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Abstract:

In order to optimize the geometry of aircraft wings, the aim of the work is to highlight the
effect of the geometric parameters of these wings such as wing span, chord and camber on the
one hand on the behavior of the fluid around the wing and, on the other hand, the behavior of
the wing against the forces exerted by the fluid. The tool used in this work is ANSYS
software which is highly reputed for its effectivenessin severa fields.

In the first step of the work we performed the smulation of the air flow around the wing in
the fluid part of the software in a three-dimensional configuration. The flow is stationary and
compressible with an upstream Mach number of 0.29. This allows us to determine the forces
exerted by the fluid on the wing. These forces are represented by the aerodynamic coefficients
of lift and drag.

In the second part of the work we carried out ssmulations in the structural part of the software.
The wing being subjected to the force exerted by the fluid, we have determined the Von-
Mises stress, the elastic deformation, the deformation energy and the maximum deformation
undergone by the wing. The simulations were carried out for different configurations
corresponding to wings with different wingspans, chords and different camber.

The results obtained have clearly shown that the geometrical parameters of the wings have a
considerable effect on the evolution of the various variables used.

Résumé:

Dans le but d’optimiser la géométrie des ailes d’avion, I’objectif du travail consisted mettre en
évidence I’effet des parametres géométriques de ces ailes tels que I’envergure, la corde et la
cambrure d’une part sur le comportement du fluide autour de I’aile et d’autre part sur le
comportement de I’aile face aux efforts exercés par le fluide. L’outil utilise dans ce travail est
lelogicidd ANSY S qui est trés réputé pour son efficacité dans plusieurs domaines.

Dans la premiere étape du travail nous avons effectué la ssmulation de I’écoulement d’air
autour de I’aile dans la partie fluide du logiciel dans une configuration tridimensionnelle.
L’écoulement étant stationnaire et compressible avec un nombre de Mach amont de 0.29. Ceci
nous permet de déterminer les efforts qui sont exercés par le fluide sur I’aile. Ces efforts sont
représentés par |es coefficients aérodynamiques de portance et de trainée.

Dans la deuxiéme partie du travail nous avons réalisé des simulations dans la partie structure
du logiciel. L’aile étant soumise a I’effort exercé par le fluide nous avons déterminé la
contrainte de Von-Mises, la déformation élastique, I'énergie de déformation et la déformation
maximale subies par I’aile. Les simulations ont été réalisées pour différentes configurations
correspondant a des ailes avec différentes envergures, cordes et différentes cambrures.

Les résultats obtenus ont bien montré gque les parametres géométriques des ailes ont un effet
considérable sur I’évolution des différentes variables utilisées.



5 caaall Jie daiall odgd dpuaigll Huleal) i e ¢ sall Jalis s Jaall 138 Cangll
g aa) 58 ) Zlall gl e AV Zladl Jsa J3) sad) @ glas dga e il dadial divia (s ol
Viaall (e daedl 8 Aillad el A Gl geali o8 Jand) 128 (8 Ladaivadl) 31851 A1 shuall i) gl
N G 5S5  gmalil) e Q) ¢ ) b 2 ladl Jsa o) sl 8 3K
JLdl U8 e A shaall 3 seadl 3paail W ey 138 510,29, 5 sbomsmiall (0 Fle 220 ae Jalruail g 435 e 3835 alayY)
Al g w8l A0 sell Clllan Bk oo s sl 038 i iy L) e
Gl 5l sae 4 (EL eyl A el b alSladl dan
Sgay) Ao b il Flall xhaw e o) 5ol 3335 e ailil) Al 5 1Y)
Lauaigh) el o il < yedal S8 g o Al ae daiaY) dabise iy oS3 BlSkae iy jal
Al i) sk e S 5l Ll daia Yl e



THEORETICAL PART

A .WING GENERALITIES

[, GEOMELTY Of WINQ. ..ottt e e e et e e e et et e e e e e e e en e 1
L1 TYPES OF WINGS. .. et ettt et et et e et e et et e e e e e et e et et e e e en e ee D
1.1 LOW @SPECE FALIO. .. e ee ettt ettt e et e e e et e et e e e e n e e e e e 3
[1.2.CoNStant ChOrd. .......oe e e e e e e 3
LI 5 - Y
1.6 Straight @nd SWEPE ... ... e e e e e e e e e e e e e e e e e 4
R g o 5
IV. Manufacturing material Of WINgS........c.ooeii i e e e e e enaas 6

V.3 COMPOSITE. ... vttt et e e et e e et e e et e e et e e e e e e 7
IV.4 ATUMINUMLITNIUM. .« e e e e e e e e e e e e e e e e e e e e e e e e e 8

B.REVEIW OF FLUID MECHANICSAND AERODYNAMICS

Review of fluid MECaNICS......... i e e e 9

|. BasiC equationSOf CONSEIVATION. ... ..ttt et e e et e et e e e et e e 9

[.LCONINUILY EQUBLION. ... ..t e e e e e e et et e e eaeeaeeaevennenenenaeeenenneensD

1.2 MOMENTUM EQUEBLTON. ... . et e e e e e e e e e e e e eaeeaeeaevennenenneneeeenenD

[.3ENErgy qUatioN...........oveueiiitie e e e e e e e e e e e e e 10
[L41deal gaslOW........oieie e a2 10

L FLOW EYPES. ... e e e e e e 11

.2 InvisCid @and ViSCOUS FlOW. . ..o n e e e e e e e e e e i 11

MIS 15



I1 .2 Incompressible and Compressible Flows...........ccccovviiiiiiiiiccicii e 11
[1.3Mach NUMber REJIMES. .. ... e e e e e e e 12
1.4 Reynolds NUMDES ... ..o e e e e e e eae a0 13
[1.5.2Laminar(Streamline)flOW ... ... e 14
.52 Transitional flOW. ..o e e e 14
IS 3 TUBUIENE FIOW. ... oo e e e e, 15
1.6 THE BOUNDARY LAYER. ... e a0 1D

1. AerodynamiCS Of WINQ. ... ... iee i et e et e et e et e e e e e e et e e e 17

([ O = o (= g1 (oo - | S 17

[11.4 Aerodynamics fOrceS and MOMENES. ... ... cuuer e e e e ee e e e e et e ere e aneeae e 18
[11.5 Aerodynamic Moment Exerted onthe Body...........c.oovviiiiiiiiiiiiic e e e, 21
H1.2.3. LIFT TO DRAG RATIO . ... e e e e e e e e e e 26

111.3 Dimensionless force and moment coeffiCientsS........oovveee e i 27

C.REVI EW OF STRUCTURE MECHANICS

I. Notions of Solid MECANICS. .........vii it e 29
LIEQUAaLion Of MOLION...... ... e e e e e e e e een e e ee 002 29

1.2 The displaCemeEnt.. ..o e e e e e e e e e e e e e e 30
.3 TNE AEfOrMBHION.. ...\ttt e e e et e e e e e e e en e 30
[.3. L ElastiC defOrmation. ...........cuuie i e e e e e e e e 31
[.3.2 PlastiCc defOrmMation. . .........oueiei ettt et e e e e e e 32
0 = o 33
[1. RESISLANCE CIITEITON. ...ttt it e e e e e et et et e e et n e 33
1.1V ON MISES SITESSES.. ... ottt et e et e e e e e et et et e e e e e n e ens 33

1.2 Trescayield SUMfaCe........ccuuie e e e e e 0202 33

L _________________________________________________________________________________________________|]
MIS 15



(@00 )4 o: 1= o o 1E 35

NUMERICAL SUMILATION PART

| SEEPS OF SIMUIBLION. .. ..ot e e e e e e e 36
L. IDraWING GEOMELIY ... e et et et et e e e e et e e e e et et e e e eae et eaeree e ans 36
|.2.Fluent SIMUlation SOfIWEIE..... ... e e e e e e e e e e 38
[.3. MOAl @NBIYSIS.. .. e cee et et et et et e e e e e e e 39
[.4. StatiC StrUCTUral @NaAlYSIS.. ..o vue v et e et e e et et e e e e e e eeeaeeaaaens 40
Ll RESUITS ... et et e e e e e e 40
.2 Effect of Wing length...... ... e e, 40
[1.1.1 Calculation of drag and lift fOrCeS..........c.ov it i e e 45

[1.1.2 MOdal @NalYSIS.... e et et e e e e e e eie e e e e ne e e en e e ene a0 A0
[1.1.3 Static Structural @nalySIS... .. v v i e e e e e e et et e e e e e e e 57
11.2. Effect of chord root 1ength............oeii e, 63
[1.2.1 Calculation of drag and lift fOrces. ..........ccooiiiii i BT
[1.2.2 MOdal @NalYSIS.. ..ottt et e e e ettt er e e e e e e e e eeeen. OO

[1.2.3 StaliC SITUCTUrE @NAlYSIS. ... ce et et e e e e e et et e e e e e e e e e e aeeaeaen e 79
I3 Effect Of the CamMbE .. ... e 85
Conclusion.

MIS 15



MIS 15



MIS 15



PART |

Lo 0T = T VAT g o [ 1= o 34 =1 1 Y2 1
Figure 2: Wings Low aspect ratio, Moderate aspect ratio and High aspect ratio................ 3

Figure 3: Constant chord, tapered (trapezoidal), reverse tapered, compound tapered, constant
(ol g0 o I =T o T=T 1= 0 111 (-] o PP |

Figure 4: Elliptical and semi-elliptical WinNg ........c.cooveiiiiiiiii e e 4
Figure 5: Different types of delta Wings.........coveiiiii i e e 4
Figure6: Straight and SWEPT WING.......ouuiriie e et i e e e e v e e e e e e eeeaeaes 5

Figure 7: Division of aflow into two regions: (I) the thin viscous boundary layer adjacent to
the body surface and (2) the inviscid flow outside the boundary layer...........................11

Figure 8: Stream line of laminar flow and turbulent flow................cooooiii i, 14

Figure 9: Flow regions around an airfoil................cooiiii i 14

Figure 10: Lines of turbulent fIOW... ... ..o e 15
Figure 11: Boundary Layer SEparation. ..........ueue e vt i e et et e ee e e aaeeaeeeeae e, 16
Figure 12: Progression of Separation Pint Forward with Increasing AOCA.............ccueve... 16
Figure 13: pressure and shear stress on an aerodynamic surface.............c.coovvv v venvien, 18
Figure 14: Resultant aerodynamic force and moments on the body.................ccooeenn 19
Figure 15: Resultant aerodynamic force the Components into which it splits................. 19

Figure 16: Nomenclature for the integration of pressure and shear stress distribution over a
tWO-AIMENSIONAl SUMTACE. .. ...t e e e e e e e e e e e e e e 20

Figure 17: Pressure Distribution around Positively Cambered Airfoil at Zero and Positive
ANGIE OF BILACK. .. ... et e e e 21

Figure 18: Variation of It VSAOA ... ..o 22
Figure 19: Variation of Drag coefficient With AOA ... ..o i e, 23

Figure 20: Drag parasite VS. VEIOCILY.......c.ovviir e e e e e e e e 24

MIs 15



Figure 21: INAUCEA DIag. .. ....ovvie e e e e e e e e et e e e e ete e e ie e en e ees 2D
Figure 22: Drag induced VS. VEIOCITY........oivi i et e e e e nee e 2D
Figure23: Total drag Vs, VEIOCITY......cve i i e e e e e e e e e 26

Figure24: Lift toDrag Ratio. .. ... ..o ovuiiriiiii e e e e el 20

Figure 25: Reference areaand length for an airplanewing. ..., 28

Figure 26: Strain diagram with the variation stages of deformation.............................. 31

Figure 27: Different points Of StrESSES. .. ... .vu it it e et e e e e e e e ee s 32

Figure 28: view of Tresca-Guest yield surface in 3D space of principal stresses............... 34

Figure 29: Tresca-Guest yield surfacein 2D space (03, 02)........ovvvviiii i e e, 34

Figure 30: Tresca, VON-MISES CIITEION. ... .ottt i e e e e e e e e 34
PART |1

Figurel: Proflle NACA 4412........ e e e e e e 30
Figure2: Profille NACA 4318.......o e e e e e a2 30
Figure3: Profile NACA 4415, .. ... e et e e e e e e aee 2020 30
0 0T = VAT Vo =T o T P 37
Figure5: Mesh generation. .. .......c.uieieie e e e e e ee e e eneeneeennenne e DT

Figure 6: Named of boundary conditions..............ccociiii i e en 0. 38

Figure 7: Lift coefficient versuswing length............ooo i e, 41
Figure 8: Drag and moment coefficients versuswing length..............c.cooooiii i 42
Figure 9: Contours of static pressure for different wing length.....................ocoo 43
Figure 10: Velocity vectors (m/s) for different wing length............coooiii s 44
Figure 11: Resultant force according to the wing length................cooii i, 45
Figure 12: First mode shape for different wing length (NACA 4412) .......cociiiiiiiiinnns 47
Figure 13: First mode shape for different wing length (NACA 4415) ........cccoovviiinnnnnn. 48

_____________________________________________________________________________________________________________|]
Mis 15



Figure 14: First mode shape for different wing length (NACA 4318) .......c.coovviiiinnnns 49
Figure 15: Second mode shape for different wing length (NACA 4412) ..........cccoeeenenen. 50
Figure 16: Second mode shape for different wing length (NACA4415) ........................51
Figure 17: Second mode shape for different wing length (NACA4318) ........cooevveiininnnn 52
Figure 18: Third mode shape for different wing length (NACA4412) ..........cccoeiiieienn .. 53
Figure 19: Third mode shape for different wing length (NACA4415) .............cociiennen, 54
Figure 20: Third mode shape for different wing length (NACA4318) .........ccoevveiiinnnnn, 55
Figure 21: Variation of frequency according to the wing length for L=3m (NACA 4412)

for thefirst

107070 L= PP PPRPPPPRPIN -
Figure 22: Variation of maximum amplitude of the first mode shape according to different
wing length fOr (NACA 4412) ... e e e e e e e e eee 56
Figure 23: Maximal deformation according to thewinglength...................................58
Figure 24: Tota deformation for different wing lengths................coooiiiiiiiiin i, 59
Figure 25: Equivalent elastic strain for different wing lengths...................ccooiin 60
Figure 26: Equivalent von-Mises stress for different wing lengths...................cooonin. 61
Figure 27: Strain energy for different wing lengths............ccooiiiiiiii el .62
Figure 28: Lift coefficient versus chord root............ccooeviviiiie i i i eeee 2200063
Figure 29: Drag and moment coefficients versus chord root..............c.oovve e vn i, 64
Figure 30: Contour of static pressure for different chord root lengths............................ 65
Figure 31: Velocity vectors for different chord root lengths...............ocoooi i, 66
Figure 32: Resultant force according to the chord root. ..o 67
Figure 33: First mode shape for different chord root lengths (NACA 4412) ................... 69
Figure 34: First mode shape for different chord root lengths (NACA 4415) ...................70
Figure 35: First mode shape for different wing lengths (NACA 4318) .........ccoveivenennnn. 71
Figure 36: Second mode shape for different wing lengths (NACA 4412) ..........coovenne. 72
Figure 37: Second mode shape for different wing lengths (NACA 4415) .............cocenee. 73

Mis 15



Figure 38: Second mode shape for different wing lengths (NACA 4318) ..........coceoenne. 74
Figure 39: Third mode shape for different wing length (NACA4412) ...........c.ccvvvvneenn ... 75
Figure 40: Third mode shape for different wing lengths (NACA 4415) .............ccoeini. 76
Figure 41: Third mode shape for different wing lengths (NACA 4318) .......cccoviviiieennn. 77
Figure 42: Variation of frequency according to the chord root length (NACA 4318) for the

FIrSE MO SNAPE. .. et e e e 78
Figure 43: Maximum amplitude according to the chord root length (NACA 4318) for the first
L1070 [ 7= o 78
Figure 44: Maximal deformation according to the chord root length............................. 80
Figure 45: Tota deformation for different chord root lengths (NACA 4412)................... 81
Figure 46: Equivalent elastic strain for different chord root lengths (NACA 4412)............ 82

Figure 47: Equivalent Von-Mises stress for different chord root lengths (NACA 4412)...... 83

Figure 48: Strain energy for different chord root lengths (NACA 4412)..........ccccevvneenn ... 84
Figure 49: Variation of frequency of the first mode shape according to different

010 == () 85
Figure 50: Maximum amplitude of the first mode shape according to different

Q10 == (a1 85
Figure 51: Maximal deformation according to the different profiles............................. 86
Figure 52: Maximal von-Mises stress according to the different profiles........................ 87
Figure 53: Maximal elastic strain according to different profiles ... 87
Figure 54: Variation of frequency of the first mode shape according to the NACA profiles
(Croo=0.3M) e e et e ..88
Figure 55: Maximum amplitude of the first mode shape according to the NACA profiles
(Croo=0.3M) e e et e ..88
Figure 56: Maximal Von-Mises stress according to the different profiles ...................... 89
Figure 57: Maximal elastic strain according to the different profiles ............................ 90
Figure58: Total deformation L=3 (NACA 4412) ..ot e 91
Figure59: Tota deformation for L=3m (NACA 4415)......ccoiiiiiiiiiiiiiieie e 91
Figure 60: Tota deformation for L=3M(NACA 4318).......cccevvvvvieiiiiiiiiiieennnn91

_____________________________________________________________________________________________________________|]
MIs 15



Figure61:
Figure 62:
Figure 63:
Figure 64:
Figure 65:
Figure 66:
Figure67:
Figure 68:
Figure 69:
Figure 70:
Figure71:
Figure 72:
Figure 73:
Figure 74:
Figure75:
Figure 76:
Figure77:
Figure 78:
Figure 79:
Figure 80:

Figure 81:

Mis 15

Equivalent elastic strain L=3m (NACA 4412).......c.coveiiiiiie i i 92

Equivaent elastic strain for L=3m (NACA 4415).......cccoiii i, 92

Equivaent elastic strain for L=3m (NACA 4318).......cccovviiiiiiiiiiiiiiee, 92

Equivalent von-Mises stressfor L=3m (NACA 4412)...........cccovviiieieinnnnnn, 93
Equivalent von-Mises stressfor L=3m (NACA 4415)........cooeiiiiiiiiiiennnnn, 93
Equivalent von-Mises stressfor L=3m (NACA 4318).......cceevviiiiiiiiiinnnn, 93
Strain energy for L=3m (NACA 4412).......cooiiiii i e 94
Strain energy for L=3m (NACA 4415)......couirii i e 94
Strain energy for L=3m (NACA 4318).......cuiiiiiiiii e e e 94
Total deformation for,, = 0.582m (NACA 4412)....c.vvviiviiiiiiiiiiiiiiia 95
Total deformation for £,  =0.582m (NACA 4415)....c.vviiiiiiiiiiiiii i, 95
Total deformation for,, = 0.582m (NACA 4318)......ovvviviiiiiiiiiie e, 95
Equivaent elastic strain fors,, = 0.582m (NACA 4412).......cccviiiinninnns 96
Equivaent elastic strain for £, =0.582m (NACA 4415).......cccvvviiiiiiniann.n. 96
Equivalent elastic strain for £,, = 0.582m (NACA 4318)........................96
Equivaent von-Mises stressfortZ,, = 0.582m (NACA 4412)....................97
Equivalent von-Mises stress €€, =0.582m (NACA 4415).......ccoovviiieiiinnnne 97
Equivaent von-Mises stressfor £, = 0.582m (NACA 4318)...................97

Strainenergy for € = 0.582m(NACA 4412).....c.coviiiiiiiiiiiiiiii e 98
Strain energy for €, =0.582m (NACA 4415).........cccoevvveiieiie e ennn...98
Strain Energy for €, = 0.582m (NACA 4318).........ccevvvviviiiiinnnnnn.....98



A: Axial Force
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Q'y Wy : Proper forms of the viscous terms
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Air transport has an important place in the transit of people or goods through the seas and
oceans. The airplane has been the main engine since the first world War. It has acrucia place
in modern society today.

Following the first flights made by the Wright brothers in december 1903 the stability and
controller problems faced in the early years were sometimes considerable since the flying
qualities of their aircrafts were often less than satisfactory, and when we talk about facts we
have to start from aircraft wing.

The wing has aleading role in theflight of aircraft. The wing allows the aircraft to fly and to
be in an equilibrium position. it creates aforce called lift, thelift is obtained by the fact that
avacuum is created on the upper surface and an overpressure on the lower surface, which will
causethe aircraft to rise, To ensure agood air plane conditions, relatively to the wing, we
must have great aerodynamic forces such as high lift and samall drag and wing materia with
the best geometrical caracteristcs to can bear these forces.

After knowinng that lift is created by the wing, we should ask if this force varies according to
different parameters related to the wing.

In that context thiswork based on anumerical simulation of the air flow over an aircraft
wing will show in afirst step the influence of the geometrical parameters of the wing as the
span, the chord and the camber on the aerodynamic forces (lift and drag).

Secondly a structural analysis, is foreseen to show the structure response to the aerodynamic
forces. Itis represented by the deformation, elastic strain, Von-Mises stress and the strain
energy.

To achelve our purpose the paper is organized into two main parts as fallow:

Theoritical part in which we present some generalities obout the wings, areview of
fluid mechanics and aerodynamics and we end with some notions of the solids.
Numerical part: it contains anumerical simulation for the fluid and a numerical
simulation for the structure. In each part we desribe the different steps followed to use
the software, the simulation conditions and the results obtained. All simulations are
carried out by ANSY S softwar.

And we finish with ageneral conclusion.
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A. WING GENERALITIES

A wing is atype of fin with a surface that produces aerodynamic forces facilitating movement
through air and other gases, or water and other liquids. As such, wings have an airfoil shape,
astreamlined cross-sectiona shape producinglift. The word "wing" from the Old
Norse vaangr for many centuries referred mainly to the foremost limbs of birds (in addition to
the architectural aisle). But in recent centuries the word's meaning has extended to include lift
producing appendages of insects, bats, pterosaurs, boomerang, some sail boats and aircraft, or
the inverted airfoil on arace car that generates a downward force to increase traction.

Various species of penguins and other flighted or flightless water birds such
as auks, cormorants, guillemots, shearwaters, eider and scoter ducks and diving petrels are
avid swimmers, and use their wings to propel through water [1].

I. Geometry of wing

Thefigure 1 gives technical definitions of awing's geometry, which is one of the chief factors
affecting airplane lift and drag. The figure shows awing viewed from three directions; the
upper left shows the view from the top looking down on the wing, the lower left shows the
view from the front looking at the wing leading edge, and the right shows a side view from
the left looking in towards the centerline

Top View Wing Planform Trailing Edge
1
Chgﬂ:l " Aspect Ratio= AR
1
' AR =5°
s
/ \Centerline s | AR=T forrectangle
1
< — e
Symmetric Airfoil
\ Dihedral Angle
Ti
Line \ Camber . =
2 Thickness
Side View Front View Wings

Figure 1: Wing Geometry

'
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The side view shows an airfoil shape with the leading edge to the left. We defined the wing
parameters:

The mean camber line: is the line joining the mid points between the upper and lower
surfaces of an airfoil and measured perpendicul ar to the mean camber line.

The chord line: is the straight line which joins the end points of the mean camber line.
The thickness: is the height of the airfoil measured normal to the chord line. The ratio
of maxi-mum thickness to the chord length is called the thickness ratio.

The camber: is the maximum distance of the mean line from the chord line.

The leading edge: is the point at the front of the airfoil that has maximum curvature
(minimum radius).

Thetrailing edge: is defined similarly as the point of maximum curvature at the rear of
the airfoil [2].

Top view

The top view shows a simple rectangular wing geometry. The front of the wing (at the
bottom) is called the leading edge; the back of the wing (at the top) is called the trailing edge.
The distance from the leading to trailing edges is called the chord. The ends of the wing are
called the wing tips, and the distance from one wing tip to the other is caled the span. The
shape of the wing, when viewed from above looking down onto the wing, is called
aplanform. For a rectangular wing, the chord length at every location aong the span is the
same. For most modern aircraft, the chord length varies aong the span, and the leading and
trailing edges may be swept. Thewing area is the projected area of the planform and is
bounded by the leading and trailing edges and the wing tips. The total surface areaincludes
both upper and lower surfaces. The wing areais a projected area and is ailmost half of the total
surface.

Front view

The front view of this wing shows that the left and right wing do not lie in the same plane but
meet a an angle. The angle that the wing makes with the loca horizontal is called
the dihedral angle if the tips are higher than the root or the an anhedral angle if the tips are
lower than the root. Dihedral is added to the wings for roll stability, a wing with some
dihedral will naturally return to its original position if it encounters a slight roll displacement.
You may have noticed that most large airliner wings are designed with dihedral. The wing
tips are farther off the ground than the wing root. Highly maneuverable fighter planes, on the
other hand usually have the wing tips lower than the roots giving the aircraft a high roll rate.
The Wright brothers designed their 1903 flyer with a dlight anhedral to improve the
aircraft roll performance [3].
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[l. Typesof wings
[1.1 Low aspect ratio

Short and stubby wing more efficient structurally and higher instantaneous roll rate. They
tend to be used by fighter aircraft, and by very highspeed aircraft (e.g. North American X
15).

Moderate aspect ratio: general purpose wing (e.g. the Lockheed P80 Shooting Star).
High aspect ratio: long and slender wing. More efficient aerodynamically, having less induced
drag. They tend to be used by high atitude subsonic aircraft, subsonic airliners (e.g. the
Bombardier Dash 8) and by high performance sailplanes (e.g. Glaser Dirks DG500)

[ mll fﬁ |Ilr \

| AN ﬂ

Figure 2: Wings Low aspect ratio, Moderate aspect ratio and High aspect ratio

I1.2 Constant chord

Parallel leading and trailing edges, Simplest to make, and common where low cost is
important.

Tapered: Structurally and aerodynamically more efficient than a constant chord wing, and
easier to make than the elliptical type.

Compound tapered: Typically braced to maintain stiffness, used on the Westland Lysander
army cooperation aircraft to increase visibility for the crew.

Constant chord with tapered outer section: common variant seen for example on many Cessna
types and the English Electric Canberra.

cbdmcpdp

b b b Db | b

Figure 3: Constant chord, tapered (trapezoidal), reverse tapered, compound tapered, constant
chord (tapered outer)
L]
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1.3 Elliptical

Leading and trailing edges are curved such that the chord length varies eliptically with
respect to span. Theoretically the most efficient, but difficult to make. Famously used on the
super marine Spitfire.

1.4 Semidliptical

Only the leading or trailing edgeis elliptical with the other being straight.

[\ /\

[ =]

d> d>

Figure 4: Elliptical and semi-elliptical wing

[1.5 Delta

Triangular plan form with swept leading edge and straight trailing edge, offers the advantages
of a swept wing, with good structural efficiency and low frontal area. Disadvantages are the
low wing loading and high wetted area needed to obtain aerodynamic stability. We have alot
of types of deltawingslike Tailless delta, Tailed delta, cropped delta, Compound delta or
double delta, ogival delta ...

NN N N

Tailless delta Tailed delta Cmppbd delta Compound delta Ogivﬁl delta

Figure 5: Different types of deltawings.

[1.6 Straight and swept

Extends at right angles to the line of flight, the most structurally efficient wing, it is common
for low speed designs, such as the P80 Shooting Star and sailplanes.
Swept back (aka "swept wing"): The wing sweeps rearwards from the root to the tip. In early
tailless examples, such as the Dunne aircraft, this allowed the outer wing section to act like a
conventional empennage (tail) to provide aerodynamic stability. At transonic speeds swept

I EEEEEE——
Mis 15 4



wings have lower drag, but can handle badly in or near a stall and require high stiffness to
avoid aero elasticity at high speeds. Common on high subsonic and early supersonic designs
e.g. The Hawker Hunter. [4].

™

N

) |
| |
e S5

I

Straight Swept

Figure 6: Straight and swept wing.

I11. Airfoil

An airfoil isthe term used to describe the cross-sectional shape of an object that, when moved
through a fluid such as air, creates an aerodynamic force. Airfoils are employed on aircraft
aswings to produce lift or as propeller blades to produce thrust. Both these forces are produce
perpendicular to the air flow. Drag is a consequence of the production of lift/thrust and acts
parallel to the airflow.

The NACA airfoils were designed during the period from 1929 through 1947 under the
direction of Eastman Jacobs at the NACA’s Langley Field Laboratory. Most of the airfoils
were based on simple geometrical descriptions of the section shape, athough the 6 and 6A
series were developed using theoretical analysis and don’t have simple shape definitions.
Although a new generation of airfoils has emerged as a result of improved understanding of
airfoil performance and the ability to design new airfoils using computer methods, the NACA
airfoils are still useful in many aerodynamic design applications [5].

The airfoils are described as NACA xxxx or NACA xxxxx or NACA XXy-XXX series.
Following definitions are given to this nomenclature.

The NACA 4-digit airfoils mean the following: Thefirst digit expresses the camber in percent
chord, the second digit gives the location of the maximum camber point in tenths of chord,
and the last two digits give the thickness in percent chord. Thus 4412 has a maximum camber
of 4% of chord located at 40% chord back from the leading edge and is 12% thick, While
0006 is a symmetrica section of 6% thickness.

'
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The NACA 5-digit series airfoil means the following: The first digit designates the
approximate camber in percent chord, the second digit indicates twice the position of the
maximum camber in tenths chord, the third (either O or 1) distinguishes the type of mean-
camber line, and the last two digits give the thickness in percent chord. Thus, the 23012 airfoil
has a maximum camber of about 2% of the chord located at 15% of the chord from the
leading edge (3 tenths divided by 2) and is 12% thick.

The NACA six, seven and even eight series were designed to highlight some aerodynamic
characteristic. For example, NACA 653-421 is a 6-series airfoil for which the minimum
pressure's position in tenths chord is indicated by the second digit (here, at the 50% chord
location), the subscript 3 means that the drag coefficient is near its minimum value over a
range of lift coefficients of 0.3 above and below the design lift coefficient, the next digit
indicates the lift coefficient in tenths (here, 0.4) and the last two digits give the maximum
thicknessin percent chord (here, 21% of chord) [5].

V. Manufacturing material of wings
V.1 Aluminum

The current material used for aircraft wings is aluminum. This material is currently used to
construct aircraft wings [6]. The advantages and the disadvantages of auminum aloy are
presented in table 1.

Advantages Disadvantages
Light weight - Expensiveto refine (must be done
by electrolysis of fused salts)

Easily shaped/cast/forge
Poor chemical resistance (acids
and base)

Good thermal conductor . Loses strengths when heated
Easy to machine

Good el ectrical conductor

Table 1: Advantages and disadvantages of Aluminum
V.2 Titanium

This metal has a high strength to weight ratio, a relative density of 4.5 which is 60% heavier
than aluminum however it istwice as strong.

Titanium has excellent corrosion resistance properties this is due to the oxide film which
forms. Titanium is not normally susceptible to stress, fatigue, intergranular or galvanic
corrosion, putting or localized attack. However, under certain circumstancesit will burnin air,
therefore in order to prevent a reaction with oxygen or nitrogen it may be treated with
chloride gasin order to form a protective coating of titanium dioxide.

Titanium and its alloys are classed in 3 categories:
> Alpha(A) - Wieldable, tough, strong both hot and cold and resistant to oxidization.

> Beta (B) - Excellent bend ductility, strong both hot and cold however vulnerable to
contamination.
_______________________________________________________________________________________________________________________|]
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» Combined (C) - Combination of apha and beta with comprised performance, strong
cold and warm but weak when hot, excellent forgeability, good bendability moderate
contamination resistance. The melting point of titanium is 1668 degrees Celsius and
has low therma conductibility and a low co efficient of expansion. Its high
temperature properties are however disappointing.; the ultimate yield strength falls
rapidly above 425 degrees Celsius and atmospheric oxygen and nitrogen absorbent
above 540 degrees Celsius makes the meta brittle and worthless after a long-term
exposure.

The ideal type of titanium to use on an aircraft wing would be the combined (C) class as it
does meet to requirements for an arcraft wings. However, the magor drawback for this
materia is when working with titanium extra care must be taken when making due to its
extreme work hardening properties. The advantages and the disadvantages of titanium are
presented in table 2:

Advantages Disadvantages
Lightweight - Expensive
Strong - Processfor forming and joining

) ) titanium are complex and expensive
Ableto withstand high temperatures P P

Corrosion resistant

Table 2: Advantages and disadvantages of titanium
V.3 Composite

A composite material consists of two or more different materials whose mechanical properties
complement each other although maintain their separate identities, unlike aloy.

The reason the composite materials are used on an aircraft and their strength to weight ration
and corrosion resistance. Reinforced plastics are much lighter than metals. If the metal part
can be as much as 25 times heavier than an equivalent composite part, however that
composite part must be as strong and durable as the original.

Therefore, reinforced plastics must have very good strength, stiffness and impact resistance.
Strength- thisisthe ability of amaterial to support aload without breaking.
Stiffness- thisis the ability of material to support aload without bending too much.
Impact- thisis the ability of amaterial to withstand resistance impact without shattering.
The types of the most reinforced materials used:

Glassreinforced plastic

Aramid fibers

Carbone fibres
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1V.4 Aluminum- Lithium

Aluminum- lithium is a new concept within the aviation industry which alows the industry to
progress in a new direction, this allows an aircraft to be light, efficient yet have the same
amount of or more power to transport both passengers and freight. Also, with aircraft being so
light it may alow even bigger aircrafts then the currently produced Airbus A380, and Boeing
787 to be produced. The advantages and the disadvantages of Aluminum-Lithium are
presented in table 3:

Advantages Disadvantages
10% denser than aluminium 2024 - Reduced ductility
Lightweight - Low fracture toughness

10 - 15% higher modulus than
aluminum 2024

Excellent fatigue and cryogenic
toughness properties

Higher stiffness

Superior fatigue crack growth
resistance

Table 3: Advantages and disadvantages of Aluminum-Lithium
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B. REVIEW OF FLUIDSMECHANICSAND
AERODYNAMICS

Review of fluid mechanics

In al real flow situations, the physical laws of conservation apply. These refer to the
conservation respectively of mass, momentum and energy. The equation of state completes
the set that needs to be solved if some or all of the parameters controlling the flow are
unknown. If areal flow can be ‘modeled’ by a similar but simplified system, then the degree
of complexity in handling the resulting equations may be considerably reduced [7].

|. Basic equations of conservation

|.1 Continuity equation

The continuity equation is developed ssmply by applying the law of conservation of massto a
small volume element within aflowing fluid.

In fluid dynamics, the continuity equation states that, in any steady state process, the rate at
which mass enters a system is equal to the rate at which mass leaves the system [§].

The differential form of the continuity equationis
dp —
E+V .(p.u) =0 Q)

If the fluid is an incompressible flow (p = constant), the mass continuity equation simplifiesto
avolume continuity equation:
V.u=0 2

This means that the divergence of velocity field is zero everywhere.
|.2 Momentum equation

Newton’s law states that the rate change of linear momentum of a system is equal to the net
force acting on a system

The general momentum equation is aso called the equation of motion, when the fluid is
Newtonian.

The momentum equation in integral form iswritten as:

S e B A= ed g +h @

The x, y, and z components of the momentum equation respectively in differential form are:

m
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= (pu) + V. (p uV) == +pf+(F,) y (4)
SOV +V.(pVV) =40l +(F)) y (5)
= (pw) + V. (pW V) =2 +pf,+(F,) y (6)

Equations (3) and (4,5, and 6) apply to the unsteady, three-dimensional flow of any fluid,
compressible or incompressible, viscous or in viscid.

|.3 Energy equation

The energy equation is based on the principle that energy can be neither created nor destroyed
it’s written as:

ff dpdv + Qy — ¢ (pV .ds) V+§ff, p(EV)dv + W, :% i p(e+ g) dv
‘ll":
+ff ple+—) (7)
Or:
. oy - l|l|lE = 1|":
GprpEV)-V. (V) + @, AWy =V.(p(e+V)+=(p(e+Z)V) (8)
Where Q’,.r and W', represent the proper forms of the viscous terms [12].

p : Density of the fluid (kg/m°)

f : Force (N)

v: Volume (m®)

e: Internal energy (J)

(. Rate of volumetric heat addition

|.4 1deal gaslaw
The state of an amount of gasis determined by its pressure, volume, and temperature.

P.V=nRT

P isthe pressure of the gas.

V isthe volume of the gas.

n is the amount of substance of gas (number of moles).
R isthe universal gas constant.

T isthe temperature of the gas.
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These equations are at the heart of fluid flow modeling. for a particular set of boundary
conditions (such as inlet, outlets, and walls), predicts the fluid velocity and its pressure in
agiven geometry.

I1. Flow types
1.1 Inviscid and Viscous Flow

If there is friction, thermal conduction or diffusion in aflow, it is termed viscous. If none of
these things is present, the flow is Inviscid flows do not appear in nature, but some flows are
amost inviscid [9].

Flow outside the boundary

layer s inviscid [hin boundary layer of

e — viscous flow adjacent
/-J __\‘_"'\—‘B:;; surface
- ik ————

el "-a“-‘-__
= e,
o —
R
—,—

Figure7: Division of aflow into two regions: (1) the thin viscous
boundary layer adjacent to the body surface and (2) the inviscid
flow outside the boundary layer

[l .2 Incompressible and Compressible Flows

A flow in which the density pis constant, otherwise a compressible flow is aflow in which the
fluid density p varies significantly within the flow field. therefore, p (X, y, 2 must now be
treated as a field variable rather than simply a constant. Typicaly, significant density
variations start to appear when the flow Mach number 0.3.

The effects become especially large when the Mach number approaches and exceeds unity.
Most problemsin incompressible flow have two unknowns:

Pressure and velocity. These unknowns were solved by using the underlying principals from
the continuity and linear momentum conservation equations. In compressible flow pressure
and velocity remain unknown but density and temperature also become a factor. These hints
at the need for two additional equation in order to solve equation of state for gas and the
conservation of energy equation [10].

|
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Incompressible flow Compressible flow
Variables V,p V,PpT
Equations Mass, momentum Mass, momentum,
energy, state
Table 4: Variables and equation which come into play in compressible and incompressible
flows

1.3 Mach Number Regimes

Influid dynamics, the Mach is adimensionless quantity representing the ratio of flow
velocity past aboundary to the local speed of sound.

The Mach number M is defined as u/a, where u is the airflow velocity and a is the speed of
sound.

Subsonic flow (M < 1 everywhere) A flow field is defined as subsonic if the Mach
number is less than 1 at every point. Subsonic flows are characterized by smooth
streamlines.

Transonic flow (mixed regions where M < 1 and M> 1) As stated above, if M,, is
subsonic but is near unity, the flow can become localy supersonic (M>1). This is
sketched in Fig. 2.b, which shows pockets of supersonic flow over both the top and
bottom surfaces of the airfoil.

Supersonic flow (M>1 everywhere) A flow field is defined as supersonic if the Mach
number is greater than 1 at every point. Supersonic flows are frequently characterized
by the presence of shock waves across which the flow properties and streamlines
change discontinuously (in contrast to the smooth, continuous variations in subsonic
flows) [11] [12].

Hypersonic flow (very high supersonic speeds) Refer again to the wedge in Figure
7.d assume e is a given, fixed value. As M, increases above 1, the shock wave moves
closer to the body surface. Also, the strength of the shock wave increases, leading to
higher temperatures in the region between the shock and the body (the shock layer). If
Mx is sufficiently large, the shock layer becomes very thin, and interactions between
the shock wave and the viscous boundary layer on the surface occur
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Asrodynamics
|
| ]
Low density and
Continum flow free molecule
thows
viscous Tlow Imviscid flow
Incompressible
flow
|
compressible
Nowr
! | | 1
Subsonic flow Supersonic flow
M<1 Transonic flow M> 1 Hypersonic flow
=
everywhere M<1and M>1 everywhere M>5

Table5: Block diagram categorizing the types of aerodynamic flows
I1.4 Reynolds number

The Reynolds number is defined as:

Re=ul or Re= LLL (9)
v I’

Where:

p isthe density of the fluid (S units: kg/m®)

u isthe velocity of the fluid with respect to the object (m/s)

L isacharacteristic linear dimension (m)

U is the dynamic viscosity of the fluid (Pa-s or N-s/m? or kg/(m-s))
v isthe kinematic viscosity of the fluid (m?/s)

The Reynolds Number can be used to determine if flow is laminar, transient or turbulent. The
flow is[13]:

laminar - when Re < 2300
transitionnel - when 2300 < Re < 4000
turbulent - when Re > 4000
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[1.5.1 Laminar (streamline)flow

Particles of a continuous fluid can be considered to travel along smooth continuous paths
which are given the name streamlines, these streamlines can be curved or straight, depending
on the flow of the fluid.

Laminar flow is a simple flow, it occurs when a fluid flows is parallel layers, with no
disruption between the layers, no cross currents or eddies perpendicular to direction of flow.

laminar flow

Figure 8: stream line of laminar flow

The laminar flow can be further sub grouped as:

Stable laminar flow: This type of laminar flow prove stable toward imposed
disturbances acting from outside.

Unstable laminar flow: a laminar flow is considered unstable when disturbances
introduced into it are amplified, but certain “regularity” in the excited disturbances is
maintained, in other words, due to the disturbance the investigated flow mergesinto a
new laminar flow state [14].

I1.5.2 Transitional flow

When flow isintensified, it tends to switch from laminar to turbulent flow.
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separation bubble

laminar flow transition

—

. . turbulent tlow
laminar flow transition

Figure 9: flow regions around an airfoil

[1.5.3 Turbulent flow

Is an irregular flaw and is characterized by transfer of small packets of fluid particles layers.
Thus, it is accompanied by fluctuationsin velocity.

When fluid flow is intensified, it tends to switch from laminar to turbulent flow.

turbulent flow

Figure 10: Lines of turbulent flow

1.6 Boundary layer

An assumption was made that air was an ideal fluid, with no viscosity or friction effects. In
actually, when air flows across any surface, friction develops. The air immediately next to the
surface slowsto near zero velocity as it gives up kinetic energy to friction.

As a viscous fluid resists flow or shearing, the adjacent layer of air is also slowed.
The boundary layer is that layer of airflow over a surface that demonstrates local airflow
retardation due to viscosity. It is usually no more than 1mm thick at the leading edge of an
airfoil, and grows in thickness as it moves aft over the surface.

The boundary layer has two types of airflow:

I EEEEEE——
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In laminar flow, the air moves smoothly along in streamlines. A laminar boundary layer
produces very little friction, but is easily separated from the surface.

In turbulent flow, the streamlines break up and the flow is disorganized and irregular. A
turbulent boundary layer produces higher friction drag than a laminar boundary layer, but
adheres better to the upper surface of the airfoil, delaying boundary layer separation.

ry Layer —p» -——— Turbulent Boundary Layer ———=

S siaarw |+ [y RRB QBN 8

Figure 11: Boundary Layer Separation

Any object that moves through the air will develop a boundary layer that variesin thickness
according to the type of surface. The type of flow in the boundary layer depends on its
location on the surface. The boundary layer will be laminar only near the leading edge of the
airfoil. Asthe air flows aft, the laminar layer becomes turbulent. The turbulent layer will
continue to increase in thickness as it flows aft.

LOW ANGLE OF ATTACK

Figure 12: Progression of Separation point Forward with Increasing AOA

I
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Figure 12 shows the boundary layer attached at a normal AOA. The point of separation
remains essentialy stationary near the trailing edge of the wing, until AOA approaches CL nax
AOA. The separation point then progresses forward as AOA increases, eventually causing the
airfoil to stall. At high angles of attack the airfoil is similar to aflat plate being forced through
the air; the airflow simply cannot conform to the sharp turn. Note that the point where stall
occurs is dependent upon AOA and not velocity.

[11. Aerodynamics of wing

Aerodynamics is concerned with how the motion of air or other gaseous fluid interacts with a
moving object. NASA defines aerodynamics as "the science that deals with the motion of air
and other gaseous fluids and with the forces acting on bodies when the bodies move through
such fluids or when such fluids move against or around the bodies'[15].

The design and analysis of the wings of aircraft is one of the principal applications of the
science of aerodynamic, which is a branch of fluid mechanics. The properties of the airflow
around any moving object can-in principle- be found by solving the Navier-Stokes equations
of fluid dynamics.

I11.1 Characteristic of air
In motion, afluid such as air is characterized by seven magnitudes [16]:

> p: Density
» P: Pressure

» T. Temperature

> y: Compressibility

> V: Speed

» F.: Dynamic pressure
» M : Dynamic viscosity

Density p
The density is the mass per unit volume. It isexpressed in kg / m“and varies with altitude.

PressureP

The pressure is the force exerted on a unit surface perpendicular to this surface p = E Itis

expressed in N /m? or Pascal (Pa) and is very small, or the bar, which is equal to 105 Pa, is
therefore commonly used.

Temperature T

The temperature is expressed in degrees and has no dimensions. Two scales are used: the
Cdsius®° C and the Kelvin ° K (T(k) = (°C) + 273).

|
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Compressibility x

Compressibility accounts for the fact that the density varies when the pressure varies. It is the
ratio between avariation of effect (difference of p) and avariation of cause (difference of P)

Speed V

The speed is of course, the distance traveled per unit of time. It is expressed in m / s but the
node Kt can also be used.

Dynamicspressure P,
Dynamic pressure characterizes the kinetic energy of afluid.

A body at rest; K, = - F,V,°

B | =

Dynamic viscosity p

In a rea fluid, the molecules do not behave independently of one another, there are
intermolecular forces.

Viscosity is a property of the fluid which opposes the relative motion between the two
surfaces of the fluid in afluid that are moving at different velocity

In aerodynamics, the viscosity is never used directly, but a dimensionless coefficient. The
number of Reynolds (Re) it counts the influence of the viscosity.

[11.2 Aerodynamic for ces and moments

The aerodynamic forces and moments on the body are due to only 2 basic sources [17] [18]:

1. Pressure distribution over the body surface

2. Shear stress distribution over the body surface.

P

Figure 13: Pressure and shear stress on an aerodynamic surface

P=P(s)=surface pressure distribution T = 1(s)=surface shear stress distribution

|
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as sketched in figure 13 pacts normal to the surface and T acts tangential to the surface.

Shear stress is due to the tugging action on the surface, which is caused by friction between
the body and the air.

The net effects of p and 1 distributions integrated over the complete body surface have a
resultant aerodynamic force R and moment M the body, as sketched in figure 14

The resultant R can be split into components, two sets of which are shown in fig 15, ¥,is the
relative wind, defined as the flow velocity far ahead of the body. The flow far away from the
body is called the freestream, and hence V., is also called the freestream velocity.

L= lift= component of R perpendicular to ¥,

D= drag= component of R parale to V,,

R
M
Voo s
- [
Figure 14: Resultant aerodynamic force Figurelb: Resultant aerodynamic force and
moments on the body the Components into which it splits

N = normal force = component of R perpendicular to C.

A = axia force =component of R parallel to C.

The angle of attack « is defined as the angle between C andV .. Hence, a is aso the angle
between L and N and between D and A. The geometrical relation between these two sets of
componentsis, from figure 16. [19].

The geometrical relations between these 2 sets of components are:

L=Ncosa-Asna

D=Nsina+ A cosa

|
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Figure 16: Nomenclature for the integration of pressure and shear stress distribution over a

two-dimensional surface

The elemental normal force dN and axial force dA acting on the elemental surface ds on the

upper body surface are [17]:

dN, = —p,dS, cos (#) -t,dS, sin (#)

dA, = —p,dS, sin (&) +t,dS,, cos (#)

In the same way on the lower surface we have:
dN; = —p,dS,cos (¥) -1,dS,; sin (s)

dA| = —p,dS,sin (l']) +T|dS| COSs (l'.'-')

(10)

(11)

(12)

(13)

To determine the normal force N and the axial force A, equations (10) to (13) must be

integrated from the leading edge (LE) to the trailing edge (TE)
N=- fLL (pucos (8)+t1,sin (8))dS, + fLL (pjcos (8)+1;sin (8))dS,

A:fj-_L (—pycos (8)+1,sin (6))dS, + le (pjcos (8)+1sin (8))dS,

(14)

(15

The aerodynamic moment exerted on the body depends on the point about which moments are
taken. The moment per unit span about the leading-edge due to p and 1 on the elemental area

(ds) on the upper and lower surfaces are:
dM,, = [pycos (8)+t,sin(#)] X.dS,+[p,sin (e)+t,cos(e)] y.dS,

dM, = [—pcos (e)+Tsin(e)] X.dS; +[p,;sin (e)+t,cos(e)] y.dS,

(16)

(17)
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[11.2.1 Lift

Aerodynamic lift is the component of the force undergone by a moving body in afluid that is
perpendicular to the direction of movement. It is the lift of the aerodynes (machines denser
than the air).

A cambered airfoil is able to produce an uneven pressure distribution even at zero AOA.
Because of the positive camber, the area in the stream tube above the wing is smaller than
areain the stream tube below the wing and the airflow velocity above the wing is greater than
the velocity below the wing.

the static pressure on both surfaces is less than atmospheric pressure, and thus will produce a
lifting force on both upper and lower surfaces. The static pressure on the upper surface will be
less than the static pressure on the lower surface, creating a pressure differential. The lower
static pressure on the upper surface will “pull” the wing upward, creating a lifting force.

‘mm

‘ UPPER SURFACE LFT

LOWER SURFACE e
UFT

Figure 17: Pressure distribution around Positively Cambered Airfoil at Zero and Positive
angle of attack

Asthe angle of attack of an airfoil isincreased, the |eading-edge stagnation point will move to
alower point on the leading edge. This shift has the effect of causing the area of the stream
tube above the airfoil to decrease. As with an increase in camber, the velocity of the airflow
above the airfoil will increase, lowering the static pressure above the airfoil, increasing the
differential pressure and, therefore increasing lift [20].

Thellift is expressed by the relation shown below:

L=2pSVZC, (18)

|
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Note that there are eight factors that affect lift. The first three are readily apparent:. Density
(p), velocity (V), and surface area (S). The five remaining factors are all accounted for within
the coefficient of lift. As stated, both angle of attack (o) and camber affect the production of
lift. The remaining three factors are not so easily discernable. They are aspect ratio (AR),
viscosity (u) and compressibility.

When an airfoil is exposed to greater dynamic pressure (q), it encounters more air particles
and thus produces more lift. Therefore, lift is dependent upon the density of the air (i.e., the
atitude) and the velocity of the airflow. An increase in density or velocity will increase lift.

Since lift is produced by pressure, which is force per unit area, it follows that a greater area
produces a greater force. Therefore, an increase in wing surface area produces greater lift.

The Aspect ratio deals with the shape of the wing. Viscosity affects the aerodynamic force
since it decreases the velocity of the airflow. Although we consider subsonic airflow to be
incompressible, it does compress dlightly when it encounters the wing. there is no way to
control aspect ratio, viscosity, or compressibility. The coefficient of lift depends essentially on
the shape of the airfoil and the angle of attack [21].

) 1 gh]
A
1o ——— [ LA,
8 12 ‘ | < |/ F \
= 0 {6?/1_.&\9 Qe ' |

Humcar
T \ - { !
e ol X '
B AP ar:
{Erapamum

4 3 0 3 & ® 12 15 W N | 2y W N
ANGLE OF ATTACK

Figure 18: Variation of lift vs AOA

Figure (11.18) plots C_ asit varieswith AOA. These curves are for three different airfoils: One
symmetric, one negative camber and one positive camber. The shape of the C, curve is
similar for most airfoils. At zero angle of attack, the positive camber airfoil has a positive CL,
and the negative camber airfoil has a negative C.. The point where the curves cross the
horizontal axis is the AOA where the airfoil produces no lift (C. = 0). At zero AOA the
symmetric airfoil has C_ = 0. The positive camber airfoil must be at a negative AOA, and the
negative camber airfoil must be at a positive AOA for the CL to equal zero. As angle of attack
increases, the coefficient of lift initially increases. In order to maintain level flight while
increasing angle of attack, velocity must decrease. Otherwise, lift will be greater than weight
and the airplane will climb. Velocity and angle of attack are inversely related in level flight.

|
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[11.2.2 Drag

Drag is the component of the aerodynamic force that is paralel to the relative wind, and acts
in the same direction. The drag equation is the same as the aerodynamic force equation,
except that the coefficient of drag (Cp) is used.

L=_pSVZCy, (19)

Note that Cp is low and nearly constant at very low angles of attack. As angle of attack
increases, Cp rapidly increases. Since there is always some resistance to motion, drag will
never be zero, so Cp will never be zero.
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Figure 19: Variation of Drag coefficient with AOA.
Drag isdivided into parasite drag and induced drag.

UT = U_p + U_.I (20)

» PARASITE DRAG

Parasite drag (lJp) isdrag that is not associated with the production of lift. It is composed of
form drag, friction drag and interference drag.

Form drag: also, known as pressure drag or profile drag, is caused by airflow
separation from a surface and the low-pressure wake that is created by that separation.
It is primarily dependent upon the shape of the object.

Friction drag: Due to viscosity, a retarding force called friction drag is created in the
boundary layer. Turbulent flow creates more friction drag than laminar flow. Friction
drag is usually small per unit area.
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Interference drag: is generated by the mixing of streamlines between components.
An example is the air flowing around the fuselage mixing with air flowing around an
external fuel tank. We know the drag of the fuselage and the drag of the fuel tank
individually. The total drag after we attach the fuel tank will be greater than the sum of
the fuselage and the fuel tank separately. Roughly 5 to 10 percent of the total drag on
an airplane can be attributed to interference drag.

Total parasite drag (Dp) can be found by multiplying dynamic pressure by an area
Equivalent parasite area (f)is the area of a flat plate perpendicular to the relative wind that
would produce the same amount of drag as form drag, friction drag and interference drag
combined. It is not the cross-sectional area of the airplane [22].

The equation for Dpis:
Dy=pV?f = qf (21)

Parasite drag varies directly with velocity squared (V2), so a doubling of speed will result
in four times as much parasite drag figure 20.

'

Parasite
drag

Airspeed
0 -
Slow Fast
(high angle of attack) (low angle of attack)
A= Dy
Long-range cruise High-speed cruise

Figure 20: Drag parasite vs. Ve ocity

» Induced drag (DI)

Induced drag (DI) is that portion of total drag associated with the production of lift, or it is
the parallel component of total lift.

I T
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Figure 21: Induced Drag

The U, equation is derived from the aerodynamic force equation and the assumption that
weight equals lift in equilibrium level flight

kL= K=

1= p VL= = p VL= (22)
Analyzing the equation shows that increasing the weight of an airplane will increase induced
drag, since a heavier airplane requires more lift to maintain level flight. Induced drag is
reduced by increasing density (p), velocity (V), or wingspan (b). In level flight where lift is
constant, induced drag varies inversely with velocity, and directly with angle of attack.
Another method to reduce induced drag isto install devices that impede the span wise airflow
around the wingtip. These devices include winglets, wingtip tanks, and missilerails.

INDUCED DRAG (D))

VELOCITY (TAS)

Figure 22: Drag induced vs. Velocity
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Parasite and induced drag can be added together to create atotal drag curve.

By superimposing both drag curves on the same graph, and adding the values of induced and
parasite drag at each velocity, the total drag curve of Figure 23 is derived. The drag curve
depicted is particular to one weight, one atitude and one configuration. As weight, altitude
and configuration change, the total drag curve will shift.

h Total Drag

Drag

Minimum Drag
spead —-

Stall speed —»

Parasitic Drag

Induced Drag

/

Figure 23: Tota drag vs. Velocity

Airspeed

[11.2.3. LIFT TO DRAG RATIO

An arfoil is designed to produce lift, but drag is unavoidable. An airfoil that produced the
desired lift but caused excessive drag would not be very useful. We use the lift to drag ratio
(L/D) to determine the efficiency of an airfoil. A high L/D ratio indicates a more efficient
airfoil.[23].
L/D iscalculated by dividing lift by drag. All terms except (; and(; cancel out:

L eV g
U VISt (o

(23)
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Figure 24: Lift to Drag Ratio

A ratio of the coefficients at a certain angle of attack determines the L/D ratio at that angle of
attack. The L/D ratio can be plotted against angle of attack along with €, andC, Figure 24

The maximum L/D ratio iscaled L/L,,
L/U,, AOA produce the minimum total drag.

L/b,, islocated at the bottom of the total drag curve. Any movement away from L/IDMAX
will increase drag.

At L/, AOA, parasite drag and induced drag are equal. At velocities below
L/L,, , the airplane is affected primarily by induced drag, while at velocities above
L/U,, ,theairplaneisaffected primarily by parasite drag.

L/U,, AOA produce the greatest ratio of lift to drag. Note that this is not the
maximum amount of lift that can be produced, nor does it correspond to the airplanes
maximum speed.

L/U,, AOA isthe most efficient angle of attack. Note that L/D is the efficiency of
the wing, not the engine.

[11.3 Dimensionless for ce and moment coefficients

The dimensionless force and moment coefficients are defined as follows [24]:

Lift coefficient : C,= s
Drag coefficient : Cy= ﬁ
Normal force coefficient : Cy= Hlb
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Axial force coefficient : C\= ﬁ
Moment coefficient : Cor = H“’s

S = reference area

| = reference length

For an airplane wing, “S” is the planform area, and” I” is the mean chord length, as illustrated
in figure 25.

Area >

a = plunform arca
I =2 ¢ = ¢chord length

Figure 25: Reference areaand length for an airplane wing
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C.REVIEW OF STRUCTUR MECHANICS

I. Notions of solid mechanics

| .1Equation of motion

If an external forcef (t) acts on the mass, the law of Newton is written as:
mi=—kx—cx+ f(t)

mi + ci+ Kk x = f(f) (24)
where:

M: The masse

¥ The acceleration

X Velocity

X Displacement

k:

C: Damping factor

It is indeed a second-order differential equation, linear and with constant coefficients, of
which it isworthwhile to study in detail the solutions, for two reasons:

- Many systems of practice can be described by an equation of this kind

- A good understanding of the elementary oscillator facilitates the study of the more complex
systems that will be addressed [25]

» Modified form of the equation of motion

Let us return to equation (1). It expresses the fact that the external force f (t) is equal to the
sum of the three internal forces of the system, namely the inertia force mi, the viscous
resistance force ci and the elastic force kx.

mi + ci+ kx = f(f)
I ———————————SS———
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Division by mass:
. L . H 1
X'l‘ZE x+mx—mf(t) (25)

And introduce the notations:

ws = LN Wy = Ji Pulse of the conservative system

T i

A=— damping coefficient

n= =— relative damping (or damping factor)

Therefore, the differential equation iswritten as:
¥ +2 00 +awd x = — f(t) (26)

The four terms have the physical dimension of an acceleration.

If we now divide (24) the stiffness K, the equation includes terms having the dimension of a
displacement.

L

R LA =1f () (27)

The second member represents the displacement caused by the externa force if the system
had only the stiffness k

x(£) == ()

Using the above definitions, the equation becomes

1 .. 2h .
m—gx +m—E x+x = x.(t) (28)

Thislast form of the equation of motion iswell adapted when the forced regime is sought by a
displacement imposed on the system.

I.2 The displacement

Displacement is the difference between the fina and initial position of a point (for instance,
the center of mass of a moving object).

The actual path covered to reach final position is irrelevant. It can simply be fined as the
shortest path between the final point and initial point of body, displacement field

I
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(mechanics), an assignment of displacement vectors for all pointsin a body that is displaced
from one state to another.

|.3 The deformation
Deformation is a change in the shape or size of an object due to an applied force.

Deformation in continuum mechanics is the transformation of a body from a reference
configuration to a current configuration ,a configuration is a set containing the position of all
particles of the body, a deformation may be caused by external loads body forces ( such as
gravity ) or another forces, or changes in temperature, chemical reaction, ...etc. deformation
is often described as strain is a description of deformation in terms of relative displacement of
particlesin the body that excludes rigid body motions [26].

The engineering normal strain or engineering extensiona strain or nominal strain & of a
materia line element of fiber as axially loaded is expressed as the change in length AL per
unit of the origina length L of the line element or fibers. The normal strain is positive is the
materia fibers are stretched and negative if they are compressed. This, we have:

_ AL _ I-L

& = T = T (30)
where & is the engineering normal strain, L is the origina length of the fiber | is the final
length. Depending on the type of material, size and geometry of the object, and the forces
applied, various types of deformation may result.

The imagine to the right shows the engineering modes vs. strain diagram for atypical ductile
condition, as can be depicted using a deformation mechanism.

|.3.1 Elastic defor mation

Thistype of deformation is reversible. Once the forces are in longer applied, the object returns
to its original shape. Elastomers and shape memory metals such as National exhibit large
elastic deformation ranges, as does rubber. However, elasticity is nonlinear in these materials.
Normal metals, ceramics and most crystals show linear elasticity and smaller elastic range.
Linear elastic deformation is governed by Hooke’s low, which states: [27]

g=E (Mpa) (3D

Where o is the applies stress, E is the material constant called young’s modulus, and & is the
resulting strain. This relationship only applies in the elastic range and indicates that the slope
of the stress vs. strain curve can be used to find young’s modulus. Engineers often use this
calculation in tensile. The elastic range ends when the material reaches its yield strength at
this point plastic deformation begins.
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Figure 27: The behavior of stresses
Where:

% Yield strength or the max stress: isthe stress at which a slight increase in stress will resent
in appreciably increase in strain without increasing in stress.

¢+ Proportional limit: the upper stress limit that the strain varies linearly with stress material
follow Hooke’s law.

% Elastic limit: the upper stress level of which the material behaves elastically.
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|.3.2 Plastic defor mation

This type of deformation is irreversible. However, an object in the plastic deformation range
will first have undergone elastic deformation, which is reversible, so the object will return
part way to its origina shape. Soft thermoplastics have a rather large plastic deformation
range as to ductile metals such as copper, silver and gold. Steel does, too, but not cast iron.
Hard thermosetting plastics, rubber, crystals, and ceramics have minimal plastic deformation
ranges. One material with a large plastic deformation range is wet chewing gun, which can be
stretched dozens of times its original length [28].

Under tensile stress, plastic deformation is characterized by a strain hardening region and a
necking region and finally, fracture, (also called ruptured). During strain hardening the
material becomes stronger through the movement of atomic dislocations. The necking phase
is indicated by a reduction in cross-sectional area of the specimen. Necking begins after the
ultimate strength is reached. During necking, the material can no longer withstand the
maximum stress and the strain in the specimen rapidly increases. Plastic deformation ends
with fracture of the material [29].

|.4 Metal fatigue

Another deformation mechanism is metal fatigue, which occurs primarily in ductile metals.
It was originaly thought the material is deformed only within the elastic range return
completely to its original state once the forces were removed [30].

Il. Resistancecriterion
1.1 Von-Mises stresses

Von-Mises stress is widely used by the designers to cheek whether their design will withstand
a given load condition. Von-Mises stress is considered to be safe haven for the design
engineers. Using this information an engineer can say his design will fail, if the maximum
value of Von-Mises stress induced in the materia is more than strength of the material. It
works well for the most of the case, especially when the material isductile in nature. [31].

The condition of failure will be as follows.

D e e D s A e S

: = o, (32

The left-hand side of the above equation is denoted as Von-Mises stress end in the other side
is denoted the yield stress.

So as a failure criterion the engineer can check whether von misses stress inducted in the
material exceeds yield strength (for ductile material) of the material. So, the failure condition
can be smplified as

o, =0, (33)
]
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1.2 Tresca-yield surface

The Trescayield criterion is taken to work of Henri Tresca. It is also known as the maximum
shear stress theory (MSST) and the Tresca-Guest (TG) criterion. In terms of the principal
stresses the Tresca criterion is expressed as [32]:

Bl | =

1
max (o3 — oy , |0y — o ,| 0, — 05 | )= 5 = % (34)

Where S,y is the yield strength is shear, and S, is the tensile yield strength. Figure 28 shows
the Tresca-Guest yield surface in the three-dimensional space of principal stresses. It is a
prism of six sides and having infinite length. This means that the material remains elastic
when all three principal stresses are roughly equivalent (a hydrostatic pressure), no matter
how much it is compressed or stretched. However, when one of the such situations, if they
become smaller (or larger) than the others material is subject to shearing. In domain. Figure
30 shows the Tresca-Guest yield surface in dimensiona stress space, it is a cross section of
the prism along the a,, @, plane[33].

&3

Figure 28: View of Tresca-Guest yield surface Figure 29: Tresca-Guest yield surface
in 3D space of principal stresses. in 2D space (o4, 03)

Figure 30: Tresca, von Mises criterion

L
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Conclusion:

We have seen in theoretical part three important steps.

In the first step, we address to the definition of wing, its types, its advantages and disadvantages. We
discussed a so the geometry of the wing and its manufacturing material.

In the second step, we have seen an overview about fluid mechanics a basic equation of
conservation than the flow types around wings all those effects are governed by norms
represented by different parameters (Reynolds number, the Mach number), and the boundary
layer. We have aso defined what means aerodynamic, the characteristic of air and the
aerodynamics forces and moments. Finally, we address to the forces applied on the wing (lift
and drag), its definition and its types and the relation between them.

In the last step, we have seen the notions of solid mechanics, which are the deformation,
elastic deformation, plastic deformation and. Also, we have shown the resistance criterion,
which concludes the Von-Mises stresses and the Tresca yield surface.
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Aerodynamicists have long realized that the flow over awing is more complex, in order to study the
effect of air on the wing surface with different chord, span and wing profile. thereis afast and accurate
analysis method called the computational fluid dynamic (CFD).

CED has been made around the early 20" century, it includes the use of applied mathematics, physics and
computational software to visualize how agas or liquid flows as well as how it effects objects asit flows
past.

In this chapter, we will see anumerical simulation of the flow behavior around awing and the effect of
aerodynamic forces on the wing surface.

Thissimulation is done by different geometry with help of ANSY S 16.0 software.
|. Steps of smulation
|. 1Drawing geometry

This step consists of drawing the geometry of the problem, the wing profile and the surrounding fluid
domain, using the ANSY S Design Modeler software which allows to import CAD, 2d (Sketch) plots, 3d
object sketch (extrusion etc....) and manipulate 3d objects.

The study was performed in terms of the wing length, the chord root and the camber (different profiles).
The profiles used are:
NACA 4412, It isthe same profile for the wing of Airbus A321.

Figure 1: Profile NACA 4412
NACA 4318 which isthe same profile for thewing of ATR 72.

Figure 2: Profile NACA 4318

NACA 4415which isthe same profile for the wing of Airbus A321.

Figure 3: Profile NACA 4415

MIs 15 36



The geometry is done by ANSY S DesignerModler and the mesh by Ansys Designer meshing.

For the geometry, we draw two volumes of control, in order to get afiner mesh on the wing surface.

Figured:Wing geometry
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Figureb: Mesh generation
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v' Boundary conditions:

The boundary conditions used for each simulation are as follow:

Element Boundary condition
Inlet Velocity inlet
Outlet Velocity outlet
Wingtip wall

Wing surface wall

Symmetry wall

Table 1. Boundary conditions

Figure 6: Named of boundary conditions

| .2Fluent simulation softwar e

Ansys Fluent software is one of the most powerful computational fluid dynamics (CFD) software tools
available. It contains the broad physical modeling capabilities needed to model flow turbulence, heat
transfer, and reaction for industrial applications ranging from air flow over an aircraft wing to combustion

in afurnace and much more.

In our work, the software allows us to have the |oads (aerodynamic forces) exerted by the fluid (air)on the
wing.
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The conditions used in fluent software are shown in the table 2.

Density p=12 k /m’
(incompressible flow)

Flow type steady /viscous (Spamlart-Allamars model)
Inlet pressure Atmospheric pressure 101325 Pa
Inlet velocity 100 m/s

Angle of attack null angle of attack (0°)

Table 2: Input conditions for the simulation

.3 Modal analysis

In modal analysis, we are interested to find the first four modes shapes of vibration. The first fourth
natural frequencies of the system will be found using ANSY S workbench (Modal) which will serve as a
base for us for transient and vibrational analysis of the system.

The wing geometry in 3D isrepresented in figure 4

The materia used is an aluminum alloy. Its characteristics are presented in table 3.

Variables Value Unit
Density 2770 Kg. m™?
Young’s Modulus 7.1* 10t Pa
Poisson’s Ratio 0.33

Shear Modulus 2.6692* 10* Pa

Tensileyield strength 2.8* 10° Pa

Compressiveyield strength 2.8* 10° Pa
Tensile ultimate strength 3.1* 107

Reference Temperature 22 ce

Table 3: Characteristics of aluminum alloy

/' ____________________________________________________|
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|.4 Static structural analysis

A static analysis calculates the effects of steady loading conditions on a structure, while ignoring inertia
and damping effects, such as those caused by time-varying loads. A static analysis can, however, include
steady inertia loads (such as gravity and rotational velocity), and time-varying loads that can be
approximated as static equivalent loads (such as the static equivalent wind and seismic loads commonly
defined in many building codes)

In this section, we are interested to find the maximal deformation, von-Mises stress, strain and the strain
energy of the different wing model when it due to the aerodynamic forces.

The boundary conditions used in static structural analysis are the same as the modal analysis and just we
add the force applied on the wing surface.

Il. Results

We show the results obtained for the different profiles used in our study (NACA4412, NACA4415,
NACA4318)

From the fluent software, we obtain the lift, drag and the moment coefficients for each case.
I1.1Effect of wing length
The table below shows the result aerodynamic coefficient obtained after different ssmulation

For NACA 4412 profile and with different wing length and constant chord.

Ce (M) 0,14
c, (m) 0,582
L(m) 3 35 3.9 45
€y 0.348 0.357 0.675 0.804
Cy 0.020 0.018 0.028 0.032
Cp 0.046 0.047 0.068 0.081

Table 4: Aerodynamic coefficientswith different wing length

MIs 15 40



lift coefficient versus wing length
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Figure 7: Lift coefficient versus wing length
- Wenoticein figure? that the lift coefficient varies increasingly in function of the wing length.

We can see from this figurethat the variation of lift coefficient between L = 3.5m and L= 3m is not
important, but it increases sharply from L = 3.5m.
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Drag and moment coefficient versus wing length
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Figure 8: Drag and moment coefficients versus wing length.

- We can see from the figur e 8that the drag coefficient varies also in function of the wing length, it
decreases a little bit to reach the minimum value at L=3.5m, then it increases to reach the
maximum value at L=5m, where the highest value reached is 0.036 and the smallest is of 0.018.

- The moment coefficient varies also increasingly in function of the wing length, we notice that the
highest absolute value of the moment coefficient is 0.081 for L=4.5m and the smallest value is
0.046 for L=3m.

The variation of drag and moment coefficients are also not important between L=3m and L=3.5m

After the different simulations for different wing length, we have got a static pressure contours and
velocity vectors which are depicted below.

|
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L=3mL=3,5m

L=3,9m L=4,5m

Figure 9: Contours of static pressure for different wing length

- The figure 9 shows contours of static pressure for different wing length.We can see from this
figure that we almost have the same pressure evolution for the different wing length.
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Figure 10: Velocity vectors (m/s) for different wing length

The figures 10 shows velocity vectors for different wing length. We can see from this figure that
we amost have the same velocity evolution for the different wing lengths.

We can also see that there is a sharp decrease in the speed at the leading edge.

We notice that the flow follows the shape of the profile, there is no separation or reversed flow.

[1.1.1Calculation of drag and lift forces
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To calculate the drag force: K = % aVacy,
Andthelift forceusing:  F, = %p Vac,

The resultant force we can calculate by the relation:

R= J K2+ F?
where
p = 1,225 kg/m?
V =100 m/s
L(m) 3 35 3.9 45
F, (N) 2307.11 2758.62 5806.48 7986.42
F,(N) 13640 140.05 240.97 317.70
R (N) 2311*.38 3863.44 5811.47 7992.73
Table5: Values of
lift and drag forces
and their resultant. (NACA4412)
Resultant force versus the wing length
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Figure 11: Resultant force according to the wing length.
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- Thefigure 11 illustratesthe curve of resultant force according to the wing length. We notice that
there is a proportiona relationship between these two parameters, when we increase the wing
length the resultant force also increases.

I1.1.2Modal analysis

The table 6 show the results of modal anaysis fordifferent profiles, different wing length and with
constant chord (€, = 0.582m and £;, = 0.14 m).

The modal analysis is characterized by the frequencies and the maxima amplitudes for different wing
length

Profile NACA 4318 Profile NACA 4415 Profile NACA 4412
Wing | Mode | Frequency Maximum | Frequency Maximum | Frequency Maximum
length | shape Hz amplitude | Hz amplitude | Hz amplitude
(m) (m) (m) (m)
1 26.622 0.260 11.343 0.364 9.803 0.401
2 72.355 0.430 35.615 0.505 31.373 0.552
L=3 3 136.73 0.248 70.05 0.360 70.248 0.479
4 148.06 0.514 79.075 0.555 70.457 0.552
1 9.851 0.306 8.3297 0.336 7.065 0.366
2 30.838 0.427 26.087 0.469 23.181 0.487
L=35| 3 | 52417 0303 | 51917 0333 | 51818 0375
4 68.371 0.474 57.846 0.521 53.023 0.526
1 7.9471 0.290 6.7197 0.318 5.508 0.353
2 24.886 0.403 21.051 0.443 17.5 0.482
L=391 3 | 42374 0287 | 41971 0316 | 39343 052
4 55.207 0.448 46.703 0.492 42.172 0.355
1 5.9769 0.269 5.0594 0.296 4.081 0.332
2 18.722 0.375 15.855 0.412 12.818 0.461
L=45 3 31.963 0.267 31.635 0.294 28.35 0.509
4 41,561 0,41561 35,194 0,45684 31.72 0.33132

Table6: Results of modal analysis with different wing lengths.
The first four mode shapes are depicted below

|
MIs 15 46



L=3m L=3.5m

L=39 L=4.5m

Figure 12:First mode shape for different wing lengths (NACA4412)
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L=3m L=3.9m

L=3.9m L=4.5m

Figure 13: First mode shape for different wing lengths (NACA4415)
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L=3m L=3.5m

L=3.9m L=4.5m

Figure 14: First mode shape for different wing lengths (NACA4318)
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L=3m L=3.5m

L=3.9m L=4.5m

Figure 15: Second mode shape for different wing lengths (NACA4412)
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L=3mL=3.5m

L=3.9m L=4.5m

Figure 16: Second mode shape for different wing lengths (NACA4415)
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L=3m L=3.5m

L=3.9m L=4.5m

Figure 17: Second mode shape for different wing lengths (NACA4318)
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L=3m L=3.5m

L=3m L=3.5m

Figure 18: Third mode shape for different wing lengths (NACA4412)
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L=3m L=3.5m

L=3.9m L=4.5m

Figure 19: Third mode shape for different wing lengths (NACA4415)
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L=3m L=3.5m

L=3.9m L=4.5m

Figure 20: Third mode shape for different wing lengths (NACA4318)
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Frequency versus wing length
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Figure 21: Variation of frequency according to the wing length (NACA 4412)
for the first mode

- The figure 21 illustratescurve of frequency of the first mode shape according to the wing length
for NACA 4412 Profile. We observe from this figure that the frequency varies decreasingly in
function of the wing length, so when the wing length increases the frequency decreases.

Maximum amplitude (m)
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Figure 22: Variation of maximum amplitude of the first mode shape according to different wing length
for (NACA 4412)
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- The figure22 representsthe curve of maximum amplitude of the first mode shape according to
different wing length for NACA 4412 Profile. We can see from this figure that the maximum
amplitude varies also decreasingly in function of the wing length.

Note that we have got the same variation of frequency and maximum amplitude for the other profiles.
I1.1.3 Static structural analysis

The tables below show the results of static structural analysis for different wing length and with different
profiles.

Wing  Maximal von- Maximal Maximal Maximal Strain
length Mises stress Elastic Strain Deformation Energy (J)
(m) (Pa) (m/m) (m)

3 1.021 107 1.489 10°* 2063 10°° 0.046

35 1.508 107 2157 10°* 4.037 10°¢ 0.139

39 4.042 10 5701 10~* 0.126 0.808

4,5 6.548 107 9.232 10°* 0.276 2.405

Table 7: Results of maximal, stress, strain, deformation and strain energy with different wing

lengths(NACA 4412)

Wing Maximal Maximal Maximal Maximal Von-Mises
length  Elastic Strain = StrainEnergy deformation stress (Pa)

(m) (m/m) ) (m)

3 1.5594 10°* 4318 107° 0.0009312 1.1071 10°
35 1.1893 107 8.642 107¢ 0.01384 8.4419 10°
39 277 10°* 0.479 0.04011 1.9662 107
4.5 4.4410 10~* 0.9%4 0.084 3.1508 107

Table 8: Results of maximal, stress, strain, deformation and strain energy with different wing lengths

(NACA 4318)
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Wing Maximal Maximal Maximal Maximal von-Mises
length  Elastic Strain Strain deformation stress
(m) (m/m) Energy(J) (m) (Pa)
3 1.1283 107 4.829 10°¢ 0.012 8.006 10°
35 1.767 10~* 7.952 107¢ 0.023 1.254 10°
39 4101 10~* 0.434 0.067 2911 10°
45 6.32 10~* 1.309 0.141 4.492 107

Table 9: Results of maximal, stress, strain, deformation and strain energy with different wing lengths
(NACA 4415)

Maximal deformation versus wing length

Maximal deformation (m)
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(9]
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==@==profile NACA 4412 ==@=profile NACA 4318 profile NACA 4415
Figure 23: Maximal deformation according to the wing length.
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- Thefigure 23illustrates the curve of the maximal deformation values according to the wing length
with aluminum alloy material, we observe from this curve that the maximal deformation increases
when the wing length increases.

After different ssimulations, we have got atotal deformation, strain, von-Mises stress and stress energy
for the three profiles, just those for profile NACA4412 which are depicted below:

L=3m L=3.5m

L=3.9m L=4.5m

Figure 24: Tota deformation for different wing lengths
- Thefigure 24 shows the total deformation according to the wing length for NACA 4412 profile.
We observe from this figure that the maximal deformation is located on the free end (red color)

for the different wing lengths. We also observe that for the fixed end its deformation is zero (blue
color).
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L=3m L=3.5m

L=3.9m L=4.5m
Figure25: Equivalent elastic strain for different wing lengths
- Thefigure 25shows the equivalent elastic strain for different wing lengths of the NACA 4412. We

observe from this figure that the maximal elastic strain is located on the fixed end (red color) and
for the free end it is zero (blue color).
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L=3m L=3.5m

L=3.9m L=4.5m

Figure 26: Equivalent von-Mises stressfor different wing lengths

- The figure 26shows the equivalent Von-Mises for different wing lengths with NACA 4412. We
observe from this figure that the maximal Von-Mises centralized in the fixed extremity (red color)
and for the free extremity is null (blue color)
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L=3m L=3.5m

L=3m L=3.5m

Figure 27: Strain energy for different wing lengths

- The figure 27shows the strain energy for different wing lengths of the NACA 4412. We observe
from this figure that the maximal strain energy is located on the fixed end (red color) and for the
freeend it is zero (blue color)

From these results, we note that the high lift and the low drag are obtained for different length value. The
lift is maximal for a span of 4.5m but the drag is minimal for a span of 3.5m.

Concerning the total deformation and the Von-Mises stress we note that they achieved their minimum
value for a span of 3m.

We conclude that there is note an only value which satisfies the two constraints then we must make a
compromise to have the best characteristics.

______________________________________________________________________________________________________________________|]|
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|1.2. Effect of the chord root length

The table below shows the results of aerodynamic coefficients for the same wing profile and different
chord root lengths and with constant wing length.

L (m) 3,9

¢, (m) 0.3 0.4 05 0.582
C, 0.348 0.362 0.445 0.675
Cu 0.014 0.019 0.023 0.028
Con 0.046 0.031 0.040 0.068

Table 10: Aerodynamic coefficients with different chord root lengths (profile NACA4412)

Lift coefficient versus chord root
0,8
0,7
0,6
0,5

0,4

0,3

Lift coefficient

0,2

0,1

0,3 0,4 0,5 0,582
Chord root length (m)

=—@—CL
Figure 28:Lift coefficient versus chord root lengths
- The figure 28shows that the lift coefficient varies increasingly in function of the chord root length,

where it goes up from the minimum value of 0.348 at the chord root of 0.3m to reach the maximal
value for 0.675 at the chord root of 0.582m.
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Drag and moment coefficient versus chord root
length
0,08
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0,06
0,05
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Figure 29: Drag and moment coefficients versus chord root

- The figure 29illustrates the curves of drag and moment coefficients according to the chord root
length. We notice from this figurethat the drag coefficient varies also in function of the chord root
length, where it goes up from €, = 0.3m for value 0.014 of lift coefficient to reach the maximal
value of 0.028 at the chord root of 0,582m

- The moment coefficient varies also in function of the chord root length, so when the chord root length
increases the moment coefficient increase, where it goes up from €, = 0,3m for vaue 0.028 of
moment coefficient to reach the maximal value of 0.068 at

C, =045m

After the different smulations for different chord root length, we have got a static pressure contours
and velocity vectors which are depicted below.

|
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€. =03m (€, =04m

€, =05mc, =0.582m

Figure 30: Contour of static pressure for different chord root lengths

- Thefigure 30 shows contours of static pressure for different chord root lengths.We can see from
this figure that we almost have the same pressure evolution for the differentchord root lengths.
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Figure31:Velocity vectors for different chord root lengths

- We can see fromfigures 31we have the same velocity evolution for chord root as the case of
variation of wing length. So, wehave a sharp decrease in the speed at the leading edge and we
observe aso that the flow follows the shape of the profile, thereis no separation or reversed flow.

[1.2.1Calculation of drag and lift forces

______________________________________________________________________________________________________________________|]|
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p = 1,225 kg/m?

V =100 m/s
C. (m) 0.3 0.4 0.5 0.582
F, (N) 1786.78 2336.24 3402.72 5823.02
F, (N) 77.13 128.21 177.11 241.64
R(N) 1788.44 2339.75 31735 5828.03

Table 11: Values of lift and drag forces and their resultant

Resultant force versus chord root length
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Figure 32: Resultant force according to the chord root

- Thefigure 32illustrates the curve resultant force according to the chord root length. We observe
that we have proportional relationship between these two parameters.When the chord root length
increasesthe resultant force also increases.

[1.2.2Modal analysis
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The tablel2 show the results of modal analysis fordifferent profiles, differentchord root length and with
constant wing length (L = 3.9m).

The modal analysisis characterized by the frequencies and the maximal amplitudes.

Profile NACA 4318

Profile NACA 4415

Profile NACA 4412

Chord root | Mode | Frequency | Maximum | Frequency | Maximum | Frequency | Maximum
length (m) | shape Hz amplitude Hz amplitude Hz amplitude
1 3.283 0.349 2.7732 0.383 2.260 0.427
2 13.417 0.407 11.333 0.447 9.253 0.499
c, =03
3 17.52 0.349 17.355 0.383 17.437 0.427
4 32.947 0.429 27.832 0,.470 22.733 0.525
1 4.838 0.326 4.097 0.358 3.337 0.402
2 17.382 0.408 14.73 0.449 12.016 0.504
C, =04
3 25.899 0.325 25.641 0.357 25.667 0.401
4 40.803 0.438 34.577 0.481 28.23 0.540
1 6.514 0.305 5.5135 0.335 4.4613 0.373
2 21.482 0.406 18.187 0.447 14.935 0.488
c, =05
3 34.814 0.303 34.454 0.333 34.351 0.521
4 48.742 0.444 41.267 0.4889 34.552 0.379
1 7.947 0.290 6.7197 0.318 5.508 0.353
2 24.886 0.403 21.051 0.443 17.5 0.482
C, =0.582
3 42.374 0.287 41.971 0.316 39.343 0.524
4 55.207 0.448 46.703 0.492 42.172 0.355

Tablel2: Results of modal analysis with different chord root length

The first four mode shapes are depicted below.
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€, =0.3m C, =04m

€, =0.5m €, =0.582m

Figure 33: First mode shape for different chord root lengths(NACA4412)
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€, =0.3m €, =04m

€, =0.5m €, =0.582m

Figure 34: First mode shape for different chord root lengths (NACA4415)
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C,. =0.3m C,. =0.4m

€, =05m €, =0.582m

Figure 35: First mode shape for different wing lengths (NACA4318)
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C,. =0.3m C,. =0.4m

€, =0.5m C, =0.582m

Figur e 36: Second mode shape for different wing lengths (NACA4412)
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€, =0.3m C, =0.4m

€, =05m €, =0.582m

Figure 37:Second mode shape for different wing lengths (NACA4415)
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€, =0.3m C, =0.4m
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€, =05m €, =0.582m

Figur e 38: Second mode shape for different wing lengths (NACA4318)
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C,. =0.3m C,. =0.4m

€, =05m €, =0.582m

Figure 39: Third mode shape for different wing length (NACA4412)

Mis 15 75



€, =0.3m C,. =04m

Figure 40: Third mode shape for different wing lengths (NACA4415)
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C,. =0.3m C,. =0.4m

€, =05m €, =0.582m

Figure 41: Third mode shape for different wing lengths (NACA4318)

The results obtained in table 12 are plotted in figure 42 and 43.
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Frequencies versus chord root length
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Figure 42: Variation of frequency according to the chord root length

(NACA 4318) for the first mode shape

The figure 42 illustrates the curve of frequency according to the chord root length (NACA 4318)
for the first mode shape. We observe from this figure that the frequency varies increasingly in
function of the chord root length.

Maximum amplitude versus chord root length
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Figure 43: Maximum amplitude according to the chord root length

(NACA 4318) for the first mode shape

The figure 43 illustrates the curve of maximum amplitude according to the chord root length
(NACA 4318) for the first mode shape. We observe from this figure that the maximum amplitude
varies decreasingly in function of the chord root length.
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[1.2.3 static structure analysis

The tables 13, 14, 15 shows the results of static structural analysis for differentchord root lengths and for
different profiles.

Chord root Maximal von- Maximal Elastic Maximal Maximal
(m) Mises Stress Strain deformation Strain Energy
(Pa) (m) ()
0,3 1.008 10° 1.410 107°° 0.457 0.650
0,4 5.297 107 7.466 107* 0,209 0.397
5502 10~
0,5 3.902 107 0.134 0.543
0,582 4.053 107 5717 107* 0.126 0.813

Table 13: Results of maximalstress, strain, deformation and strain energy with different chord root

lengths (NACA 4412)
Chord Root Maximal von- Maximal Elastic Maximal Maximal
(m) Mises Stress Strain deformation Strain Energy
(Pa) (m) ()
0,3 45204 107 6.3668 10~ * 0.142 0.414
04 2.487 107 3.504 10~ 0.065 0.205
0,5 1.880 107 2.649 10~ 0.041 0.218
0,582 1.971 107 2777 107* 0.040 0.476

Tableld:Results of maximal stress, strain, deformation and strain energy with different chord root lengths
(NACA 4318)
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Chord Maximal Maximal Maximal Maximal
Root Forces (N) Elastic StrainEnergy deformation  von-Mises
(m) Strain J) (m) Stress (Pa)
0,3 k. =77.13 9.77 107 0.597 0.239 6.928 107
F, =1786.785
0,4 K, =12821 5355 10°* 0.364 0.109 3.802 107
F, =2336.24
0,5 K, =17711 3.733 10°* 0.301 0.069 2.650 107
F, =3402.726
0,582 F, =24164 4113 10°* 0.437 0.067 2.902 107
F, =5823.02
Tablel5: Result of stress, strain, maximal deformation and strain energy with different chord root
lengths(NACA4415)

The results of maximal deformation for the three profiles and for different chord rootlengths shown in
tables 13, 14, 15 areplotted in figure 44.

Maximal deformation versus chord root length
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Figure 44: Maximal deformation according to the chord root length.
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- The figure 44represents the curves of maximal deformation according to the chord root length, we

observe that there is an inverse relationship between the maxima deformation and the chord root
length.

We observe also that when the chord root length increases the maximal deformation decreases.

After the different simulations, we have got the maximal deformation, equivalent elastic strain,Von-Mises
stressand the strain energy for different chord root Iengths, which are depicted below.

¢, =05 ¢, =05
Figure 45:Tota deformationfor different chord root lengths (NACA4412)

- The figure 43 shows the total deformation for different chord root lengths of the NACA 4412
profile. We observe from this figure that the maximal deformation is located on the free end (red
color). We also observe that for the fixed end its deformation is zero (blue color).
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Figure 46:Equivalent elastic strain for different chord root lengths (NACA4412)

- The figure 46 shows the equivalent elastic strain for different chord root lengths of the NACA
4412 profile. We observe from this figure that the elastic strain is located on the fixed end (red

color) for the different wing lengths. We also observe that for the free end its elastic strain is zero
(blue color).
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Figure 47: Equivaent Von-Mises stressfor different chord root lengths (NACA4412)

The figure 47 shows the equivalent Von-Mises stress for different chord root lengths with NACA
4412 profile. We observe from this figure that the maximal Von-Mises stress located on the fixed

extremity (red color) for different chord root lengths. We also observe that for the free surface its
Von-Mises stressis null (blue color).
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c, =03 . c, =05
Figure 48: Strain energyfor different chord root lengths (NACA4412)

- The figure 48shows the strain energy for different chord root lengths of the NACA 4412. We
observe from this figure that the maximal strain energy is located on the fixed end (red color) and
for the free end it is zero (blue color)

From these results, we note that the high lift and the low drag are obtained for different length value. The
lift is maximal for chord root of 0.582m. But the drag is minimal for a chord root of 0.3m.

Concerning the total deformation, it’s minimal value achieved for chord root of 0.582m and for the
minimal Von-Mises stress is achieved for chord root of 0.5m.

We conclude that there is note an only value which satisfies the two constraints then we must make a
compromise to have the best characteristics.

I1.3Effect of the camber
||
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In this step, we will see theeffect of the camber for three different profiles used in our study which are the
NACA 4412, NACA 4318 and NACA 4415 with the same wing length (L=3m) and the same chord
(€, =0582mandC;, =0.14m)

According to the results we have found in the preceding steps, we drawgraph of the frequencies,
maximum amplitude, maximum deformation, Von-Mises stress and strain in function of the different
profiles used in our study for constant wing length in the first step and with constant chord root in the
second step

Frequency versus NACA profiles
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NACA 4412 NACA 4415 NACA4318
NACA Profiles

Figure 49:Variation of frequency of the first mode shape according to different profiles(L=3m)

- Thefigure 49 illustrates the curve of variation of frequency according to different profile for the
same wing length (L=3m). We observe from this figure that the frequency varies increasingly in
function of the NACA profiles.

Maximum amplitude versus NACA profiles
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Figure 50: Maximum amplitude of the first mode shape according to different profiles(L=3m)

- The figure 50 illustrates the curve of maximum amplitude according to NACA profilesfor the
same wing length (L=3m). We can see from this figure that the maximum amplitude varies

|
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decreasingly in function of the NACA profiles, we also see that the maximum amplitude of the

Mis 15

first mode shape for NACA 4318 is less than the other profiles

Maximal deformation versus NACA Profiles
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Figure 51: Maximal deformation according to the different profiles

The figure 51 illustrates the curve of maximal deformation according to the NACA profiles for
the same wing length (L=3m). We observe that the maximal deformation of the wing with profile

NACA 4318 is lesser than the NACA 4415 and NACA4412.
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Maximal Von-Mises stress versus NACA Profiles
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Figure 52: Maximal von-Mises stressaccording to the different profiles

- The figure 52 illustratethe curve of maximal Von-Mises stress according to different NACA
profiles which are used in our simulation and for constant wing length (L=3m).
We observe from this curve that the maximal stress Von-Mises varies decreasingly in function of
the profile shape and that the maximal Von-Mises stress of NACA 4412is higherthan the other

profiles.
Maximal Elastic Strain versus NACA Profiles
0,00016
0,00014
E 0,00012
\E’ 7’
c
'§ 0,0001
&
.2 0,00008
L
' 0,00006
©
E
% 0,00004
s
0,00002

0
NACA 4412 NACA 4415 NACA 4318

NACA Profiles

Figure 53: Maximal elastic strain according to different profiles
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- The figure 53 illustrates the curve of maximal elastic strain according to different profiles for
constant wing length (L=3m). We notice that the maximal elastic strain varies also decreasingly in
function of the profile shape and that the maximal elastic strain for NACA 4412 is higher than the

other profiles.
Frequency versus NACA profiles
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Figure 54: Variation of frequency of the first mode shape according to the NACA profiles
(Croo=0.3m).
- Thefigure54 illustrates the curve of frequency of first mode shape according to the NACA
profiles for (Cro0=0.3m). We observe from this figure that the frequency of the first mode shape
vary increasingly in function of the NACA profiles.

Maximum amplitude versus NACA profiles
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Figure 55: Maximum amplitude of the first mode shape according to the NACA profiles
(Cro0=0.3m).

- Thefigure 55illustrates the curve of maximum amplitude of the first mode shape according to the
NACA profiles for constant chord root length (C;00:=0.3m). We observe from this figure that the
maximum amplitude varies decreasingly in function of the NACA profiles. We observe also that
the maximum amplitude for the NACA 4318 is lesser than the other profiles
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Maximal Von-Mises stress versus NACA Profiles
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Figure 56: Maximal Von-Mises stress according to the different profiles

- Thefigure 56represents the curve ofmaximal Von-Mises stress according to the different NACA
profiles for constant chord root length (C,0:=0.3m). We can see from this curve that Von-Mises
stress varies also decreasingly in function of the profile shape and that the maximal Von-Mises
stressfor NACA 4412 is higher than the other profiles.
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Maximal elastic strain versus NACA Profiles
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Figure 57: Maximal elastic strain according to the different profiles

- Thefigure 57illustrates the curve of maximal elastic strain according to the different profiles for
constant chord length (C.o=0.3m). We can see that the elastic strain varies decreasingly in
function of the profile shape. So, when the camber of the profile increases the elastic strain

decrease and the absolute value of maximal elastic strain for NACA 4412 is higher than the other
profiles.

After the different simulations, we have got the total deformation, equivalent elastic strain, equivaent

Von-Mises stress and strain Energy for the profiles NACA 4412, NACA4415and NACA 4318 which are
depicted below.
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Figure 58: Total deformation L=3 (NACA 4412)
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Figure 59: Tota deformation for L=3m (NACA 4415)
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Figure 60: Total deformation for L=3m(NACA 4318)
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Figure6l: Equivalent elastic strain L=3m(NACA 4412)
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Figure 62: Equivalent elastic strain for L=3m (NACA 4415)
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Figure63: Equivalent elastic strain for L=3m (NACA 4318)
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Figure 64: Equivalent von-Mises stress for L=3m (NACA 4412)
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Figure 66: Equivalent von-Mises stress for L=3m (NACA 4318)
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Figure 67: Strain energy for L=3m (NACA 4412)
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Figure 68: Strain energy for L=3m (NACA 4415)
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000813717
9,1484e-5

45736e-5-
L0736e-7 Min

0,000
8,750

0,508
075

= 0.582m(NACA 4412)

A

B0B {m)

Figure 74: Equivaent elastic strain for

n, 0,

=0.582m(NACA 4415)

s

Figure

75: Equivaent elastic strain for €,

Mis 15

= 0.582m(NACA 4318)

|
96



0,000 %HJD E{IHU ()
0150 0750

Figure 76:Equivalent von-Mises stressforZ,, = 0.582m(NACA 4412)
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Figure 77: Equivaent von-Mises stress £,  =0.582m (NACA 4415)

Figure 78: Equivaent von-Mises stressfor £, = 0.582rm (NACA 4318)
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From these results, we note that the minimal deformation and the Von-Mises stress that they achieved
their minimum value for the NACA 4318.

Conclusion:

In this chapter, we have carried out a numerical simulation of the air flow over an aircraft wing in order
to evaluate the aerodynamic forces, represented by the aerodynamic coefficients (lift and drag), which are
exerted on the wing and thereafter to analyze the structure behavior under these forces.

The main aim of thiswork was toshow the effect of the geometrical parameters as the wing span, the
profile cord and the camber on the variation of the aerodynamic forces and on the response of the
structure to these forces. For this, an analyzewas performed, with different wing spans, cord lengths and
with different cambers (different profiles). The simulation was done by the ANSY S 16.0 software.

At the end of thiswork we conclude that the wings surface proprieties (span, cord and camber)are factors
on which depend the flow behavior characterized by the aerodynamic coefficients and the structure
response represented by the Von-Mises stress, elastic strain, strain energy and the total deformation.

/' ____________________________________________________|
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It is clear from this work that the ANSYS software is a good tool for the numerical
simulation of unsteady phenomena, which is the air flow over an airplane wing. This will
provideto make the right choices in terms of the wing geometry.

The study was performed in terms of different profiles which are NACA 4412, NACA 4415
and NACAA4318, with different spans and chord lengths. For the fluid part we wereinterested
to see the influence of the geometric parameters of the forces exerted by the fluid on the wing.
These forces are characterised by the aerodynamic coefficients and the repartition of the flow
over the wing.

In the solid part we have seen the response of the wing to the aerodynamic forces.At first a
modal analysis was performed to determine the first four modes with their frequencies and
their maximal amplitudes.this analysis was followed by a static structural anaysis through
what we have obtained the maximal deformation, Von-Mises stress, strain energy and the
equivaent elastic strain.

Thefine anaysis of the results gave access to some important informations.
We found that:

The wing surface properties which are the span ,the chord root length and the camber
are important factors on which depend on the aerodynamic forces.

The frequencies and the maximum amplitudes of mode shapes are effected by the
variation of the wing geometrical parameters.

The variation of the wing length, chord root and the camberinfluencesthe disturbition
of the Von-Mises stress, elastic strain, strain energy and the maximal deformation.

The best wing is that which has thehigh lift, small drag, minimal Von-Mises stress,
minimal strain energy, minimal elastic strain and minimal deformation.

But these caracteristics can’t be achieved simultaniously for the same geometric
parameters ,then a comprimise will be make in order to have the optimal caracteristics.

Finally, we can say that we have achieved the work objective. But it stillsalot to do in the
field of aeronautic and airplane wings.
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Appendix 01: NACA coor dinates system

#x_chord
1.000167
0.999924
0.999198
0.997988
0.996295
0.994122
0.991469
0.988339
0.984735
0.980660
0.976117
0.971111
0.965646
0.959726
0.953357
0.946545
0.939296
0.931615
0.923510
0.914989
0.906059
0.896728
0.887004
0.876897
0.866416
0.855570
0.844370
0.832825
0.820948
0.808749
0.796239
0.783430
0.770335
0.756966
0.743335
0.729457
0.715343
0.701009
0.686467
0.671732
0.656819
0.641742
0.626515
0.611155

MIs 15

#y chord
0.001249
0.001316
0.001518
0.001853
0.002320
0.002919
0.003647
0.004502
0.005481
0.006582
0.007801
0.009135
0.010579
0.012130
0.013782
0.015531
0.017372
0.019300
0.021309
0.023393
0.025547
0.027764
0.030040
0.032366
0.034738
0.037149
0.039593
0.042062
0.044551
0.047054
0.049564
0.052074
0.054578
0.057070
0.059543
0.061992
0.064411
0.066792
0.069130
0.071420
0.073655
0.075830
0.077939
0.079976

#x_chord
0.580092
0.564422
0.548679
0.532880
0.517040
0.501176
0.485304
0.469440
0.453601
0.437802
0.422059
0.406390
0.390664
0.374939
0.359335
0.343868
0.328558
0.313420
0.298472
0.283730
0.269212
0.254934
0.240912
0.227162
0.213699
0.200538
0.187695
0.175183
0.163016
0.151208
0.139770
0.128716
0.118058
0.107805
0.097969
0.088560
0.079587
0.071059
0.062983
0.055369
0.048221
0.041547
0.035352
0.029642

#y chord
0.083817
0.085609
0.087310
0.088914
0.090418
0.091816
0.093105
0.094281
0.095340
0.096279
0.097095
0.097785
0.098334
0.098691
0.098850
0.098810
0.098573
0.098140
0.097515
0.096699
0.095696
0.094510
0.093147
0.091611
0.089909
0.088046
0.086030
0.083869
0.081569
0.079140
0.076589
0.073927
0.071162
0.068303
0.065360
0.062343
0.059262
0.056125
0.052944
0.049728
0.046485
0.043226
0.039959
0.036692

#x_chord
0.024421
0.019693
0.015462
0.011729
0.008498
0.005770
0.003547
0.001828
0.000615
-0.000093
-0.000298
0.000000
0.000791
0.002067
0.003823
0.006057
0.008765
0.011942
0.015585
0.019688
0.024245
0.029250
0.034698
0.040581
0.046893
0.053626
0.060773
0.068325
0.076274
0.084613
0.093332
0.102423
0.111876
0.121682
0.131831
0.142315
0.153123
0.164245
0.175672
0.187393
0.199398
0.211676
0.224218
0.237012

#y chord
0.033434
0.030193
0.026976
0.023789
0.020639
0.017531
0.014471
0.011461
0.008507
0.005611
0.002775
0.000000
-0.002676
-0.005217
-0.007622
-0.009892
-0.012027
-0.014028
-0.015895
-0.017629
-0.019232
-0.020704
-0.022047
-0.023264
-0.024355
-0.025324
-0.026172
-0.026902
-0.027517
-0.028020
-0.028415
-0.028706
-0.028895
-0.028988
-0.028989
-0.028903
-0.028734
-0.028488
-0.028170
-0.027786
-0.027342
-0.027342
-0.026297
-0.025709



Table: NACA 4412 coor dinates system

#x_chord
1.000215
0.999974
0.999251
0.998048
0.996364
0.994202
0.991563
0.988450
0.984865
0.980811
0.976292
0.971311
0.965873
0.959982
0.953644
0.946864
0.939649
0.932003
0.923935
0.915451
0.906558
0.897266
0.887582
0.877515
0.867074
0.856268
0.845108
0.833604
0.821767
0.809607
0.797136
0.784366
0.771309
0.757976
0.744382
0.730538
0.716458
0.702156
0.687646
0.672940
0.658055
0.643004
0.627802
0.612464
0.597006

#y chord
0.001878
0.001958
0.002197
0.002594
0.003150
0.003861
0.004726
0.005742
0.006907
0.008218
0.009670
0.011259
0.012982
0.014833
0.016808
0.018901
0.021107
0.023420
0.025833
0.028342
0.030940
0.033619
0.036374
0.039198
0.042083
0.045024
0.048014
0.051044
0.054109
0.057202
0.060315
0.063440
0.066573
0.069704
0.072828
0.075937
0.079024
0.082082
0.085104
0.088084
0.091014
0.093888
0.096698
0.099439
0.102102

#x_chord
0.518447
0.502592
0.486726
0.470867
0.455030
0.439231
0.423487
0.407814
0.392228
0.376745
0.361382
0.346155
0.331080
0.316172
0.301447
0.286080
0.270851
0.255876
0.241174
0.226766
0.212671
0.198907
0.185494
0.172448
0.159786
0.147525
0.135678
0.124261
0.113287
0.102767
0.092714
0.083137
0.074047
0.065452
0.057359
0.049775
0.042706
0.036158
0.030133
0.024636
0.019668
0.015232
0.011329
0.007959
0.005121

#y chord
0.114037
0.116103
0.118047
0.119864
0.121547
0.123093
0.124495
0.125748
0.126848
0.127792
0.128573
0.129191
0.129640
0.129919
0.130025
0.129890
0.129422
0.128627
0.127513
0.126089
0.124365
0.122353
0.120064
0.117512
0.114710
0.111672
0.108414
0.104951
0.101299
0.097474
0.093493
0.089371
0.085127
0.080775
0.076333
0.071817
0.067241
0.062621
0.057972
0.053308
0.048641
0.043985
0.039350
0.034747
0.030186

#x_chord
-0.000827
0.000000
0.001320
0.003114
0.005375
0.008098
0.011275
0.014899
0.018963
0.023458
0.028377
0.033711
0.039451
0.045588
0.052112
0.059015
0.066287
0.073918
0.081899
0.090220
0.098872
0.107846
0.117131
0.126720
0.136602
0.146770
0.157215
0.167928
0.178902
0.190128
0.201599
0.213308
0.225246
0.237407
0.249784
0.262370
0.275158
0.288141
0.301405
0.315704
0.330182
0.344828
0.359627
0.374565
0.389629

#y chord
0.004094
0.000000
-0.003963
-0.007741
-0.011334
-0.014744
-0.017973
-0.021022
-0.023893
-0.026589
-0.029112
-0.031465
-0.033653
-0.035677
-0.037543
-0.039255
-0.040816
-0.042232
-0.043507
-0.044648
-0.045660
-0.046548
-0.047319
-0.047981
-0.048538
-0.049000
-0.049373
-0.049665
-0.049884
-0.050039
-0.050137
-0.050189
-0.050203
-0.050189
-0.050156
-0.050113
-0.050070
-0.050038
-0.050025
-0.049960
-0.049793
-0.049529
-0.049171
-0.048726
-0.048198
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0.581442
0.565789
0.550061
0.534275
0.481863
0.497408
0.512964
0.528515
0.544047
0.559544
0.574992
0.590375
0.605679
0.620888
0.635987
0.650962

#x_chord
1.00000
0.99893
0.99572
0.99039
0.98296
0.97347
0.96194
0.94844
0.93301
0.91573
0.89668
0.87592
0.85355
0.82967
0.80438
0.77779
0.75000
0.72114
0.69134
0.66072
0.62941
0.59755
0.56526
0.53270
0.50000
0.46730
0.43474
0.40245
0.37059

0.404805
0.420079
0.435436
0.450862
0.850839
0.861895
0.872596
1.000215

#x_chord
0.14645
0.17033
0.19562
0.22221
0.25000
0.27886
0.30866
0.33928

0.37059
0.40245
0.43474
0.46730
0.50000
0.53270
0.56526
0.59755
0.62941
0.66072
0.69134
0.72114
0.75000
0.77779
0.80438
0.82967
0.85355
0.87592
0.89668
0.91573

0.104683 0.002814 0.025675
0.107172 0.001037 0.021222
0.109566 -0.000212 0.016833
0.111856 -0.000937 0.012513
-0.043592 0.680479 -0.029187
-0.042633 0.694992 -0.028018
-0.041634 0.709321 -0.026857
-0.040598 0.723452 -0.025704
-0.039531 0.737372 -0.024562
-0.038437 0.751065 -0.023433
-0.037320 0.764518 -0.022318
-0.036185 0.777717 -0.021220
-0.035035 0.790649 -0.020140
-0.033874 0.803300 -0.019079
-0.032706 0.815657 -0.018038
-0.031533 0.827707 -0.017019
Table: NACA 4318 coor dinates system
#y chord #x_chord #y chord
0.00000 0.30866 0.11294
0.00039 0.27886 0.11141
0.00156 0.25000 0.10903
0.00349 0.22221 0.10584
0.00610 0.19562 0.10190
0.00932 0.17033 0.09726
0.01303 0.14645 0.09195
0.01716 0.12408 0.08607
0.02166 0.10332 0.07970
0.02652 0.08427 0.07283
0.03171 0.06699 0.06541
0.03717 0.05156 0.05753
0.04283 0.03806 0.04937
0.04863 0.02653 0.04118
0.05453 0.01704 0.03303
0.06048 0.00961 0.02489
0.06642 0.00428 0.01654
0.07227 0.00107 0.00825
0.07795 0.00000 0.00075
0.08341 0.00107 -0.00566
0.08858 0.00428 -0.01102
0.09341 0.00961 -0.01590
0.09785 0.01704 -0.02061
0.10185 0.02653 -0.02502
0.10538 0.03806 -0.02915
0.10837 0.05156 -0.03281
0.11076 0.06699 -0.03582
0.11248 0.08427 -0.03817
0.11345 0.10332 -0.03991

0.93301

-0.047593
-0.046916
-0.046172
-0.045366
-0.015052
-0.014107
-0.013188
-0.001878

#y chord
-0.04166
-0.04177
-0.04147
-0.04078
-0.03974
-0.03845
-0.03700
-0.03547
-0.03390
-0.03229
-0.03063
-0.02891
-0.02713
-0.02529
-0.02340
-0.02149
-0.01958
-0.01772
-0.01596
-0.01430
-0.01277
-0.01136
-0.01006
-0.00886
-0.00775
-0.00674
-0.00583
-0.00502
-0.00431
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0.33928 0.11361 0.12408 -0.04106  0.94844 -0.00364
#x_chord #y chord #x_chord #y chord #x_chord #y chord
0.96194 -0.00297 0.99039 -0.00092 1.00000 0.00000
0.97347 -0.00227 0.99572 -0.00042 0.96194 -0.00297
0.98296 -0.00156 0.99893 -0.00011

Table: NACA 4415 coordinates system
Appendix 02: 3D geometry creation
Generate data pointsthat definethe airfoil:

» Open an internet browser and go the NACA 4 Digits Series Profile Generator at
http://airfoiltools.com/airfoil/nacaddigit
» Createthe NACA 4412 airfail

Man Camiber (%) |4 Fm dig. 010 2.5% Dat file
Max camber position (%) Seond digh. 0o 0%
i n ™ g v WACA, 4313 Arfoi] Med, O Pedo. Of TRAZ.C |

Thickness [%) 12 Third & logrth digh, 1 1o 40% 3. 000000 ~0, 000000

= 0.399750 0. 000062
O 99M0ar 0. 000274
0. 29721 0000615

Number of polnis 81

Conine spackng Doune of lnear woacng 0.99613  0.0010%
0. 959951 0.001000
Closs Trilling edge Open o cioaed TE 0. 99LTE0 0, (OP441
Piot
=
Send 1o airfoil motte Add 1o Companison Add to My airfails

» Show Points, then highlight everything that appears in the window to the right of the
dliders and copy it to the clipboard.
» Open Microsoft Excel and create table of NACA 4412 coordinates like this:

A | B | C D | E

1| HNACA 4412

2 |#group #point #x_cord #y cord  #2 cord

3 | 1 1 1.000167 0.001249 0
4 1 2 0.998653  0.001668 1]
5 | 1 3 0994122 0.002919 0
6 | 1 4 0986596 0.004976 0
7 | 1 5 0976117 0.007801 0
2 1 6 0962747 0011341 0

» Save as type “Text “and Close Excel.
ANSY S Workbench software
ANSY S software presentation:

The Workbench allows to manage the files and the launch of the different Software from a
single window.

> Launch ANSY S Workbench from the Windows Start menu.
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This is where the files will be created, Launched the software and managed the interactions
between Various software used for geometry, meshing, simulation itself and post-processing.

Createa 3d Fluid Flow analysis system:

To create an "Analysis System” That isto say a calculation chain for a Fluent simulation

» Select with the mouse Fluid Flow (FLUENT) in the menu on the | eft

» Select in the window Project Schematic.

» Rename the analysis system by double clicking on the title Fluid Flow (Fluent) in
"wing-A321"
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The different stages:
The system is composed of different things associated with different successive steps, each
realized with software from the ANSY S suite.

2 @ Geometry ol CAD - Creating ANSY S Design
geometry Modeler
3 @ Mesh ® Mesh ANSY S meshing
4| @ setwp ? Getting data and
- simulation
ANSY S Fluent
5 @ solution e 57 Result CFD
6| @ Results ® . Post- treatment CFD Post

In our case, we will work in 3d in the XY planeto create the geometry of the problem.

2 i@ Geometry Ty

to launch the

» Double-click on the Geometry box
ANSY S Design Modeler software

» At startup chose Meter for the unit of length
» Concept-3D Curve. In Details View, Not Selected. Browse to where you saved the

airfoil data, select the text file, and Open then Generate L“ 1.
» Create asurface:
Concept-Surfaces from Edges.
Click on the Edges colored box in yellow
Click Apply in the Edges box then Generate.
’a -2 A: Geometry
and chose XY plane | v Plane

> Look at Face

. , | XiPlane v 3 | .
» Click on XY plane then click on new plane ——— ——1 then modify the
details parameters of the new plane as shown in the figure below. Transform the Z

axis by longer of 12.5m in reason to have awing span of 12.5m.
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[Diwlail: View
=| Details of Planed )
 Strtohing. | Plane Praned
e st -
Ditails View 2 | Type From Flane
= [etaiis of Planes |8aze Pans | riPiane
Flane | Planes Tanslom L @ME) |offseZ’
type Fiom Fane ‘ LT S— T
[ Base Piane [ xvPlane | Transform 3 (RME] !l:ll_lcl X
Transform 1 (RME] |Name FOZ, Value 3 |25m
Reverse NormslZ-Ans? | o (Transtorm 3 AMB) [Mane
Fligy X¥-Augs? ™ | Rewerse MormaiZ-Axis? | Mo
|Espornt Coordinate System? | Na (g XP-Aawe? |Na
- { Expodt Coordinate Spstem? | No

» Concept-3D Curvein the new plane (planed). In Details View, chose from coordinates
filein definition, Not Selected. Browse to where you saved the airfoil data, select the

text file, and Open Then Generate 2
» Create surface: Concept-Surfaces from Edges. LMB on the second curve that was

¢

7

created in the previous step to select it. Apply and generate.

§ Skin/Loft

7
> Sdect "‘.

to connect the two curve and generate

Jl.lllill-ll

E——
£ 1en

Drawing of the domain:
We will now draw the computational domain around the wing profile.

» Create an arc by center with radius of R=15m
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Sketching Toolboxes Ll
I Draw 1=
44 Circle by 3 Tangents
=3 Arc by Tangent
¢ Arc by 3 Points
o Arc by Center
G Ellipse ;
Modify -
Dimensions
Constraints
Settings
Sketching | Modeling |
. . *Rmh.rt .
» connect the tow edge of the arc using line after that revolve this sketch

aong Y axisthen extrudeit by 10m.

Wi ihecie Rt s
W oesertion Gl v R oimenn By B Pew §Cesemien
T Tumy » [r—

» Weintersect the sketch 3 by performing a Boolean operation.

Creste-Boolean| < Booleant. |
Change Operation from “Unite” to “Subtract”.

For Target Bodies, Not Selected, choose “Solid” and Apply.

For Tool Bodies, Not Selected, choose “wing”, and Apply. Generate

~ Details of Boolean2
‘Boolean | Boolean2
' Operation .i'Sluhtrnr.t
Target Bodies 1 Body
:Tonl Bodies hl Bﬂd]f
Preserve Tool Bodies? No

» Select ZX plane and we draw atrapezoidal in which thewing isinside.

I EEEEEEEEEEEE——
MIs 15



Sketching  Modeling |

Sketch Sketch2
Shcen Vi | show st
Show Constraints? [No
= Dimensionsd4
o 135m
s Im
B im
[ — T
=i Edpes: 4
Line Lnig
Line 20
Line na1

T
Tis Cmmw Corcem Tash Ui Ve i
SIS I ST
| NELE £ L
Yo, M e Taritngy - D
B R L e o

o % b R
=

SEnAegansaiies o

B W - i e A A

FX=S :

| i A | S e

» Suppress al thelinein the tree outline, and rename the first solid by fluid.
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Tree Outline. 3
@ Projectionl -
@ Projection2
=€ 8 Parts, 8 Bodies
I v = Line Body
-« & Surface Body
'~ Line Body
: » [ Surface Body
v @ fluid
|y @ Solid
! v ™ Line Body
|~ Line Body =
Sketching mdlﬂﬂ_ij
Detats iew ’




» File-Save Project. After selecting an appropriate folder in which to save the project,
and Save as name (fluid analysis 1)
» Close DM.

Set the meshing method:

Mesh in the Fluid Flow (Fluent) template to open ANSYS Meshing.
£ g Uy o _‘I
Jl.hﬂ:m N aJ|

From the Meshing Options window that opens, select “Tetrahedrons (Patch Independent)”
to set the Mesh Method. OK.

Mesh of the fluid domain:

Launch mesh software from the work bench. As the previous step is validated this
opens directly the mesh software ANSY S meshing and loads the geometry created
during step one.

Select mesh in the outline window

click right and choose mesh geometry mesh with the default options is generated and

‘1 e N .y - I Gy oy |

TTE - C-EHEW e A

- i I e i

e s Il Rt bl e Sl e B o (i
dgr §brwew Wi v B s [ w W Ll v

e ey e e ey

Appendix 04: fluent steps of work

Scale the geometry i ey =
Dosran Extenis Sculng
H T 1 ] ) [3g0mma 2o i | i i
Genera — scale »Mesh was created in “m o e s St kg ot
'ﬁ--||:n'||J| Trrace (] [y s i Crasted tn
: il“j*n}
A (o |4 e T T T =

And we chose the view length unit in “m”
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Flow properties:
» Flow type:

Asit isknown that the flow around thewingisa

time dependent. But for our study we select the

steady form for reason to simplify and fasting

the simulation.

> Flow characteristic:

In the wing, the environment is viscous

Models — viscous — spamlart-almaras (1 egn)

And we set the energy equation “’ON’’

» Flow material property:
Theflow over awingisair

Materials — fluid — air

v' Boundary conditions:
Inlet pressure: Atmospheric pressure
101325 Pa

Velocity magnitude: 100 m/s

X component of flow direction:
cos (Angle of attack)

Y component of flow direction:
sin (Angle of attack)

Z component of flow direction:
tan (Angle of attack)

Angle of attack 0°

—IJI Ares (m3) | L4

MIs 15

General

Check || Repart Qualty |

Tyoe ¥elocity Formulation
@ Pressure-Based @ Abemolute
Dermity-Based ~ Relative

@ Steady
Transent

[ urits..., |

|[Multiphas= - OF

2
|| Viscous - Spalart-Almaras (1 egn)
Aladiation - OfF

T ety
™ w0
iy L% Le T

- —— l'_'. Pl [ o

Teapsmr

5 | rvr | o | e | s | |

B e i T e Tk P e [t

Bt Ll L ey — =
B brrerers Pree [ =
L T T L

N | u v, 0

S it B [ B
T e 1 o PR T | )

E-Emmerar o P (R [

:i: & =

L s il L TP ————r =
T P R L ] i."'

[ Ll

Densty Ga/m3) | 1.225001

Enthaipy 0A<) [

Length {m} |_a|

Pressgre (pascal) |D



Reference values:
we input the surface area of wing for

each geometry.

- Solution Methods
Pressure-Velodity Cougling
we must specify the solution method for the calculus: Scheme
Coupled -
v Pressure; standard T

v Density: Second order e :

v' Momentum: second order [Least Squares Cel Based
#fﬂﬂ-l'c

| Second Order -
Momentum

|Second Order Upwind v
Modified Turbulent Viscosity

|ﬁ‘ﬂﬂ*dumwd 'r]
Energy

|Second Order Upwind 3l

Solution method:

Monitor:

In order to display thelift, drag and moment historic results, we proceed as follow:

L
Monitor — ci >4+ D
M
Then for each one we enable the sub-options: | “™
B iE |L1.I\-l_ | A |
v" Print to console e
v' Plot TGty
v' Write il e .
v' Per zone L.
f i ;'“ E'-" PaghignT Tones
[oom | [met | [Cus ] [Comc] [ e |

Solution initialization:
/! |
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Before the start of every simulation we must initialize the solution from the inlet
conditions:

Solution initialization — standard initialization — compute from — inlet —initialize

L Vashoes

Gauge Preasure (pascal)

I velocty [mjs)

[a

|

Modified Turbulent Viscosity (m2/s)
[0, 0001980738

Temperanre ()
00000 3

[1runshze | | Reser |

Run calculation: Aun Calculation

Finally, we lunch the calculation by clicking | [ ghed: case... | [Previ

on run calculation Options and we set Number of Iterations Reporting Interval

number of iteration 2000. |zooa g : %
Profile Update Interval

(=1

| 1 L—]
=

=

Appendix 05: Modal analysis

Open ANSY S workbench.
Go to file » open the last Project of fluide flow fluent (Fluid analysis 1)
Load the Modal tool box by dragging and dropping it into the project schematic.

» Geometry

7o Fusd Flow (Fusnt)

l'ﬂEmneh'p' v .

click (and hold) on the geometry how was created in the fluid flow
.J_:J Eagremiing Daiti 4
3@ bodd -1

drag and drop on
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"‘=*5l'h¥l Ta ‘I‘-mh‘ il |
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Pl Flaw (Fluest)
- B
| .
2 trgwergOeta
A rood L
@ e v
L R L
E i Remis T .
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» Engineering data — Engineering data source — general material —»add aluminum alloy

» Mode
- For the type of material used are aluminum alloy

Geometry — solide - assignment — aluminum alloy

Mesh
after modify the parameters of mesh as [Fei o =i
shown inthefigure, click on generate | 5;:2!“.““ 19
mesh Use Advanced Size Function | Off
P
Element Size | Defaun
Initial Size Seed | Active Assembly
Smoathing | Hig
Transtion [ Fast
SpanAngleCenter  |Fine
Minimum Edge Length  [0,29460 m
Use Automaticinfiation  [Nome |
mbanon Opisae. [Smooth TapaRion
L] VeSO PNt (T
Maximum Layers |5
| Growth Rate 12
= |
Modal

supports— fixed supports — select the face with chord root

Mis 15



Solution
Solution —deformation — total— Mode 1 = @) Solution (B6)

(name it mode shape one) /[ ¥] solution Information
Solution —~deformation — total—Mode 2 /& mode shape 1
(name it mode shape two) : g xj: i:’:;
Solution —deformation — total~Mode 3 M made shape 4

(name it mode shape three)
Solution —deformation — total =M ode 2(name it mode shape four)
Finally click on solve to get the result.

Appendix 06: Static structural analysis

for the static structural analysis, it is the same as the modal analysis for the geometry and the
engineering data.

For the modd, it is the same but we add the forcein modal. [fee: o Foee P
- Spope
Moda — Loads —Force “Stoping Milthhd Gegmatry ‘SI-I.i!l!‘LInH
H Geometry I Face
Force »Defined by —» Components Jee
Type Force

Cooednate Spifem  Glabal Coordingts Splem
¥ Component | 36,4 N (rEmped
 Componet 'i'il}'.‘.lﬂ Iramped]

2 Componerd O N jamped

» Solution Seboat IR
- Solution — Deformation —»Total
Solution — Strain — Equivalent (von-Mises)
Solution — stress — Equivalent (von-Mises)
Solution — Energy — Strain Energy
Finally click on solve to get the result.
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