@hilst the strainon the geawas 0.0084227 mm/mm.

9.2.1.2.TaildraggerTail down landing

The landing geawvassubjected to main wheel ground reaction loads of B381during limit load conditions
and 12014 N during ultimatdéoad conditionsccording torable9 andTable10. Therewereno frictional
loadsapplied tothe main wheels according to ASTM standardsvdsassumed that the main landing gear

wouldimpact the runway at a idiegree angle for a taildragger tail down landasgordingto Figure 3.
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Figure 49: Taildragger Tail Down Landing Aluminium Landing Gear Load Application (FEA)

103.63 mm 44.59 mm

4.523 mm

Figure 50: Aluminium Landing Gear Tail Down Landindgmit LoadFEAX, Y, ZDeformation Results (Taildragger)

168.7 mm 661 i 72.588 mm

72.588 mm

Figure 51: Aluminium Landing Gear Tail Down Landing Ultimate Load FEAY, ZDeformation Results (Taildragger)
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Duringthetaildragger tail down landingtlimit load condition the stress on the surface of the mainwasr
32878 MPa. The stressithin the geamwasapproximately 85.72 MParesulting in a yieldsafety factorof
1.877 During ultimate load conditions th@aximumstresswereon the surface of the gear535,2 MPa.
The stress throughout the ge@sapproximately 4129 MParesulting in ayield safety factor ofl.153 in
the leg strutvhilst havinganultimatesafety factoof 1.393near the surface of the landing gear strut.

328.72 MPa

255.72 MPa

Figure 52: Aluminium Landing Gear Tail Dowinimit LoadLanding FEA Stress Results (Taildragger)

535.22 MPa

416.29 MPa

Figure 53: Aluminium Landing Gear Tail Dowdltimate LoadLanding FEA Stress Results (Taildragger)

In Figure54the left image provides equivalent elastic strain for limit loads and right image for ultimate loads

during taildraggeaircrafttail down landing

0.0052147 mm/mm 0.0052147 mm/mm

1,0361e-6 Min

Figure 54: Aluminium Landing Gear Tail Dowlnimit and Ultimate Load.anding FEA Strain Results (Taildragger)

In conclusion duringtail down landingof the taildragger aircraft at limit load conditions, the X, Y and Z
deformations wer&03.63mm,44.59mm and4.5231mm respectively. Thimit load stress on landing gear
was approximatel255.72 MPa resulting in a yieldtrengthsafety factor ofl.877whilst the strain on the gear
was 0.08569mm/mm. At ultimate load conditions the X, Y and Z deformations w&87mm, 72.588mm
and, 7.363mm respectively. Theltimate loadstress on the landing gear was apprataty 416.29MPa

resulting in an ultimatstrengthsafety factor oflL.393whilst the strain on the gear was 07@375mm/mm.
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9.2.2 Tricycle Aircraft

9.2.2.1 Tricycle Level landing with Inclined Reactions

The landing geaatlimit load conditionsvassubjected to main wheel ground reaction loads of &88nd
154508 N in frictional loads on the main tyres in contact with the runway during level laofdihg tricycle
aircraft The torque loads on each stub axkre196.225 Nm.At ultimate load the ground reaction loads
6867 N and 22025 N in frictional loads thuspplyinga torque load on each stub axle of 220 Nm. It
wasassumedhatthe landing gear impacts the runway with adb§jree angle ding tricycle aircraft level

landing with inclined reactions.

Figure 55: Tricycle Level Landing (Inclined Reactions) Aluminium Landing Gear lAgzalication (FEA)

59.437 mm 3 25.582 mm

0.86034 mm

Figure 56: Aluminium Landing Gear Level Landing (Inclined Reactions) Limit Load FEA X, Y, Z Deformation Results (Tricycle)
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96.715mm = 41.581mm

0.74732mm

Figure57: Aluminium Landing Gear Level Landing (Inclined Reactions) Ultimate Load FEA X, Y, Z Deformation Results (Tricycle)

During tricycle aircraftlevel landingwith inclined reactiondor the limit load condition the stress on the
surface of the main geavas 176.28MPa. The stress throughout the gessapproximately 137.MPa
resulting in a yielgsafety factoof 3.501 Fortheultimate load conditiosthe stress on the surface of the gear
was289.01MPa. The stress throughout the geasapproximately 224.781Pa resulting in a yieldafety
factorof 2.135thus, the gear wuld survive emergency landing conditiodisgring tricycle level landing with

inclined reactions.

176.28MPa

137.1MPa

224.79MPa

Figure 59: Aluminium Landing Gear Level Landing (Inclined Reactions) Ultimate Load FEA Stress Results (Tricycle)
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Figure60 providesequivalentelasticstrain for limit loads and right image for ultimate loads durimgy¢tle

aircraftlevel landing with inclined reactions

0.0024497 mm/mm 0.0040163 mm/mm

5.9419e-7 Min

Figure 60: Aluminium Landing Gear Level Landing (Inclined Reactions) Limit and Ultimate Load FEA Strain Results (Tricycle)

In conclusion duringlevel landing(inclined reactionsdf the ticycle aircraft at limit load conditions, the X,
Y and Z deformations werg9.437mm, 25.582mm and,0.86034mm respectively. The stress on landing
gear was approximately37.1MPa resulting in a yieldtrengthsafety factor oB.501whilst the strain on the
gear was 0.4497mm/mm. At ultimate load conditions the X, Y and Z deformations Wér&15mm,
41.581mm and,0.74732mm respectively. The stress on the landing gear was approxiR22#lyoMPa

resulting inayield strengthsafety factor oR.135whilst the strain on the gear was 040063mm/mm.

9.2.2.2 Tricycle Level landing withNoseWheel distClear of Ground

The landing gear under limit load conditiomassubjected to main wheel ground reaction loads of $4R6
and 3090 N in frictional loads on the main tyres in contact with the runway ddriogcle aircraft level
landing with nose wheel just clear of groun@ihe torque loads on each stub awiere 392449 Nm.At
ultimate load the ground reaction loads13734 N and 4418 N in frictional loads thusapplyinga torque
load on each stub axle of 5681 Nm. Itwasassumedhatthe landing gear impacts the runway with a 14

degree angle during tricycle aircraft level landing with nekeeljust clear of ground.

Figure 61: Tricycle Level Landing (Nose Wheel Clear) Aluminium Landing Gear Load Application (FEA)
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51.161 mm

118.87 mm

1.7208 mm

Figure 62: Aluminium Landing Gear Level Landiniidse Wheel CleaLimit Load FEAX, Y, ZDeformation Results (Tricycle)

193.41 mm ‘ 83.165 mm

1.495 mm

Figure 63: Aluminium Landing Gear Level Landing (Nose Wheel Clitiinate Load FEAX, Y, ZDeformation Results (Tricycle)

During tricycle aircraftlevel landingwith nose wheel just clear of groufat the limit load condition the
stress on the surface of the main geas352.53MPa. The stress throughout the geasapproximately
274.19MPa resulting in a yieldafety factoiof 1.751 For ultimate load conditions the stress on the surface
of the geawas578.02MPa. The stress throughout the geasapproximately 449.5%Pa resulting in an

ultimatesafety factoof 1.201.
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352.53MPa

274.19MPa

Figure 64: Aluminium Landing Gear Level Landing (Nose Wheel Clear) Limit Load FEA Stress Results (Tricycle

578.02MPa

449.57MPa

Figure 65: Aluminium Landing Gear Level Landing (Nose Wheel Clear) Ultimate Load FEA Stress Results (Tricycle)

Figure 66 provides the equivalemlastic strain for limit load and ultimate loadnditionsduring tricycle

aircraftlevel landing withnose wheel just clear of ground

0.0048989mm/mm 0.0080325mm/mm

0,00054538
1,1883e-6 Min

Figure 66. Aluminium Landing Gear Level Landingse Wheel Cleatimit and Ultimate Load~EA Strain Results (Tricycle)

In conclusion during level landingvith nose wheel just clear of groufwt the tricycle aircraft at limit load
conditions, the X, Y and Z deformations wéf.87mm,51.161mm and,1.721mm respectively. The stress
on landing gear was approximat@y4.14MPa resulting in a yieldtrengthsafety factor ofl..751whilst the
strain on the gear wasiD490mm/mm. At ultimate load conditions the X, Y and Z deformations Ww8841
mm, 83.165mm and,1.495mm respectively. The stress on the landing gear was approxiMd&g7MPa
resulting in arultimatestrengthsafety factor ofL..201whilst the strain on the gear was 0825mm/mm.
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9.2.2.3 Tricycle Tail Down Landing (Stall Aitude)

The landing gearvassubjected to main wheel ground reaction loads of &8&luring limit load conditions
and 13734 N during ultimate load conditions. Theegeno frictional loads on the main wheels according to
ASTM standards. ltvasassumed that the main landing geauld impact the runway at a maximum-14

degree angle for a tricycle aircraft tail down landing during stallitide conditions.

Figure 67:Tricycle Level LandingStall Attitudg Aluminium Landing Gear Load Application (FEA)

188.44 mm \
50.962 mm

5.1694 mm

Figure 68: Aluminium Landing Gear Level Landingtéll Attitudg Limit Load FEAX, Y, ZDeformation Results (Tricycle

192.81 mm 82.961 mm

8.4153 mm

Figure 69: Aluminium Landing Gear Levelanding Stall Attitudg Ultimate Load FEAX, Y, ZDeformation Results (Tricycle)
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During tricycle aircraft level landing for stallindgtidude conditions during limit load condition the stress on
the surface of the main geaas37567 MPa. The stress throughout the geasapproximately 2926 MPa
resulting in a yieldtrength safety factaf 1.642 For ultimate load conditions the stress on the surface of the
gearwas634.67 MPa. The stress throughout the geasapproximately 4757 MPa resulting in an ultimate
strength safety factaf 1.135

375.76MPa

292.26MPa

Figure 70: Aluminium Landing Gear Level Landingtall Attitudé Limit Load FEA Stress Results (Tricycle)

611.7MPa

475.77MPa

Figure 71: Aluminium Landing Gear Level Landin§téll Attitudg Ultimate Load FEA Stress Results (Tricycle)

In Figure72the left image provides equivalent elastic strain for limit loads and right image for ultimate loads

duringtricycle aircraft stalhttitude landing

0.005216 mm/mm 0.0085002 mm/mm

1,1841e-6 Min

Figure 72: Aluminium Landing Gear Level Landingtéll Atitude) Limit and Ultimate Load~EA Strain Results (Tricycle

In conclusion during(stall attitude)level landing for the tricycle aircraft at limit load conditions, the X, Y
and Z deformations were 188.mm,50.962mm and5.169mm respectively. The stress on landing gear was
approximatel\292.26MPa resulting in a yield strength safety factofl @2 whilst the strain on the gear was
0.00522mm/mm. At ultimate load conditions the X, Y and Z deformations Ww8281mm,82.961mm and,
8.415mm respectively. The stress on the landing gear was approximageki/MPa resulting in an ultimate

strength safety factor df. 135whilst the strain on the gear was 0.8082mm/mm
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9.2.3 Side Load and Braked Roll

9.2.3.1 Taildragger and Tricycle Side Loads

During side load landing condition at a maximum aircraft @afteveight of 600 kg, the landing geaas
subjected to main wheel ground reaction loads of 3248. The inboard frictional loadas2943 N resulting
in torque loads of 37361 Nmwhilst the outboard frictional loadbas194238 N resulting in a torque load of
246.682 Nm. Itwasassumed that the landing gear impacts the runway atlagi@e angle.eeFigure4, for
representation of side load condition.

Figure 73: Aluminium Landing Gear Side Loads FEA Load Application

30.744 mm \ J 77.477 mm

Figure 74: Aluminium Landing Gear Side Load FEA Stress Results

As seen inFigure 75, during side load conditions when landing with ar®W of 600 kg, the stress
experienced on the surfacetbé geamwas26295 MPa. The stress experience throughout the mainagesar
approximately 2045 MPa which results in a yiekdrength safety factmf 2.347.

262.95MPa 204.55MPa

Figure 75: Aluminium Landing Gear Side Loads FEA Deformation Results
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0.003653Imm/mm

Figure 76: Aluminium Landing Gear Side Loads FEA Strain Results

In conclusion duringside loadandingfor thetaildraggerand tricycleaircraft atMTOW of 600 kg the X, Y

and Z deformations werg7.477mm, 30.744mm and,0 mm respectively. The stress on landing gear was
approximatel\204.55MPa resulting in a yield strength safety factoR &4 7whilst the strain on the gear was
0.00365mm/mm.

9.2.3.2 Taildragger and Tricycle Braked Roll Loads

During side load landing condition, the landing geas subjected to main wheel ground reaction loads of
394362 N. The rearward frictional loads on both tynege317844 N resulting in a torque load around both
the stubaxles of 24682 Nm. ltwasassumed that the landing gear impacts the runway atlag@@e angle.

Figure 77: Aluminium Landing Gear Braked Roll Loads FEA Load Application

57.25 mm 2y 24.938 mm

4.5471 mm

Figure 78: Aluminium Landing Gear Braked Roll Loads FEA Deformation Results
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As seen inFigure 79, during side load conditions when landing with a MOTW of 600 kg, the stress
experienced on the surfacetbé geamwas17948 MPa. The stress experience throughout the mainagesar

approximately 13% MPa which resting in a yieldstrength safety factaf 3.438.

179.48 MPa

139.6MPa

Figure 79: Aluminium Landing Gear Landing Braked Roll Loads FEA Stress Results

0.0024939mm/mm

Figure 80: Aluminium Landing Gear Braked Roll Loads FEA Strain Results

In conclusion duringbraked rolllanding for thetaildraggerand tricycleaircraft at MTOW of 600 kg, the X,

Y and Z deformations werg7.25mm, 24.938mm and4.547mm respectively. The stress on landing gear
was approximately39.6MPa resulting in a yield strength safety factoBaf38whilst the strain on the gear
was0.0024939nm/mm.
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9.3 Aluminium 7075 T6 Landing Conditions FEA Results

Table25andTable26 provides a summary of all the FEA results obtained for the Aluminium 7075 T6 landing
gear during limit and ultimate load conditiorghe maximum stress occurred during a taildragger level
landing and tricycle tail down landing (stall altituait)e to higher ground reaction load$iese two landing
conditions should be further inspected when conducting physical tests to obtain a new composite design

Table25: Aluminium 7075T6 Landing Gear Limit Loads FEA Results

Landing Condition x-deform | y-deform | z-deform | Stress | Strain Yield Ultimate
SF SF
- mm mm mm MPa | mm/mm - -
Taildragger Aircraft
Level Landing 122.33 53.125 7.467 2919 | 0.00521| 1.644 1.850
Tail Down Landing 103.63 44.59 4.523 255.72 | 0.00457| 1.877 2.392

Tricycle Aircraft

Level Landing 59.437 25.582 0.860 137.1 | 0.00245| 3.501 3.939
(Inclined Reactions)

Level Landing (Nose 118.87 51.161 1.721 | 274.19 | 0.00490| 1.751 1.969
Clear)

Tail Down Landing 118.44 50.962 5.169 292.26 | 0.00522| 1.642 1.848
(Stall Attitude)

Additional Landing

Side Load 17.477 30.744 0 204.55 | 0.00365| 2.347 2.640

Braked Roll 57.25 24.938 4.547 139.6 | 0.00249| 3.438 3.725

Table26: Aluminium 7075T6 Landing Geélitimate Loads FEA Result&mergency Landing)

Landing Condition | x-deform | y-deform | z-deform | Stress | Strain Yield Ultimate
SF SF
- mm mm mm MPa | mm/mm - -
Taildragger Aircraft
Level Landing 199.05 86.345 10.848 | 471.47 | 0.00842| 1.018 1.145
Tail Down Landing 168.7 72.588 7.363 | 416.29 | 0.00744| 1.153 1.393

Tricycle Aircraft

Level Landing 96.715 41.581 0.747 224.79 | 0.00402| 2.135 2.402
(Inclined Reactions)

Level Landing (Nose | 193.41 83.165 1.495 | 449.57 | 0.008033 1.068 1.201
Clear)

Tail Down Landing 192.81 82.961 8.415 475.77 | 0.00850| 0.991 1.135
(Stall Attitude)

Additional Landing

Side Load 77.477 30.744 0 204.55| 0.00365| 2.347 2.640

Braked Roll 57.25 24.938 4.547 139.6 | 0.00249| 3.438 3.725
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10 COUPON STUDY

10.2Introduction

In this section coupons consisting @fet layup and preprggepoxy eglass fibreswere compared to an
Aluminium 7075 T6 coupon under tension, compression, bending and tdiétbimregards to manufacturing
the main undercarriagdifferentcombinations of fibre orientatiom®uldalsobe used t@rovide information
on the desired staalp sequence based on loads experienced during lafitiegnalytical calculations were
alsocompared to the FEA results using classical lamination theory to ensure tR&Ahesults obtained

were correct.

10.3Coupon Setup

All coupons will have the dimensions of 250254 mm. The composite coupons have 3 differerduaiups
as[0/90/90/0, 0/45/45/0, and 0/90/4b4nd a nesh element size of 2 mm was used during FEA analifsés
coupon load application is as follows: 5000 N for tensile and compressive 41b8ds0 N.mm for bending

and 5000 N.mm for torsion on the coupofisese loads were specifically chosen to reach the maximum stress
and strain limits of epoxy-glass fibres during tension, compression, bending and, tdysiore failure

10.4 Coupon Material Specification

Table 27 and Table 28 provides the material specifications for unidirectional epoxglass (prepreg) and
unidirectional and epoxy-glass (wet). The material datestaken from Ansys material library. The material
specifications for Aluminium 70756 can be found iifable20.

Table27: Epoxy EGlass UD Prepreg Material Specification in Ansys

%4 Density 2000 kgm*-3 -

=] 'E[ Orthotropic Elasticty

*foung's Modulus X direction 45000 MPa Jhd

‘foung's Modulus Y direction 10000 MPa fad

‘foung's Modulus Z direction 10000 MPa Jhd

Poisson's Ratio XY 0,3

Poisson's Ratio YZ 0,4

Poisson's Ratio XZ 0,3

Shear Modulus XY 5000 MPa hd

Shear Modulus YZ 3846,2 MPa Jhd

Shear Modulus X2 5000 MPa Jd
=] 'E[ Orthotropic Stress Limits

Tensile X direction 1100 MPa hd

Tensile Y direction 35 MPa Jd

Tensile Z direction 35 MPa I

Compressive X direction -673 MPa hdl

Compressive Y direction -120 MPa Jhd

Compressive Z direction -120 MPa Jad

Shear XY 80 MPa hd

Shear YZ 46,154 MPa s

Shear XZ a0 MPa Jd
=] 'E[ Orthotropic Strain Limits

Tensile ¥ direction 0,0244

Tensile Y direction 0,0035

Tensile Z direction 0,0035

Compressive X direction -0,015

Compressive Y direction -0,012

Compressive Z direction -0,012

Shear XY 0,016

Shear YZ 0,012

Shear XZ 0,018
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Table28: Epoxy EGlass UD Wet Layup Material Specification in Ansys

Density 1850 kg m~-3 =|
% Orthotropic Secant Coeffident of Thermal Expansion
= Orthotropic Elasticity
Young's Modulus X direction 35000 MPa Jd
Young's Modulus ¥ direction 9000 MPa =
‘Young's Modulus Z direction 2000 MPa =
Poisson's Ratio XY 0,28
Paisson's Ratio Y2 0,4
Poisson's Ratio X2 0,28
Shear Modulus XY 4700 MPa =
Shear Modulus YZ 3500 MPa )
Shear Modulus XZ 4700 MPa =
= Orthotropic Stress Limits
Tensile X direction 780 MPa =
Tensile ¥ direction 31 MPa =
Tensile Z direction 31 MPa )
Compressive X direction -480 MPa =
Compressive Y direction -100 MPa =
Compressive Z direction -100 MPa i
Shear XY &0 MPa =
Shear YZ 35 MPa =
Shear XZ 50 MPa =i
=2 Orthotropic Strain Limits
Tensile X direction 0,0244
Tensile ¥ direction 0,0038
Tensile Z direction 0,0038
Compressive X direction -0,015
Compressive Y direction -0,0125
Compressive Z direction -0,0125
Shear XY 0,015
Shear YZ 0,012
Shear XZ 0,015

The weight comparison between the Aluminium 7075 T6 coupon, epgbase wet layup and epoxygass
prepregshown inFigure 81. Epoxy eglass wet layups typically consief a 50:50 percent weight ratio
between the resin epoxy and fibres whilst the epegiass prepregs consiaf a 35:65 resin epoxy to fibre
weight ratio percentag@&@he epoxy gjlass preprewas determined to kepproximately 28% lighter and the
epoxy eglass wet layup approximately 34% lightean Aluminium 7075 T6 coupon. The stress, strain and
safety factorsvereanalysed for different fibre orientations for both the wet layup and prepreg to conclude a

final decision for a composite alternative.

B0

70

Coupon Weight (grams)

Al 7075 TE Epoxy E-Glass (Prepreg) Epoxy E-Glass (Wet)

Figure 81: Coupons Specimen Weight Comparison
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10.5Aluminium 7075 T6 Calculation Theoryand Load Application

In this section the method and theory are provided for the stress, strain, and safety factor calculations whic
was used to validate the Aluminium 7075 T6 coupon FEA analysesload applications seémom Figure
82to Figure84 was also used during the composite coupon analysis.

1) Aluminium 7075 T6 Coupon Tensile and Compressive Load

” 7 : (22)
Where:
» T = Tensile/ compressive stre§s 0
O T = Tensile/ compressive for¢g )
0 = Area of load applicatiofd & )

- - 7 (23)
Where:
- T = Tensile/ compressive straia G 7a &)

O= YoungodogOmddul us

2) Aluminium 7075 T6 Beam Bending Load

Figure 83: Coupons Bending Load Application
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0 0D (24)

Where:
0 = Bending moment{&x &)
O = Applied bending forcel)

0 = Length of coupond &)

” - (25)
Where:

) = Bending stres@ 0

= Distance from neutral axis to outermost fibfieq(
‘G- Moment of inertiad &

- — (26)
Where:

- = Bending straind afa &)

3) Aluminium 7075 T6 Beam Torsion

Figure 84: Coupons Torsional LoaApplication

T —_— - an QUL i ¢ U] (27)
Where:

t = Torsional stres@) 0 §
"Y= Torsional momen(0 8 &)
6 = Istvalue obtained through® Gratio, refer to equation 17 to obtain values dor(-)

= Coupons thickneqst &)
= Coupon widtHd& &)

- — (28)

Where:

- = Torsional strair{a afa &)
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10.6 Aluminium 7075 T6 Coupon

The following analysis is used as a reference example that was compared to both thegigexsxwet layup

and epoxy alass prepreg coupons in section 10.7.

10.6.2 Aluminium 7075 T6 CouponFEA Results

In Figure 85 the stress and strain on the coupamse 49.875 MPa and 0006927 mm/mm respectively

duringa 5000 N tensile load

Figure 85: Aluminium 7075 T6 Coupon, Stress and Strain (Tension)

In Figure 86 the stress and strain on the coupavere-49.875 MPa and0.0006927 mm/mm respectively
during a 5000 N compressive load

Figure 86: Aluminium 7075 T6 CoupdBtress and Strain (Compression)

Figure87 provides the results for the Aluminium 7075 T6 coupon unddr N bending load resulting in an
18750 N.mm moment around tfiged support on the opposite erthe stress and strain on the coupons
were 14105 MPa and 019434 mm/mm respectively.

Figure 87: Aluminium 7075 T6 Coupon Stress and Strain (Beam Bending)
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Figure88providesthe results for the Aluminium 7075 T6 coupon under 5000 N.mm torsional loadtréke

and strain on the coupons were 71.882 MPa and 0.00099836 mm/mm respectively.

Figure 88: Aluminium 7075 T6 Coupon Stress and Strain (Beam Torsion)

Table29, provide the FEA results, hand calculations and percentage error results for the Aluminium 7075 T6
coupon under tension, compression, bending, and torsion.

Table29: Aluminium 7075 T6 and Epoxy&lass Coupon Analysis Results

Load Type Stress Stress Strain Strain Yield
(FEA) | (Analytical) (FEA) (Analytical) | Safety Factor
- MPa MPa mm/mm mm/mm -

Tension 49.875 50 0.0006927| 0.0006944 9.624
0.25 % 0,24 %

Compression| -49.875 -50 -0.0006927| -0.0006944 9.624
0.25 % 0,24 %

Bending 14105 140625 0.009434 0.009531 3.403
0.3 % 1,02 %

Torsion 71882 71.685 0.0099836| 0.0099562 6.678
0.274 % 0.275 %

In conclusionfrom FEA results obtained ifable29, the Aluminium 7075 T@&lloy couponhad the highest
yield strength safety factors for tension and compression loads whereas being the weakest during bendin

loads.The coupon experienced the least strain during tension and compression loads whilst experiencing the
most strain during torsional load conditions.
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10.7Composite Matrix Calculation (Classical Lamination Theory)

In this section the method and theory are provided for composite matrix calculations which was used to

validate the epoxy-glass (prepreg and wet layup) FEA analysis.

Equation 30s referred to the Reduced Stiffness (or Constitutive) makhis matrixwasusedsince it forned
the basis for all subsequent laminate stress analysisyasithe first step taken once the elastic constants
wereknown. Note that O can be different for each layer in the laminate. Thus, while the strain variation

through the laminateaslinear, the stress variations were not necessaril9]so

Tt (30)

The following equations was ustalfind the elastic constants of the composiiee find the valueasedin

equation31to equatior5, the refer torable27 or Table28 depending on wet layup or prepreg calculation

0 . (31)
0 —_— (32)
o0 @ — (33)
0 "0 (34)

b =0 (35)

Table30provides the coupon fibre orientations ugethe transformation mates Y and Y to find the

transformed reduced stiffness matrix .

Table30: CoupongFibre Orientationsor Composite Matrix Calculations

Fibre Layer Fibre Orientations (Degrees)
) Coupon 1 Coupon 2 Coupon 3
1 0 0 0
2 90 45 90
3 90 45 45
4 0 0 0
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As seen irFigure 89, consider the fibre layer at an anghto the reference axiFhis anglewasusedin the

transformation matrices to obtain the transformed reduced stiffness foateiach fibre layeas shown by

equation 8.

A2

e e

x Reference direcfion

Figure 89: Unidirectional Material at an Angle to Reference Aj@b

Equation36 wasusedto find the transformed reduced stiffness mdwieach individuafibre layer 1 to fibre

layjerd The transformati on matalsouseks and Reuter és

0 YOO YUY Y (36)

Transformation matrices:

Al & OEI i QE —héi —

Y OE} Al & i Q¢ —héi — (37
i Q¢ —OE Qe—0Al & OEL
Al & YE+ i Q¢ —0OEi —

Y OEL i & i Q¢ —0Oéi — (38)
[ Q¢ —0éii et —OAl & OEL

Reuterds matrices:

p MM
Y mp T (39)
T T ¢
p MO
Y mTp T (40
T T T®
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Once the transformed reduced stiffness matrices were obtained for each fibileddgtbowing 6 , 6 and,
'O matriceswvereobtained.

In Figure90the through thickness visualization is provided for the coupons. The thickness proagddén
90was used to obtain matrices, 6 and O.

Zy=—2mm
Layer 1
— Z;=—-1mm
Layer 2
Z, =0mm
Layer 3
Zz=1mm
Layer 4
Zy,=2mm

Figure 90: Coupon Through Thickness Visualization

The 0 matrix relates irplane forces directly with iplane strains and is referred to as the extensional
stiffness matrix.

1 0 ,0 andod relatesto aforce resultant in a particular directith a strain in the same direction

[9].

T 0 is the Poissonb6s ratio term and relates fo
force direction9].

1 O andd are the irplane coupling terms which relates the axial forces to shear strains and vice
versa. These termimply that under an axial force, shear will develop in addition to the axial and
Poi s s on[9.sWhsetrreaithnhe Poi ssonds term couml asl axi
0 couples axial forces with shear straj@k These terms can be eliminated by making the matrix
balanced meaning that for everylayer there is a —layer.

0 0 0
0 0 0 0 (41)
0 0 0
To obtain thed matrix equatiom3 wasused:
ol B 0 & & (42)
6 0 &« & 0 & & 0 & & O a «q (43)
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The 6 matrixis referred to as the coupling matrix. It relates thplame forcewith curvatures and moments

with in-plane strains.
T 6 ,0 andd couplesinplane forces with the curvatures in the same dire¢@pn

1 6 couples the ifplane forces with curvatures in a direction perpendicular to the f@ce

1 6 andd couple axial irplane forces with twisting curvatures/ twisting moments witplane

strains.
0 0 0
0 0 0 0 (44)
o] o] 0

It is important to note that thed matrix can be eliminateloly ensuring that the laminate is symmetric about

its mid-plane meaning that the one half of the laminate should mirror the other half.

To obtain thed® matrix equatiort6 wasused:

6 ™ B 0 a o (45)

6 ™ML & a T™WO a & T™WOL & a WO & a  (46)

The 'O matrix is referred to as the bending of flexural stiffness matrix and relates moments directly to

curvatures.

T O ,0O0 andO are the direct flexuradtiffness terms which relates the bending moments with the

curvatures in the same directidg$.

T Ois a Poissonds type term for bending which

the perpendicular directidf].

T O andO are referred to as the coupling terms relating the bending moments with twisting

curvatureg9].

(47)

@)
ol oNe)
oNeoNe)
ol oNe
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To obtain the'O matrix equatiom9 wasused:
0 ™od 0 a @ (48)

0O ™™o0d & ¢ T™WoO a a4 TWod & & TWoo a4 a (49)

Once matricesd , & and ‘O were obtainedhe inverse of equation ¥@asused irequation 51o determine

the strains and curvatures given known forces and moments.

0 0 0 o} 0 0o .
0 o o ,. ” §]
p 9 2 9 90,
6 6 9 ©6 o6 6 6 6 ,
6 O Ié o} o] (0] ()] O (50)
1) o] 0 O O ©On
w o} 0 0O O OoU
'% ':' n’? Ul
:: |’| i } IB n
' 0O O P
Il e , o 51
:4|Q 2 o O I!I:’ N (51)
Yol w n
uQu w U

To find the strainén theglobal X, Y and Z directiorfor different fibre layers through thicknegsjuation 52
was used:
f f a Q (52)

To find the straiain the X, Y and Z fibre directionfer different fibre layers through thicknessjuation 53
wasused:
I YOI (53)

To find the stresses in the global X, Y and Z direction for different fibre layers through thickgeatpn
54 was used:
” 0 I (54)

To find thestresse the X, Y and Z fibre directions for different fibre layers through thickrespsation 55

was used:
. Y (55)
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10.8UD Epoxy E- GlassCoupon FEA Analysis

In this section the FEANnd analyticatesultswereprovidedfor the epoxy eglassUD prepregand wetlayup
coupons (/90/90/0, 0/45/45/0, 0/90/43/@nd Aluminium 7075 T6 coupsrunder tension, compression,
bending and torsiorThe resultdor all fibre layers in the laminat@ere comparedand analyseéh section

10.9to obtain a composite material alternative to the current Aluminium 7075 T6 landing gear.
10.9UD Epoxy E-Glass [0/90/90/0] Coupon&EA and Analytical Results

1) TensileAnalysis

Figure91 andFigure92illustratesthe FEA stress results for [0/90/90/0] prepaed wet layugoupons under
beam tensiorNote thatthe stress irfibre 1= fibre 4 and fibre 2 = fibre 3 due to same fibre orientation. The
stress, strain, anduckfailure safety factoobtained fronthe FEA result$or the prepregouponfibre layer

1 was82.259 MPa, 0008045 mm/mm an8.0413respective}l. The stressstrain,and Puckfailure safety

factor forthe wet layupgcouponfibre layer 1was79.986MPa,0.0@579mm/mm and.0346respectively.

Figure 91: [0/90/90/0] Epoxy EGlassUD Prepreg Coupon Beam Telesbtress, Strain and Safety Factor (Fibre Layer 1)

Figure 92: [0/90/90/0] Epoxy EGlassUD Wet LayupgCoupon Beam TerlsiStress, Strain and Safety Factor (Fibre Layer 1)
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2) Compressivénalysis

Figure93andFigure94illustratethe FEA stress results for [0/90/90/0] prepaagl wet layugoupons under
beamcompressionNote thathe stress ifibre 1= fibre 4 and fibre 2 = fibre 3 due to same fibre orientation.
The stress, strain, and Puieklure safety factor obtained from the FEA resultstfar prepreg coupaiibre
layer 1 was 82.259 MPa, 0.008045 mm/mm atd4Brespectively. The stress, straamd Puckfailure safety
factor forthe wet layup coupofibre layerl was79.986MPa, 0.0@2579mm/mm and5.001respectively.

Figure 93: [0/90/90/0] Epoxy EGlass Prepreg Coupon Bea@iompressioistress, Strain andafety Factor (Fibre Layer 1)

Figure 94: [0/90/90/0] Epoxy EGlassWet LayupCoupon BeanCompressiorstress, Strain and Safety Factor (Fibre Layer 1)
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3) Bendind FlexuralAnalysis

Figure95andFigure96illustratesthe FEA results for [@0/90/0] prepregand wet layugoupors under beam
bending Note thastress and strains fibbre 1 = fibre 4 and fibre 2 fibre 3due to the samfibre orientations
andsameposition from midplane but Puckfailure safety factors diffedue to fibre 1 and fibre 2 experiencing
tension and fibre 3 and fibre 4 experiencing compres$iom stress, strain, amlickfailure safety factor for
the prepreg coupon fibtayer 1 wasl52.29MPa, 0.0@4467mm/mm ands.9102respectively The stress,
strain, andPuckfailure safety factor fothe wet layup coupon fibryer 1 wasl56.53MPa, 0.0a4437

mm/mm and4.8653respectively

Figure 95: [0/90/90/0] Epoxy EGlass Prepreg Coupon BeaBendingStress, Strain and Safety Factor (Fibre Laygr 1

Figure 96: [0/90/90/0] Epoxy EGlassWet LayupCoupon BeanBendingStress, Strain and éafety Factor (Fibre Laygr 1
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4) TorsionAnalysis

Figure97 andFigure98illustratesthe FEA results for [0/90/90/0] prepragd wet layugoupors under beam
torsion Note thastress and strains fibre 1 = fibre 4 and fibre 2 = fibre 3 due to the same fdsrentations
and sheastrainthatincreasesrom themid-planeto the outermost fibreThe stress, strain, and Puieilure

safety factor for the prepreg coupon fibre layer 1 wasl99 MPa, 0.067695 mm/mm and1.9185

respectively. The stress, strain, and Pizkire safety factor for the wet layup coupon fibre layer 1 was
72.374MPa, 0.00r1824mm/mm andL.4359respectively

Figure 97: [0/90/90/0] Epoxy EGlass Prepreg Coupon BeahorsionalStress, Strain and Safety Factor (Fibre Laygr 1

Figure 98: [0/90/90/0] Epoxy EGlassWet LayupCoupon BeanTorsionalStress, Strain and Safety Factor (Fibre Laygr 1
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Table31to Table34 provides the FEA and analytical results obtained@90/90/0] layeredpoxy EGlass
UD prepreg andpoxy EGlass UDwet layup couponsduring tension, compression, bending and torsion
See Appendix A for thf0/45/45/0] and [0/90/45/0] layered coupdfiSA and analytical results

Table31 Prepreg and Wet Layup Coupon [0/90/90/0] Results (Tensile Load)

Load Type Stress Stress Strain Strain Safety
(FEA) (Analytical) (FEA) (Analytical) Factor
- MPa MPa mm/mm mm/mm -
[0/90/90/0] Prepreg Coupon (Tension)

Layer 1 82.259 82201 0.001845 0.001803 8.0413
0.071 % 0.083 %

Layer 2 17811 17.799 0.001845 0.001803 1.9644
0.067 % 0.083%

Layer 3 17811 17.799 0.001845 0.001803 1.9644
0.067 % 0.083%

Layer 4 82.259 82201 0.001845 0.00183 8.0413
0.071 % 0.083%

[0/90/90/0] Wet Layup Coupon (Tension)

Layer 1 79.986 79.903 0.002579 0.002594 9.0346
0.104% 0.582 %

Layer 2 20.074 20,097 0.002579 0.002594 1.5434
0.115% 0.582 %

Layer 3 20.074 20,097 0.002579 0.002594 1.5434
0.115% 0.582 %

Layer 4 79.986 79.903 0.002579 0.002594 9.0345
0.104% 0.582 %

Table32: Prepreg and Wet Layup Coupon Results [0/90/90/0] (Compressive Load)

Load Type Stress Stress Strain Strain Safety
(FEA) (Analytical) (FEA) (Analytical) Factor
- MPa MPa mm/mm mm/mm -
[0/90/90/0] Prepreg Coupon (Compression)
Layer 1 -82.259 -82.201 -0.001805 | -0.001803 8.1448
0.071 % 0.011 %
Layer 2 -17.811 -17.799 -0.001805 | -0.001803 6.7279
0.067 % 0112 %
Layer 3 -17.811 -17.799 -0.001805 | -0.001803 6.7279
0.067 % 0.112 %
Layer 4 -82.259 -82.201 -0.001805 | -0.001803 8.1448
0.071 % 0.0112 %
[0/90/90/0] Wet Layup Coupon (Compression)
Layer 1 -79.986 -79.903 -0.0022579 | -0.002594 6.001
0.104 % 0.582 %
Layer 2 -20.074 -20.094 -0.002579 | -0.002594 4.982
0.115 % 0.582 %
Layer 3 -20.074 -20.094 -0.0022579 | -0.002594 4.982
0.115% 0.582 %
Layer 4 -79.986 -79.903 -0.002579 | -0.002594 6.001
0.104 % 0.582 %
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Table33: Prepreg and Wet Layup Coupon Results [0/90/90/0] (Bending Load)

Load Type Stress Stress Strain Strain Safety
(FEA) (Analytical) (FEA) (Analytical) Factor
- MPa MPa mm/mm mm/mm -
[0/90/90/0] Prepreg Coupon (Bending)

Layer 1 157.29 15601 0.003447 | 0.0034451 5.9102
0.814 % 0.046%

Layer 2 16.878 16.478 0.0017241 | 0.0017226 1.933
2.370 % 0.087 %

Layer 3 -16.878 -16.478 -0.0017241 | -0.0017226 6.691
2370 % 0.087 %

Layer 4 -157.29 -15601 -0.003447 | -0.0034451 4.065
0.814 % 0.046%

[0/90/90/0] Wet Layup Coupon (Bending)

Layer 1 15653 155249 0.0044437 0.004422 4.8653
0.818 % 0.491%

Layer 2 21.086 21.073 0.0022177 0.002211 1.4802
0.062 % 0.303%

Layer 3 -21.086 -21.073 -0.0022177 | -0.002211 5.0703
0.062 % 0.303%

Layer 4 -15653 -155249 | -0.0044437| -0.004422 2.8616
0.818 % 0.491%

Table34: Prepreg and Wet Layup Coupon Results [0/90/90/0] (Torsional Load)

Load Type Stress Stress Strain Strain Safety
(FEA) (Analytical) (FEA) (Analytical) Factor
- MPa MPa mm/mm mm/mm -
[0/90/90/0] Prepreg Coupon (Torsion)

Layer 1 72199 75.002 0.0067695 | 0.007106 1.9185
3.882 % 4971 %

Layer 2 36.108 37.501 0.003852 0.004019 3.8367
3.858 % 4.335 %

Layer 3 36.108 37.501 0.003852 0.004019 3.8367
3.858 % 4.335 %

Layer 4 72199 75.002 0.0067695 | 0.007106 1.9185
3.882 % 4971 %

[0/90/90/0] Wet Layup Coupon (Torsion)

Layer 1 72374 75.002 0.0071824 | 0.0075328 1.4359
3.504% 4.879 %

Layer 2 36.166 37501 0.0035902 | 0.0037360 2.8724
3.691 % 3.903 %

Layer 3 36.166 37501 0.0035902 | 0.0037244 2.8724
3.691 % 3.903 %

Layer 4 72374 75.002 0.0071824 | 0.0075328 1.4359
3.504% 4.879 %
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10.10 UD Epoxy E-GlassPrepreg and Wet LayupCouponsFEA Results

In this section the FEA stress, strain and Pladlkre safety factor results are provided for [&£0/90/0],
[0/45/45/0] and [0/90/45/0] layerdgpoxy EGlass UD prepreg and Epoxy@®&ass UD wet layup coupons

during tension, compression, bending and torsion

10.10.2Coupon Tensilé&EA Results

In Figure 99, the stress, strain and Ptfeilure safety factor results are provided the prepreg and wet layup
couponguring tensile loaidg. For the [0/90/90/0] layered coupons, the stress was the largest feddigee®
unidirectional fibre. For the [0/45/45/0] layered coupon the stressdmgf®e unidirectional fibre was less
due to the 45legree fibres being able to carry more of the tesadthanthe 90degree fibres. The strain
was also less for [0/45/45/0] layered coupon than the [0/90/90/0] layered cdingse. resultarerefurther
representedby the[0/90/45/0] layered coupoduring tensile loaicig. From results obtained regarding the
Puckfailure for the couponsll fibre layers in thg0/45/45/0] layered coupon had higher safety factors than
the [0/90/90/0] layered coupon, thus making this fibre layup orientation more effective during tensilg load
Overall, the prepregs obtained less strain and higher faiktke safety factorsvhen experiencing tensile

loadng, makingit more resistant to failuri@ comparison tehe wet layup coupons.
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Figure 99: UD Epoxy EGlassPrepreg andJD Epoxy EGlassWet LayupCoupons Tensil8tress, Strain and Pudkailure Safety
Factor Results
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In Figure100 the stress, strain and Pufeilure safety factor results are provided the prepreg and wet layup
coupons during compression laagl For the [0/90/90/0] layered coupons, the stress was the largest for the
O-degree unidirectional fibre. For the [0/45/45/0] layered coupon the stresdegrée unidirectional fibre

was less due to the 4fegree fibres being able to carry more of ¢chenpressivdoad thanthe 90degree

fibres. The strain was also less for [0/45/45/0] layered coupon than the [0/90/90/0] layered coupon. These
resultswerefurther represented by the [0/90/45/0] layered coupon dedngpressivéoadng. From results
obtained regarding the Puékilure for the coupons, all fibre layers in the [0/45/45/0] layered coupon had
higher safety factors than the [0/90/90/0] layered coupon, thus making this fibre layup orientation more
effective duringcompressiotoadng. Overall, the prepregs obtained less strain and higherfilgke safety
factorswhen experiencing compression loag) makingit more resistant to failure in comparison to the wet
layup coupons.

In comparison to the tensile analysis, thee@ree unidirectional fibres hadhiégher safety factofor
[0/45/45/0] layered coupon during tensile loapwhilst the 45degree fibres had a higher safety factor for
compression loadg. The 90degree fibres obtained higher safety factor results when experiencing
compression loads than tensile loatis.conclusion, the [0/45/45/0] layered coupons were much more
effective during compression loading than the [0/90/90/0] and [0/90/45/0] layered coupons.
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Figure 100 UD Epoxy EGlass Prepreg and UD Epoxy&lass Wet Layup Coupo@mpressivétress, Strain and Pudkailure
Safety Factor Results
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