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Abstract

This project contains two parts that the first one is about sizing a wingbox throughout
analytical formulas, from a wing of a commercial narrow-body airliner. It is based on
structural criteria for a cruise load case taking into account the major forces applied in the
wing. It is a useful tool to quickly get first results for an optimization process and a worthy
start for a numerical optimization in Nastran/Patran as well, since great results are directly
related with right inputs. Beyond the MATLAB codes, a friendly interface from MATLAB
has been used, so the user can choose the inputs and then view the results through graphics

and table data.

The second part is the construction of a response surface (Surrogate Model) of a
wingbox versus a NACA airfoil from sampled NACA parameter. Those surrogate models can
be used as a first approach to the final wing thickness results, since they are fast and cheap.
The response surfaces are made for the analytical and numerical approaches. Before the
surrogates, the Design of Experiments are made with the main objective of analyze the impact
of each variable in the outputs. Then, with this study, maybe some variables can be neglected
compared with others more critical; consequently, the response surfaces can be created faster

than if it was used all inputs.

The entire project is developed with metallic materials; nevertheless, the method for
doing the optimization with composites is approximately identical. Remembering that

composites are largely used nowadays in aeronautical field.

Keywords: Wingbox, structural optimization, NACA airfoil, Surrogate Model, Design of

Experiments
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1 Introduction

In order to achieve a structural optimization of a flexible wing, it is developed here
two important tools for that: an analytical approach and the development of a reduced model.
It is worth to know that this project is just a piece of OSYCAF, which is a huge scientific
project, co-funded by the STAE foundation. OSYCAF is a 36 months project started in 2010
supported by some partners based in Toulouse such as CERFACS, IMT, ISAE and ONERA.

Following the aim of structurally optimize a wingbox of a narrow-body commercial
airliner, the first part of this study is to get the first good results by analytical formulas. In that
way, it will give a wingbox sizing for any airfoil chosen. Before going directly in the point, it
is indispensable to have a good background study and to take decisions that define what this
optimization are dealing with. For that, the initial chapters contain researches, ideas and

judgments that validate the analytical approach made afterwards.

More specifically, this project starts with the definition of which wingbox is going to
be studied and the evaluation of the airfoil type to be used, until this time everything is non-
dimensional. Then, the airplane details and wing geometry used are exposed and well
discussed. After that, it is presented the study of materials, load cases and criteria, defining the

conditions and restrictions applied in the wing leading the study to almost a real case.

Later, it is estimated the position of shear center and center of gravity, that impacts on
the loading application in the wing. Finally, the results are reached in wingbox sizing,
showing an overview of the wingbox evolution study in appendix and a coherent analysis of
these results for further discussions. It is relevant to stress that these analytical results are
extremely vital for the numerical optimization process using Sol200, whereas this algorithm
has high sensibility answers according to the inputs, for this reason, they should be the most

accurate as possible.
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Throughout the second part, the idea is to build up a surrogate model (response
surface) that provides a faster wingbox result if it is given the inputs parameters: the airfoil
variables and the wing station. Although, previously, a good strategy is to analysis the
variables impact in the outputs, viewing a worthy opportunity to eliminate an input parameter
and predicting some conclusions. All that is helpful to achieve a global understanding and

most of times save time and reduce costs.

After the Design of Experiments (DoE), usual designation for this first phase of a
response surface construction, the surrogate model is constructed. The goal of that is to get
fast wingbox results, avoiding time processing in a numerical and analytical approach,

therefore the optimization process will be better progressed.

1.1 DMSM ISAE/SUPAERO

The department has the aim of providing skills for ISAE in solid mechanics, so it has
an important educational purpose. Although the laboratory is also well known by its
researches. They are basically separated in four areas: Damage to composite materials in
aerospace structures; Fatigue of metal materials and structures; Dynamics of Structures;

Advanced numerical methods for mechanics.

Allying competence and ability, DMSM is a reference on its area being granted by
many partnerships. The researches have contracts and collaboration of industries such as

Airbus, Astrium, CNES, EADS, Eurocopter, ONERA, SNECMA, Thales Alenia Space.

1.2 Internship goals

The objectives of this project is logically related with the reasons of the OSYCAF
project, but more than that, it is strongly connected with the numerical optimization made by
other member of this subject in DMSM office, Francisco Habib, who shared and discussed

many points, keeping a natural development and coherence to the two internship programs.

As announced before, the goals consist mainly in two. The first of them is to provide
realistic analytical results for the wingbox of a flexible wing, which are used for the input
numerical optimization. Throughout that tool, it is possible to build a wingbox from any
airfoil, remembering that here the focus is on NACA airfoils, nevertheless it is quite easy to

modify for any other airfoil.
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The second goal is the construction of the response surface (surrogate model) that
relates the NACA parameters input and variables with the wingbox thickness. It is a useful
instrument that can save a lot of time in an optimization process and it is widely used in the

industry since its feasibility and simplicity.

2 Wingbox Optimization: Analytical approach

2.1 Wingbox definition

In the process of wingbox (WB) construction, it is imperative the definition of
parametric functions and the freezing of some properties and variables. For that, it has been
chosen NACA airfoils and a simplified wingbox that is compound by 2 spars and 2 skins
(reinforced by stringers). With the aim of parameterize the wingbox, the front spar is defined
as 20% of the airfoil chord distance from the leading edge (LE), and the rear spar is at 40% of
the airfoil chord distance from the trailing edge (TE). Then, the upper and lower skins are just
bars connecting upper and lower corners, respectively. The following figures 1 and 2 better

illustrates the non-dimensional wingbox constructed.

02r-
01+
o
01+
0.2 ' ' ' l '
0 02 04 06 08 1

Figure 1 - Non-dimensional wingbox position in airfoil
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Front Spar Rear Spar

Reference Axis

<>

20% from the LE | " 40% from the TE
Lower Skin

Figure 2 - Wingbox restrictions

2.1.1 NACA airfoils, types, advantages, disadvantages

For this study, it was essential to well delineate the airfoils to be studied. The idea of
NACA airfoils is pleasant since they are well known and easy to be constructed. Another
reason for that choice is the simple integration of the analytical model with the numerical
model, because it can better deal with closed equations of NACA variables. All it should be
done is set the parameters that create them. For the case of NACA four-digit series is simply
defined by the maximum camber (m), position of maximum camber (p) and maximum airfoil
thickness (t), so then, the airfoil surface is found by using these three parameters in the

following analytical equations.
m o
V. = oF (Zpx—x*) fromx=0tox=p

m .. .
FC=F[U —2p)+2px—x*] fromx=ptox="C

+y, = ﬁ (0.29694% — 0.1260x — 0.3516x¢ + 0.2843x* — 0.1015x" ) [3]
Xy = X— ¥ Sinf [4]
Yy =¥, +7¥ cosh [5]
X =X+ ¥ 500 [5]
Y. =¥.— ¥V, CcoshH [7]

B =tan™? (%) [5]
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NACA 2412
01 T T T T
0.05L Max Thickness B
0 Max Camber
-0.05 -
|
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01 | | \ | L L | 1 \
0 01 0.2 0.3 04 05 0.6 0.7 0.8 09 1

Figure 3 - NACA parameters represented in NACA 2412

The first digit of the NACA four-digit series represents the maximum camber (m) in
percentage of the chord (airfoil length); the second specifies the position of the maximum
camber (p) in percentage of the chord divided by ten; the last two numbers indicates the
maximum airfoil thickness (t) of the airfoil in percentage of chord. By this definition is quite

easy to identify the name of those NACA airfoils:
NACA XYZZ, where X=m, Y =p/10 and ZZ =t

This family of NACA airfoils has some advantages, disadvantages and applications

associated, all that information is presented in the table 1.

Table 1 - NACA 4 digit-series characteristics

Advantages Disadvantages Applications
Good stall characteristics Low maximum lift coefficient General aviation
Small center of pressure movement across
Relatively high drag Horizontal Tails
large speed range
Roughness has little effect High pitching moment Supersonic jets

Ref. [10]
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Figure 4 — Schema of WB definition

2.1.2  Aircraft parameters/ Wing geometry

A general study should also focus in a few variables, letting the other parameters
fixed. In this case, it is chosen an airplane, classified into the general aviation, so it is known
the weight breakdown, speed, engines power and others elements which will be exposed in
the appropriate part of this project. Although it is important to note that the wing is not fixed,
since it is variable according to the airfoil chosen. In that way, the Matlab code has the

freedom of quickly change the airfoil, and consequently, the wing as well.

It is considered that the airfoil is the same all over the wing. Another restriction is that

the number of ribs is fixed as 29, which means 28 wing sections equally spaced.

Table 2 - Weight breakdown

MTOW [kg] Wing [kg] Fuel [kg] Engine [kg] Empty weight [kg]|
54229 4510 0to 13643 2710 40586

Before explaining the reason that a wing is modified every time that an airfoil is

changed, it is essential to design the non-dimensional wing by using the following parameters:

i.  Taper ratio (+)

ii.  Aspectratio (AR)
iii.  Dihedral angle (&)
iv.  Twist angle

v.  Wing sweep at 25% of the chord (i :)

Table 3 - Non-dimensional wing

Taper Ratio Aspect Ratio Dihedral Angle [°] Twist Angle [°] Wing sweep at 25%c [°]

0.16 9.5 5 3 25
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After that, if the wing area is known, all wing dimensions are defined by the equations
below and by the geometric relations, which are exposed in the following figures, giving a

complete wing sizing.

2
AR = —
3
oo
CT b1+ A
p=2
| I:"_

(1— 40

tond, . =t g+ ——m———
b T TARTL + ]

[+]

[10]

[11]

[12]



B it
e e e

ACTUAL WING

REFERENCE WING

e

C tip
Figure 5 - Wing Geometry parameters [11]
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Figure 6 - Wing sweep angles

However, the major problem at this time is the wing area, since it has dependence with
the airfoil choice. By the assumption of lift equals weight in cruise level, it should find the
wing area and lift coefficient that provides the necessary lift. Therefore the way to solve that
is: first, choose an airfoil which can be assumed as thin airfoil and so the airfoil slope lift
coefficient is 2m; second, calculate the wing slope lift coefficient by the equation 14. After

that, knowing the geometric angle of attack and the zero angle, it is possible to calculate the
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wing lift coefficient, equation 17. The geometric angle of attack is the sum of the fuselage

angle o (angle between fuselage axis and horizontal axis) and the angle between the wing
neutral axis and the fuselage &,. Both of them is adopted as 1°, usual values for the narrow-

body commercial airliner, so then, the geometric angle used is 2°.

M, = M.cosa [12]
AR
(oo = I [14]
_ Ay \
1+ ﬂ|1 + [m} (1— M2)
I. s d '
oy = —:rJ (cost — 1) (ﬁ)dh‘ [15]
4 ]
x=a.+ 4, =2 [16]
Lo =Cua ':*'I - 'ﬂ'u} [.LT]

Finally, the wing area is given by the equation 18 — the following diagram shows all
that method. Reminding that the zero angle is calculated by equation 15, just with the NACA

coordinates points.

L=mrow =17 piese, [18]

Airfoil Slope Lift 3 Wing Slope Lift ’
Coefficient Coefficient

Zero Angle

Geometry Angle

Figure 7 - Schema showing the lift coefficient procedure
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[ Weight (MTOW)

L=MTOW = %*pV2SC_

[ Cruise altitude

[ Cruise Mach [ Aspect Ratio (AR)

Figure 8 - Framework for the wing geometry definition

2.2 Materials

It is really important to be aware of what materials are used. Proceeding a search of
the previous aircrafts and what is the current tendency, the traditional materials for this class
of airplane is metallic, although the latest airplanes are using composites more and more. So

then, two materials have been chosen for the wing box:

i.  Al7150 T7751 — Upper Skin and Upper Stringers
ii.  Al12024 T351 Bare — Lower Skin, Lower Stringers, Front Spar, Rear Spar and Ribs

Their properties are expressed in the table below:

Table 4 - Material's properties

E [MPa] o, [MPa] pu [kg/m’]
A17150 T7751 71016 - 2823
Al12024 T351 Bare 73774 290 2768

Ref. [7]
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Naturally, a detailed design phase normally use a huge number of load cases,

nevertheless just a few cases of them are actually important for a preliminary design.

Moreover, between the eight static cases in the table below, only one of them is used in this

study. The purpose of that is to achieve a faster result and also less complex computations. In

contrast, this simplification does not invalidate the study, because the option of cruise load

case is among the most relevant load cases, which can be seen in the figure 9, in other words,

it is a trade-off between precision and time. Besides that, it will also be imposed a minimum

thickness limit for all parts of the wingbox, Imm [6]. As a result, the wingbox sizing will be a

great first overview of the wingbox thickness in this project’s phase.

Table 5 - Load Cases

# Type

1 Maneuver
Landing
Landing

Maneuver

Maneuver

Maneuver

N SN A W

Cruise

8 Crash (horiz.)

n, [g]
2.87
3.50
3.50
2.50
2.50
2.50
1.00
6.00

H [km]
0.0
0.0
0.0
10.0
0.0
6.4
10.0
0.0

Mach

0.567

0.850
0.709
0.850
0.846

Weight [kg]
150949
161269
161269
230316
230316
150949
190632
230316

Ref. [5]
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Dimensioning loadcase

I Maneuver [] Minimum thickness

[] Landing I Crash

Figure 9 - Dimensioning load case example [12]

According to the table above, the load case considered here would be the fourth case:
Maneuver, load factor of 2.5, cruise altitude, cruise Mach and MTOW, but it was verified that
if we consider empty fuel, the loads applied in the wings are more critical then earlier, since
the fuel relieves the efforts of bending moment. Thus, it is consider the MTOW to evaluate
the necessary lift, even if the wing fuel is zero. After these considerations, the load case
implemented is in the next table but it should still specify many aspects before showing the

final equations employed.

Table 6 - Load Case adopted

# Type n, [g] H [km] Mach Weight [kg]
Maneuver 2.5 12.5 0.79 54229

It is worthy to see the distribution load factor (figure 10) to get an idea of what efforts
the airplane is exposed in maneuvering. As showed in the graphic, between the limit load
factor and the ultimate load factor, it is the structural damage area and after the ultimate load

factor, it is the structural failure.
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Figure 10 — Structural limitation according to the flight envelope [2]

So then, observing the n-V diagram, the aircraft in the cruise speed is limited by
structural limit. Therefore, by the table below, the positive critical load factor (n,) of 2.5 is
coherent for a cruise phase. As the standard regulation in aeronautical structures, it is assumed
a security factor of 1.5, with this in mind; the extreme load factor (n, ) is 3.75, following the

FAR 25.303 regulation and equation 19.
i, oo =SFt:171, [19]

Table 7 - Airworthiness Requirements for determining the maximum load factor

MTOW n+ limit n- limit
W:500001bs 2.5 -1.0
41001bs =W =500001bs 31| 240000k -1.0
171 10000¢hs
W-41001bs 3.8 -1.0

Ref. [5]
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The aircraft suffers the influence of several loads arising different origins and reasons,
and the heart of the aircraft, wings, suffers as well. Pondering the field of study, it is wise to
concentrate in some of them. To give an example, it has the drag, an aerodynamic force, but
as it is known the L/D ratio of a commercial airliner is between 15 and 20, so it is evident a
significant difference between the drag and lift force. As a consequence, it is reasonable the
assumption of not consider the drag in this work. Moreover, the torsional moment due to drag
is negligible comparing with the one caused by the lift, because the lever arm of the lift is

bigger than the lever arm of the drag.

By computing the aerodynamic, fuel, engine forces and structure weight then it is

possible to acquire the wingspan distribution of the basic loads with defined referential points.

The basic loads are:

1. Shear
ii.  Torsion
iii.  Bending
iv.  Axial (Tension and Compression)
The aircraft structures are exposed by different loads, that can be just the influence of

basic loads or the association of them, the last case is the most common and for that, it should

have a special attention of how to manage the structures sizing computing these loads at once.

»
. — » »
1 T
It T \
| (Coluan) (Wide (Panel)
| t Coluan) /
i | |
| T | TN~
|11 — N
T ’

(C) COMPRESSION MEMBERS

uee 80X BEAM

D) BENDING

Figure 11 - Basic loads [2]
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Tn thé\ging, these loads are spread-out, especially in the wingbox, where the intensity
and importance of them is vital for the airplane workout, since it holds the most part of loads
applied in the wing. Along the wingspan, it has the distribution of shear force, bending
moment and torsional moment, parameters that later will define the wingbox thickness. As

mentioned before, it should measure the aerodynamic leflds inertia loads such as fuel, landing

gear and engine to obtain these distributions.

b/2

Figure 12 - Shear Force, Bending Moment and Torsion positive senses in the Shear Center

The wing is studied with a reference in the leading edge of the wing root. As the wing
behavior is symmetric, then the results are just for one wing, and so, it is used the semi-span.
As a consequence, the equations are based on the y coordinate that is the non-dimensional

distance from the origin adopted as the following equation and figure explain.

V=7 [20]

—
—

Figure 13 — Wing geometry with the references adopted
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Another important non-dimensional parameter is the fuselage-engine distance, which

is generally around one third of the semi-span as follows.

dm=Ym b/2

Figure 14 - Fuselage-engine position [4]

Table 8 - Historical motors position

Airplane Ym

B737-200 0.35

B757-200 0.34

B767-200 0.34

B777-200 0.33

DC10 0.34

MDI11 0.31

A300 0.35

A310 0.35

A318 0.34

A319 0.34

A320 0.34

A321 0.34

A330 0.30

Bi-motors average 0.34

Ref. [4]

= ¥ (i‘;’z} [21]

Finally, all loads will be placed in the shear center of the section, which means that it
should know the centers positions of: center of gravity, aerodynamic center and shear center.
For that, a MATLAB code is developed, but it has dependence with the wingbox results, as a

result, at a first moment these parameters will be estimated based on historical airplanes data.
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AERODYNAMIC LOADS

The wing that generates an elliptic lift distribution has the minimum induced drag. In
order to precisely make it, the wing should have an elliptic geometry, but it is also possible to
achieve this lift distribution by the construction of a trapezoidal wing, which has adequate
values of taper ratio, twist angle and wing sweep. In other words, for the trapezoidal wing, it

ought to find a chord law and an airfoil lift coefficient that give an elliptic behavior.

| | v\ Ady .
dl = E'ﬂj |.-,:I 'I:.L |1 - (H) H [E..i]
e

For the aerodynamic loads, just the lift is taken in account, so the shear force due to

aerodynamic efforts is simply the integration of the lift distribution.

.ﬂ

5,030 = J AL(F) [23]

R o3
1 q : | _11 _
8.0 = PV — J |L=|75] dF [24]
Py ’ll-z
The integration in equation 24 is possible through Maple and so then, the aerodynamic

shear force can be analytical expressed.

1 ey Loy ey .
.3 |:._'I-':I —,ﬂ'.':_“-'i-"' 'I:. .i 1_EF |J. — (H) —EESEHH [..-3.:1]
".i-,d £A

L2
Adding the equation 20, the equation above becomes like:

. 1 —
5,070 = E—pw;f:. 1—— }ﬂ,- 1—-¥+ asmr}| [26]

2 [1-3

For the aerodynamic bending moment, the elliptic lift distribution creates a bending

moment in all points y as follows.
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b
M, (y) = J — VLT [27]
M. (¥) = J FALF) — v J dL (7 [28]
. bl rae . _EE . e
M) = Ehm A rsi.tr}| [29]

. bl . (. ... 3m L, — ,
M, u".-:' = Efﬂ.ﬁ'}r‘[b{tl - FE:""".E — EEF | 1- E[]"’ v1l— ¥+ -5[5[]‘1:}"'}” [.:}U]
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Figure 15 - Loads creates by the elliptic lift distribution in the wing [4]

For the torque due to aerodynamic efforts computation, it needs the knowledge of the
centers positions (shear center and aerodynamic center) of each section. Although, only after
the construction of the wingbox, the centers can be found, so the way-out of this issue is to
suppose 25% of the chord for the aerodynamic center (AC) and an initial approach of 39% of
the chord for the shear center (SC), then, this value will be replaced by the equation

developed in the Wingbox Centers (section 2.5).

The mathematical approach here is much more complicated, then, as well done in the

reference [4], just the final equation is presented. It is compound of two terms: one due to the
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airfoil coefficient moment and the other one is due to the lift force position (in the AC)
compared with the SC, because all the loads are analyzed in the shear center.

ét’z — 1 =Y+ (- 1L =¥+ (1= [31]

)

EI Rl g .L L] "2 L]
Te1 I:-F} == E.I'J&‘.I"J‘Emﬂfr:."ii

_T
1+ ¢

. 1 1 2z — )
T, (¥ = JM_,E.L',E—,DSW-:; |2—(1 -= [h,- 1 — ¥E + ﬁszn}"}

1. . N
+ == DL - 19 [32]

) = Taar ) + T (¥) [33]
INERTIAL AND ENGINE LOADS

The goal is to optimize the wing mass through a better wingbox, but in this section is
clearly evident that for the application of inertial loads, it should specify the wing mass, even
if all sizing is not ready for precisely know that. Consequently, it is estimated as the
preliminary design in the airplane project, an approach totally confident and highly accurate.

For the distribution of wing mass and fuel mass, it should choose a valid expression
and, if possible, easy to implement. The idea is to get the same distribution used for the lift,
since more a wing resists heavier efforts, more it will support the inertial loads. By the way,
this method is used for the airplanes HALE in the reference [9].

So, for the mass shear load and the mass bending moment the analytical expression is
as follows. Recalling that the engine position is placed at one third of the semi-span, for this

reason, the distributions are different before and after this point.

S = =it ce [ Mying + M,f,_,,!j,q% |1 - %[h,-' 1—r%+ as.!'nr}|

0, s [34]
{—.ﬂ::‘ '.'r.-’wen-;u'nc'-q.' ¥ -:—:: }.:.'1
b . g 3T 2 —
My = =1y s (Mising + M )05+ Fu — ¥ — S5 |l—= [r,_.' 1—re+ asm}’} ”
o, ¥ > ¥ [35]
* {._ n.z ] 'I'I'{;'.ll,n:.'in -.'ﬂt.:rl.n - }’} h.-"lll'.-_': F ¥ = F:"'I'I.
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Wing mass loading
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Figure 16 - Mass distribution in the wingspan [4]

About the torsion due to the mass distribution, it must know the distances between the
center of gravity and shear center, the point reference for this approach. Those centers are
initially approximated as 38% and 39%, respectively, and as mentioned before these values
will be improved by the equations in Wingbox Centers (section 2.5). But in fact, the center of
gravity calculated from the wingbox has a systematic error of 4% of the local chord in relation
of the center of gravity of the section [4], so the actual equation is presented below. Moreover,
the engine generates torsion, since its placement clarified in the figure below, which is not at

the same line of the shear center.
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nzMm g

Figure 17 - Engine's position in relation with the shear center [4]

Remembering that the engine thrust is 14358 N for each and the values of its position

are: dy = 3.43m and da. = 1.33m.

I!_l..i'_"_ll_. —_ i'l":.l - I:_'LIEI: - ﬂ'.[:""l.:' [36]
Tmy = _'!Ib-i',_-.s{'-'rn.z I:""fv.-'i.:_n:.' + !1{_ru;'ij.'?:r [E'T]
- 1 2z — 4 . ey
T=—('J.——'f-'1—]‘"‘+ ¥ +—Ilg—1)(1-Y* d) fua]
5 - ( \ aszin } 31':( I 3 [38]
o L.y L= B
.I'..'1 - E:ll:r.:j_ - d.l-_*'fz.; :c-l“f.:nuiu-:'.n!? + dl"F-' F E F-"I'n [ng
FINAL EQUATIONS

In order to simplify the previous equations and better understand the case as a global
view, the following equations summarize all the study made in this chapter. Before that, the

lift is considered, as explained before the amount of MTOW times the extreme load factor as

follows.
Lo .
L=Ep_‘-‘r-:,-£r_ =My MTOW - g [40]

Shear Force

S =5, +5, [41]

0, = [42]

S =1n, *'-"'-"'?I:JHJI OW — Mying — 11-'11,-'1_“_-.') + { =ty co Men iz T L

where,

o1 2, ——
.-1=_ — II. — E . A
1 :4|1 JT{}H,L ¥ +asm‘f}| [43]
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Figure 18 - Shear Force distribution for a wing with NACA 2420
Bending Moment
BM =M, + M., [44]
IJ ]
HM = E.Iq.l'”r I._E_QI:MII ﬂ”-"l - MI-'-I'I:HJ.I - !1{.'-1..1'{]
{u : Y=Y, [15]
+
—n, '.'cjw:'ﬂ._c_lmc-q I:F:""I. - F:I b,-'lll_'d ' =T
where,
3T
M,a=I:1—}’i}J-—2—j i [45]
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Figure 19 - Bending moment distribution for a wing with NACA 2420
Torque
=1, +T15. [47]
e 1 e I:’1-' = -
"= — E_ﬂn‘.'ﬁ F = o mrnit m.l' 1+ |.|'5;‘-___1_'__'I'.'.-l-n[..II +
ET.nlr el
T-.nj. - [{u”z L-l.'l'l'{en,c.'in-.'.,[]' + I:-'!-n'-"r'll F= :rrm
where,
- 1 2 — 4 T
T=c[1-={ry1l—ré+asin¥)+—lz—1)(1 - r* e) 34
S(1-2(vs asin¥ ) + —(z = 1)(1 - ¥¥) [49]
- 1 Y " :
T, = [glfr— 1P(1 = ¥*) + (g — 121 - r1}+(1—}’}] [50]
Ty = _'ilb-i',_-.s":'-'rn.z I:Mwi.:_q' + ﬂ'{.l'ueij.!?:r [51]

[14]
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Figure 20 — Torque distribution for a wing with NACA 2420
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The study of the wingbox, based on the assumptions and conclusions of the previous
chapters, clearly indicates the stress experienced by each part of the wingbox. All of them
have the shear stress, and then, the upper skin and lower skin have compression and tension
stress, respectively. Founded on that and the reference [5], the succeeding criteria have been

chosen for an analytical approach.

Table 9 - Criteria for each part of the WB

Stress Criteria Formula
w2
Compression Stress + Material yield or local T Ty )
Upper Skin — | d <1
Shear Stress buckling [ﬁ'mmrr_:'ﬂ, [T.?;-_:'“
Tension Stress + Shear Maximum distortion .
Lower Skin — 1
Stress energy yield o
Ty L 1
Front Spar Shear Stress Shear criterion [:‘-'.r--.:' -
2y
Ty L 1
Rear Spar Shear Stress Shear criterion [:1_-*_"':. b
2y

For a more detailed explanation, the following paragraphs explain the formulas

adopted.
Upper Skin

The buckling criteria for a combination of stresses is measured as presented in [2].

T ia + Uz i
[:I:Fl:ﬂ'ﬂ.ﬂ] . (r.l:_'l-'j
1 er

15
=

[32]

The critical buckling stress in compression, [':Fn'.lm:lj__l_ , 1s the lowest value among the

allowable yield stress of material, the local skin buckling compression and the crippling

stress. For the critical buckling stress in shear, [ij”_, it is the inferior value between the

allowable shear stress of material and the local skin buckling shear.

Lower Skin
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The criteria chosen for the lower skin is to meet the requirement of maximum

distortion energy yield (failure) under tension and shear stress.

Fy

=1 [53]

Jﬂ.‘{l.'l.'

.. is the yield strength of material and the ., is the maximum stress applied under

the combination of tension and shear stress.

[24]

|
Trear = _J I:-."-ll-.vu::l:E + S(Tx}']

Front Spar and Rear Spar

The criteria adopted for the rear and front spar is the identical, using the shear

criterion.

Toy

—
(7
avd .

1
=

[55]

Where the critical stress in shear, (ij”_. which is the smallest value of the allowable

shear stress of material and the local buckling shear.

Just for validate the criteria used in this study the following figure shows the
dimensioning criterion of the wing from the reference [12]. It indicates that the buckling
criteria and the minimum technological thickness of the material define the majority of the

thickness wingbox sizing. Therefore, the criteria adopted are coherent for further analyses.



Dimensioning criterion
[ Ultimate load strength [ ] Min thickness
[ Limit load buckling [ Max thickness

Figure 21 - Dimensioning sizing criteria [12]
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2.5 Wingbox Centers

The application of forces in the wing requires the knowledge of its position, for well
evaluate the torsional moments. For that information, as mentioned in the Load Cases chapter,

for each section, it has three important points:

i.  Aerodynamic center (AC)
ii.  Center of gravity (CG)
iii.  Shear center (SC)

Station
WB Section
14 Upperskin
. : 4 — ovver SKin
16 R Clear 10 b e R R ] Rear Spar
: : Front Spar
T PP ORI SR ] *  SCWB
: : CGWB
CG [%c] SC [%] 08 fecscceadorcanccncncancsnccnsadercsncensacsncsncensessncsnceniresncsncesssnsaas
x 38.74 37.99 T ’ :
y 5.88 5.42 v E—
5 55 6 65
Chord [m]

Figure 22 - SC and CG of the Wingbox (Station 16 of a wing with NACA 4420)

In the AC, the lift force is applied. Then, in the CG, it has the wing and fuel loads. In a
first moment, these parameters AC, CG and SC are not correctly known for the computation
of the load cases. So, the alternative is to give a first approach for them, calculate the wingbox
and then, find the real placement of each factor with a MATLAB code presented in appendix
A.

One significant detail to mention is the assumption of just considering the horizontal
position of the wingbox centers for the wingbox sizing afterwards. Even if the vertical
position of these points are not at the airfoil neutral line, it not changes the forces and
moments, except for the amount of moment generated by the engine thrust, nevertheless, it is

considered that the difference would be not so relevant among actual moments calculated.

By the first results of the wingbox, the CG and SC were found for each section, and a
parameterized equation was made with the intention of replace the initial shots. It was
analyzed different airfoils and the sensibility of these parameters with the change of airfoils.

After that, a reasonable methodology was found to be a linear fit regression that passes nearby
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for all the cases studied, and will allow a faster MATLAB code without recurring to a
iterative method which would take longer and results approximately quite the same.

Therefore, the equations used are exposed below and a graphic represents it as well.

O = 0383 — 00755 /0, [56]
CG = 03495 — Q075 7/, [37]
041 %

039 1 ™= —
037 \\ _ig

SC, CG [%(]
/
?/

031 e~

0.29

027

0.25 >
0 5 10 15 20 25 30

Rib

Figure 23 - Shear Center and Center of Gravity versus Rib
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2.6 Wingbox Sizing

After defining the criteria and load case to be used, the analytical approach is ready for
use. The goal is to find the thickness for each part of the wingbox. So the idea is to apply the

criteria and find an expression for the thickness and what is done below is that.

An essential aspect here is that, although the considered wingbox to optimize is
compound of skins and spars, the stringers cannot be neglected. As a result, it is taken from
the literature the usual stringer-skin area ratio of 1. In other words, in a section, the upper skin
area is equal to the sum of area of all stringers at that section. The stringers have an essential
role of taking a great part of the bending moment efforts, minimizing the efforts that go to the

skins, so the skins are relieved.

. Ay
" A
1+
Lo =( - :l it
Upper Skin

With the equation 52 from the Criteria chapter, it should take the limit case, so:

Teoma U :
* =1 60
[:I:FI:U:"I'...".'I ]-\'.'I' ([ r":-""jr_r) [ ]

Figure 24 - Upper Skin dimensions for sizing

[5¢]

[54]
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By the utilization of the equations below, the final equation to find the upper skin

thickness can be achieved with the material defined in section 2.2.

Compression stress at the upper skin:

cd [61]

Toganp =
ZEIT -|I:l.':l.'

Second moment of inertia:

a

I'J"}+J.a1m.+ + r.d[\(+tﬂ.r 62
X } —EELTIIJ Yiadt = IIIE,IE'“- 75 ant E ety []

Combining the previous equations:

JI"'f:l. ¥ .
= [63]
(_1:,,, + —l:zmd ,f_a)

d-\'.'l.il.'1|." tl.' = d

cas B

The critical local buckling stress is defined as follows, using 1j. = 1, K. = 4 and
v =03

HL'HLE-!-E r.'n'n'( :
Ceoma).. = =253 [e]

. mRarE g1
(Geoms). 58 = 137 =355 (5) [5]

For the shear stress, the equation is:

().

Typ = a ['E'E']
T

Qr = [67]

And for the critical shear buckling stress, with 1j, = 1, K. =5.4 and v = [1.3.

N, T (T.'s.'» )
Ty ] = ——— [ == ab
[:"-":-jl_-l.- J.E.':] _-ll,-;":, [ ]

Finally, analyzing the criteria, the upper skin thickness is as follows:
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o

[Coomep: ta] /' te N ( [ ) —q [69]

|(*'-Tc-.;1-.:1:j“_."'[‘_~..~r1| by ||:rx}']“_."'f5.tr1| g

Algr, ¥+ B+ 0 =0 [70]

—B+NEE—aac] * _
24 [71]

- w2

A=1; BH=—- [ﬂ-"”m" E-3""'] r C=— (| [Tx?. f'_a'-‘t] )

I:':Fn: amn j:.'l' J‘ + rl I:TJ.":,']L_I J'Ilr.':'n'l: : |

Tew =

iz
r_'-ri'

Lower SKkin

As made for the upper skin, the lower skin has to take the limit case of the criteria and

then find the thickness equation as follows.

=1 [72]

The yield strength of material is 290 MPa as mentioned in the section 2.2. Then, with

the maximum tension stress:

I .
Tneaxr = .,ql i.LTx:'J =+ E(Tx.__.] [.}.3]

After that, like for the upper skin, the tension and shear stress are found from the

equations 61,66 and 67. So, as before:

Ty

=1 [74]

. . 2
|(|:_-E|'_._-, r;_--:')d + ::'r ( !'_.“.. |:.1--}\:'
-'-'4 z-l'."' . r.:l'l'l:

Tey =

= (o) (o t) + 3(r ) [7s]
.
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Front Spar and Rear Spar

The criteria used for the front and rear spar is the same, so, for the thickness approach
is also quite the same as follows. The spars are dimensioned by the shear flows. Actually,

there are two sources of them:

i.  Shear flow due to shear force

T
0, = — I—J tyds (78]
R /]
— _ _ 'r;f"l'r.'-!'. _ Preus T
e = 0} Frume = v rear = -711 - 'IE;-: [ II]
A

\

Figure 25 - Shear force applied in the wingbox

ii.  Shear flow due to torsion force (equation 67)

Although, the senses of the shear flow due to torsion force are different for the front

and rear spar, so, the total flow becomes:
ey = G + 0y [78]
Qs = e — & [?9]

As a result, the shear stress is:

e (0]
NVl 1]

Try ey
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Through the criteria and the critical shear buckling stress, with 11, = 1, K, = 5.4 and

v = [1.3, the thickness equation for the front and rear spar are below.

Ty
S—=1 [B2]

—
(T )
YA o

L 1-'.I:‘|
I:EI]"'b Q."ib .
O L = | B3
F i I:Txrjt_._ K I:Tx:.)l__r [ ]
r"il'( r.;flt

Finally, the equations for the thickness of each part of the wingbox are ready. So now,
giving the input parameters to create the airfoil, the thickness of the upper skin, lower skin,
front spar and rear spar of the entire wing are found. Then, the wingbox mass is calculated as

follows.

i”l-'.-'n'.-! = m.-::|:|.'r.~'|' skin + m.!r.l'.rr:l' rkin + m."rr.-.-ll AT + iI:"1|'n'.~'|:.'.":..l|:|1' + nt.-.'.rmu-.'r: [H.-}]

In the next chapter, a wingbox analysis is made in order to choose the more adequate
airfoils to study, not only for the analytical approach, but also for the numerical approach,

made in reference [16].
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2.7 Wingbox Analysis

The analytical approach is ready and the goal now is to find the regions that the
program can build light wings, without compromising the wing geometry and aerodynamic

effects as well, such as the drag force.

The NACA 4-digit airfoils have three parameters, being the input variables for the

wingbox construction. For an analysis, it can have 7 cases:

1. Fix two parameters and vary the third one (3 cases).
ii.  Fix one parameter and vary the two others (3 cases).

iii.  Vary the three parameters at same time.

First of all, it is presented the cases of fixing two parameters, and the purpose is to

discover the limitations of each variable and their sensibilities.

1. Case 1l —NACA 24XX, with XX =10 to 50
ii. Case2—-NACA 2X20, with X=11t0o 6
1ii.  Case 3 — NACA X420, with X=1t0 9

So, for all them, the following graphics show the distribution of wingbox mass, the
wingspan and the wing area, with the objective of understand the behavior of each parameter
and so, catch the cases which the airplane has reasonable wing geometry and, if possible, the

lightest weight as possible.

When the variation of maximum thickness is performed in case 1, it is detected that
the wing geometry does not change, although the wing mass is modified. The reason for that
consists in the fact of the lift generated by two NACA 4-digits airfoils with different
maximum thickness is the same. But the change of maximum thickness also modifies the
moment of inertia, then the efforts in the structure are not the same, as a result, the wing

thickness is different, consequently, the mass as well.

The cases 2 and 3 have the variation of wing geometry as expected. In relation with

the wingbox mass, in one hand, the case 2 does not presents a huge variation of mass with the
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variation of the position of maximum camber. In the other hand, the case 3 has a parabolic

behavior, although it also not changes a lot in terms of mass.
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Figure 26 - Wingbox mass, wing span and wing area of the NACA 24XX, with XX=10 to 50 (Case 1)
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After analyzing these cases, the variation of two parameters have also a great
relevance in order to achieve coherent conclusions and help in the decision of a few airfoils to
be optimized in the numerical approach [16]. So, the variations chosen here are:

1. Case4 —-NACA2XYY,withX=1to6and YY =10 to 50
ii. Case 5 —-NACA XY20
a. withX=1to9andY=1to6
b. withX=1to5SandY=1to6
iii. Case 6 — NACA X4YY
a. withX=1to9and YY =10to 50
b. withX=1to4and YY =10 to 50
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Figure 30 — Wingbox mass of the NACA 2XYY, with X=1 to 6 and YY=10 to 50 (Case 4)
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Through the cases 5 and 6, the appropriate range of the maximum camber is between 1
and 5 %c, where the wingbox mass stays at low level. But, the decision of range should also
take the wing geometry in account. By the case 3, it is coherent to at least eliminate the

maximum camber of 1%c.

For the limit of maximum thickness, all graphics show that more the value of this
parameter is high, lighter is the wingbox, although, every aircraft in this category does not use
an airfoil with a maximum thickness more than 40%c. Moreover, when the maximum

thickness is very low, the wing mass becomes very excessive.

Finally, the position of maximum camber is not so influent in the output, so it is
practically indifferent, then, the range adopted to the field study is between 40 and 60%c,

more coherent with the maximum camber used.

Based on the previous analysis it was decided 9 NACA airfoils to be optimized. So
then, the data obtained through the analytical approach are used in the reference [16] as
inputs, and optimized numerically. From the airfoils chosen, graphics displaying the
distribution of thickness were constructed, below some of them are exposed as examples and

the others are in the appendix D.

1.  NACA 2415

ii. NACA 2420
iii. NACA 2520
iv.  NACA 2620
v. NACA 3415
vi. NACA 4410
vii. NACA 4415
viii. NACA 4420
ix. NACA 4430
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3 Wingbox Surrogate Model
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3.1 Theory/ Introduction

The surrogate model (response surface) is a tool that can replace a task that is taking
too long time. In other words, if a process has inputs, a complex simulation and the output
variables, an alternative is to approximate this fragment with a surrogate design. If it is well

designed, it can run a lot of times very fast.

Inputs

l

Process taking too long time

|

Solution: Response Surface

Outputs

Figure 38 - Surrogate Model purpose

The surrogate models, also often referred as meta models, have a huge background
with methods which supports and makes it valid. Then, of course, the final goal is to find an
equation that gives the outputs by the insertion of inputs. The custom procedure passes by
preliminary experiments, sampling plan (Design of Experiments), observations, then construct

the surrogates, search infill criterion and, finally, add of new designs.
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| PRELIMINARY EXPERIMENTS |

| SAMPLING PLAN |

| OBSERVATIONS }

CONSTRUCT SURROGATE(S)

Design sensitivities available?
Multi-fidelity data? ADD NEW DESIGN(S)

l

SEARCH INFILL CRITERION

(optmization using the surrogate(s))

Constraints present?

Noise in data?

Multiple design objectives?

Figure 39 - Surrogate-based optimization framework [§]

Looking back to the surrogate framework, it should have started with preliminary
experiments; however, the analytical approach and its analysis were already enough for that.
For this reason, the wingbox is ready for the design of experiments. Then, after the sampling
plan, it is the construction of the surrogate, where it should choose a function and later fit
curves to make predictions. After that, the results must be verified with true points from the
design due to the fact that surrogates are built upon assumptions. This step is called as infill
points: a vital part of the process. This relevance comes from the need of validate the

surrogate and proof the accuracy as well.

The quality of a surrogate is totally related with the information and assumptions
made. Therefore, the success of that is obtained if the assumptions are well founded and if the
information is correctly chosen. For now, there are two assumptions that are normally taken

for a lot of surrogates: the engineering function is continuous and smooth.

Obviously, the idea is to have the most precise results as possible. The attempted of
model perfection in all field of study is extremely hard, so then, the usual is to make
predictions and then improve the results in the region of the optimum (the points of major

interest), acquiring more correct answers there.
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3.2 Design of Experiments (DoE)

Before constructing a surrogate model, the analysis through the design of experiments
(DoE) can save cost and time. It is a method that deals with the selection and ordering of tests

in order of immediately identify the parameter’s effects into the response surface.
Design of experiments has three phases:

1. Define a system comportment model (the coefficients can be unknown)
ii.  Define the DoE, creating series of tests for model coefficients identification

iii. Do the tests, identify the coefficients and analyze the results

The goal of this section is to classify the relevance of each parameter in the outputs,
and, if possible, eliminate some input variables. For now, the input variables for the surrogate

model are:

i.  Maximum Camber
1. Position of Maximum Camber
1ii.  Maximum Thickness

iv.  Wing Station

The first three variables are functions of which airfoil it is used. The last variable,
wing station, is a dependency of which part of the wing it is the thickness optimization. For
the surrogate output, it has actually four: the Thickness of Upper Skin, Lower Skin, Front
Spar and Rear Spar. However, they are treated individually, for the reason that one variable

can be relevant for one output but not for the others, and so on.

In the aim of start the design of experiments, it should define the factors and levels for
each one. The factors had already been chosen; they are the input variables, for their levels
there are plenty of forms of doing that. A reasonable way is to define low (1), medium (2) and
high (3) level. After that, it has to choose what values are going to be the levels for each
factor. According to the chapter 2.1, in theory, the range for the NACA four-digits parameters

1S:

i.  Maximum Camber: 0 to 9
1. Position of Maximum Camber: 0 to 99

1ii.  Maximum Thickness: 0 to 99
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Although, it is obvious that it should not go so far. A simple example of that is an
airfoil that have maximum airfoil thickness of 90% of the chord would represent a wing of an
extremely high drag, not the purpose to optimize it, as a result it ought to respect a minimum

of aerodynamics effects.

It is also clear that the range is more restrict since it should has a compromise with the
airplane characteristics, as already mentioned in chapter 2.1, a different airfoil implies in a
different wing. Coming back to the chapter 2.7, it has analysis showing that influence, and as
concluded there, some NACA parameters are impracticable, such as the NACA 1412, which
outcomes a wing span of 40 m and a wing area of 200 m>, not usual values for the narrow-

body commercial airliner.

For the range of the wing station, the idea is to take most part of the wing, the wing
geometry was designed with 29 ribs equally spaced (following the chapter 2.1), hence it has
28 stations, named from the root to the wing tip. Taking into account all that, the following

table shows the levels chosen for this study.

Table 10 - Input variables levels

Low Medium High
Maximum Camber 2 3 5
Position of Maximum Camber 30 40 50
Maximum Thickness 10 25 40
Wing Station 5 15 25

The next step is to specify the comportment model of the system, which is the
mathematical relation that gives answer of the function by the factors and maybe others. It is

supposed that the answer is just a function of the factors, so then:
¥o= Flxy, Xu e Xy ) [85]

Among the models with or without interactions between the factors, the model chosen

1S:

¥ =A% + Bra + Cxy + Doy + Exyx + Faeg + Groxy + Hyoxg + Ivr, + jr.xy [BE]
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After that, to define the tests it should keep in mind the efficiency and robustness of
the design of experiments. Consequently, Taguchi’s table is a good option, since it is a
reduced model and thus, likely suitable for this study. The table is showed in Appendix E, in
summary, this Taguchi’s table needs just 27 tests, that four factors with 3 levels would need

81 tests for a complete model.

Afterwards, the tests are done and it is time to identify the effects of each factor and
the interactions. Through a Matlab code the factors’ influences are determined and easily
visualized by the figures below. Just to remember, there is a design of experiment for each
output (Thickness of Upper Skin, Lower Skin, Front Spar and Rear Spar); therefore a GUI
interface was developed in Matlab for that. In this GUI, it is possible to change the levels for

each factor and choose which output the user wants to analyze.

plandexpl
Design of Experiments (Taguchi's Table) Help Reset
Main Yariable's influence inthe Upper Skin
. 45 ’ »
Variables
x=1 x=2 x=3 4 7
x1 Max Camber 2 3 5 351 B
£
x2 Pos Max Camber 30 40 60 % 3k & .
@
x3 Max Thickness 10 25 40 g 251 7
]
x4 Section 5 15 25 oL i
15 -
1 1 1
0 5 10 15
WB part Upper Skin 4 -~ 9-- Max Camber (x1) - ~S-- Pos Max Camber (x2) -~ ©- - Max thickness (x3) Section (x4) ‘
s Yariable's influence in the Upper Skin
T T T T T T @ T --©-~ Max Carnber (x1)
i --©-- Pos Max Camber (x2)
4= | — N
--o--x1x2
! 2
a5l | | x1x2 )
. i o= - Max thickness (x3)
E R 4 *1x3
L @ - .
5T e e N [| Bt
g ) i © ' T e
g 251 | T | -9 Section (x4)
= o= y3?
2 -
15 1 —
1 | | | | | | b
0 S 10 15 20 25 30 35 40

Figure 40 - Design of Experiments GUI

Consequently, using the interface explained above, the results for each output are
quickly obtained. To begin with the experiments, the figures below only show the main’s

variable influence.
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Throughout these graphics, it is evident for all cases that the position of maximum
camber is not so influent in the thickness of the WB. As a consequence, there is a high
probability of eliminating this input, although, it is important to see if the association of that
variable with another one is relevant or even other coupled cases that are not evident to see
just by these graphics. For that, the following figures show all these parameters. Before

analyzing these figures, the table 12 summarizes the previous figures about the main

variables’ influence, which allows a global view of this segment.

Table 11 - Main Variables' influence

Max Camber Pos Max Camber Max thickness Section
Upper Skin Low Very Low Medium High
Lower Skin Medium Very Low High High
Front Spar Low Very Low Medium High
Rear Spar Low Very Low Medium High
4.5
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4r | 1] e x1x2?
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Figure 45- Variable's influence in the Upper Skin
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Figure 47 - Variable's influence in the Front Spar
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Figure 48 - Variable's influence in the Rear Spar

Investigating all pictures at same time, the coupled factors have not a great influence
compared to the pure factors; nevertheless there are still influences that can produce little
differences. Particularly, the coupled case x1x2 (Max Camber with Position Max Camber) is

a bit more critical than the variable Max Camber alone, excepting the Upper Skin output.

In engineering, it should always keep in mind the compromise between time and
accuracy. Wherefore, based on these graphics, it is reasonable to exclude the variable position
of maximum camber without prejudging the accuracy of results. Furthermore, for now,
designing a surrogate model with three variables will be faster to build up and also control
future results. Moreover, with the same variables for all parts of the wingbox, it should only

make one response surface for all them, that gives the 4 outputs at once (Upper Skin, Lower
Skin, Front Spar and Rear Spar thickness).
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3.3 Surrogate Model

After the analysis of the design of experiments it is time to construct the surrogates.
Actually, for this project it is possible to build up response surface for the analytical approach

and also for the numerical approach.

In the case of the analytical approach, made in the first part of this project, the
surrogate model will find the analytical outputs by the insertion of the desired inputs.
Remembering that the analytical outputs are also the inputs for the numerical analysis in
NASTRAN, so they can also be seen from this point of view. For the numerical approach, the
concept is quite the same except from the fact that the points of data are different and more

restrict, being more difficult to achieve good results.
A. Surrogate Model for the Analytical approach results

Through a MATLAB code, the response surface for the analytical results of the
wingbox is made following the steps explained in the section 3.1. First, the bounds are fixed

for each parameter.

i.  Maximum thickness: 10 to 40 %c
1.  Section: 2 to 28

1ii.  Maximum camber: 2 to 6 %c

Then, it must choose the cases that will be part of the surrogate construction. For that,
the Box-Behnken has been selected, which is a MATLAB tool that takes the minimum,
medium or maximum value of each variable, composing 15 events (Appendix E). Actually, it
takes the midpoints of edges of the design space and also the center that is taken three times
for a more uniform estimation of the prediction variance. This tool has the advantage of being

fast, although it has poor results around the extremes.
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Figure 49 - Geometry of a Box-Behnken design [20]

After that, the wingbox is calculated for each point of the Box-Behnken design with
the MATLAB code from the analytical approach. Therefore, by choosing the model, the fitted
functions are obtained and then, the infill points verify the quality of the surrogate raised. It

was decided to use the full quadratic model for all the parts of the wingbox.

V= By By 4 B+ Boxy 4+ Box vy + Bexoxy + Boxen + Boxl + Byxd + Buxy [87]
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Figure 50 — Slices of the Response Surface of each part of the wingbox

Through the MATLAB code, the coefficients of the model were determined and also
the root mean square error (RMSE), which indicates the quality of the regression function,
since it measures the disparities between the prediction points and the true points. More the

RMSE is near to zero, more precise is the model design.
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Table 12 - Reduced Model Coefficients for each part of the WB

Upper Skin Lower Skin Front Spar Rear Spar
B0 8.220 40.092 4.132 4.709
B1 -0.109 -2.494 -0.077 -0.088
B2 -0.170 -1.545 -0.066 -0.072
B3 -0.481 8.052 -0.136 -0.170
B4 0.002 0.052 0.001 0.001
B5 0.004 -0.202 0.001 0.001
B6 0.008 -0.055 0.002 0.003
B7 0.001 0.037 0.001 0.001
B8 -0.002 -0.005 -0.001 -0.002
B9 0.015 -0.016 0.006 0.007

Table 13 - Root Mean Square Error of each part of the WB

Upper Skin Lower Skin Front Spar Rear Spar
RMSE 0.1146 6.0291 0.103 0.0926

From the RMSE table above, it is clearly evident that the lower skin prediction has
low worth beyond the others surrogates. As a result, poor results are acquired for the lower
skin. In order to find the reason for that, the analytical approach section shows that the
distribution of thickness in the wing for the lower skin is more unpredictable and also has a
great difference between the maximum and minimum value of thickness. Moreover, the lower
skin distribution of thickness changes a lot for each airfoil, which turns the modeling more

complicated than the others.

Consequently, from now on, the parts of the wingbox analyzed are just the upper skin,
front spar and rear spar. Actually, it is not so serious the elimination of the lower skin,
because in the industry, the lower skin is not usually dimensioned with the stress criteria, but
they use fatigue criteria as the main factor. Furthermore, the numerical optimization [16]
confirms that the stress a criterion is not used for the lower skin, so the results exposed are

just for the others parts.

After building the surrogate model, it should be validated. For that, it was taken the
NACA airfoils that were already mentioned in the wingbox analysis (section 2.7) and used in
the numerical optimization. Comparing the surrogate models with these airfoils, the relative
errors are showed below along the wingspan for the upper skin, front spar e rear spar,

respectively.
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Figure 53 - Relative Error distribution for the Rear Spar Surrogate Model

From the three graphics above, the errors are more than 10% in some parts; so, it
needs a solution to fix it. Looking at the behavior of the relative errors, the two major critical
points are around the engine position (near of the 10" section) and also at the end of the wing
(around the 25" section). The engine position is clearly a problem, since it inserts a
discontinuity at the distributions, and then, it is harder to design just one surrogate for both
parts (before and after the engine). The problematic at the end of the wing is that around the
25™ section, the thickness for all parts of the wingbox achieve mm (the minimum thickness
adopted), as a result, the reduced model does not follows that behavior, increasing the errors

nearby that region.

Although the simplicity of doing only one surrogate for each part of the WB, the
precision for some portions are far from reasonable values. Thus, one idea is to make more
than one surrogate. For the upper skin response surface, it is probably enough to make 2
surrogates, but for the front and rear spar, it is more prudent to build up a surrogate before the
engine position, another one between the engine position and the 25™ section, and the third
after the 25™ section. The following figure shows the new results of the upper skin surrogate

model, making 2 response surfaces:

i. 1% to20™ section: Full Quadratic function

ii. 20" to 28" section: Linear function
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Figure 54 - Relative Error for the Upper Skin with 2 surrogate models

Comparing this result with the previous upper skin response surface, this one has
lower relative errors, which indicates that the choice of design space directly affects the
quality of answers, and that, for this case, is better to separate into two design spaces and

build up two surrogate models for the upper skin.
B. Surrogate Model of the Numerical WB results

The modeling of the response surface for the numerical WB results is the quite same
as used for the surrogate of the analytical results. The only differences are the selections of
points and the reduced model used. About the selection of points, this time it comes from the
NACA airfoils used in the numerical optimization (8 airfoils), instead of the Box-Behnken
used before. And for the reduced model the fitted function used is interactions, since the

quantity of points is not so high. The function is showed as follows.
v =8+ B.x + B + Boxy + By, + Hexoxy + Boxr (B8]

Between the 8 NACA airfoils used in the numerical results [16], one of them should
stay outside the points of surrogate construction to be, afterwards, the infill points. At this
way, it is possible to build up 8 surrogates, and then they can be compared and analyzed. For
example, the surrogate 1 uses the 8 NACA airfoils except the NACA 2415, and then, that one
will be used as infill points, for the response surface validation. The table below shows the

RMSE for each surrogate model.
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Table 14 - Root Mean Square Error of the surrogate

Surrogate Missing Upper Skin Lower Skin Front Spar Rear Spar
NACA
1 2415 0.44 0.64 0.96 4.50
2 2420 0.38 0.47 1.07 4.61
3 2520 0.43 0.63 1.03 3.69
4 2620 0.43 0.61 1.08 4.53
5 3415 0.42 0.62 1.06 4.52
6 4415 0.43 0.63 1.06 4.56
7 4420 0.43 0.62 1.08 4.38
8 4430 0.41 0.56 1.13 4.57

Unfortunately, the results are not so consistent as found for the surrogate models of the
analytical results. The precision of results is directly related with the input and infill points. In
order to achieve worthy answers, it should has more input NACA airfoils, to better estimate

the thickness and, at least, achieve the full quadratic fitted function.

Another point was the assumption that the input variables were the same as used for
the analytical optimization, because as made before, the designs of experiments were made
based on the analytical results, so, it is possible that other factors have influence in the
numerical optimization, but not in the analytical one. Moreover, as made in the previous
surrogates, separate the surrogate in more than one can reaches better previsions. So, an idea

is to make three surrogate models as explained before:

1. Surrogate before the engine position
ii.  Surrogate between the engine position and the 25" section

iii.  Surrogate after the 25" section

The graphics below show the relative errors between the surrogate models and the 8"
NACA airfoil for the Upper and Lower Skin. Remembering that the 8™ airfoil is the one that
was not used to construct the correspondent surrogate model analyzed. In order to better
adjust the function to the real values of the outputs, it was imposed a condition that if the
surrogate model gives a smaller value than 1, the answer will be 1, since it is the technological
limit of this structure studied. So, at this manner, this condition recovers a bit the surrogate

model made, essentially for the last sections. For the legend’s simplification, the NACA
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airfoil in the legend represents the surrogate model made with the others NACA, and that

airfoil is the test points (infill points).
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Figure 55 - Relative error of the Upper Skin Surrogate Model of the Numerical Results
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Figure 56 - Relative error of the Lower Skin Surrogate Model of the Numerical Results

The others graphics for the Front and Rear Spar are in the Appendix F. Observing these
graphics, it is obviously clear, the lack of precision in practically all surrogate models.
Although, it can be detected that the surrogate model made with the 7 NACA airfoils (without
the NACA 4415) had good results for the Upper and Lower Skin and also for the Front Spar.

This means that it is possible to achieve reasonable answers for those surrogates choosing
the rights airfoils as inputs. Moreover, the quantity of airfoil entries will probably help as
well, since the response surfaces made have not a lot of input points. And with more points, it
will be possible to reach the full quadratic fitted function as the case for the surrogate model

of the analytical results.
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4 Conclusion and Perspectives

Beginning by evaluating the analytical approach and its results, it was exceptionally
worthwhile for the project progress to have a MATLAB code that allows an easy and fast
assessment by the users (GUI tool), so then, the connection with the numerical optimization
was clearly defined and every change in the code is directly noted by the user and registered
in a file for the numerical optimization application. Also, the analysis made can be accessed at
any time for any verification or even the analysis of different cases not made before.
Considering the conditions and restrictions imposed for the analytical formulas, the results are

consistent and reasonable.

This project has accomplished the main goals that were given; nevertheless there are
some gaps and improvements to be studied. I would say that an expanded evaluation of
airfoils not limited to NACA airfoils is a next step that can be worthy. Moreover, it can be
implemented the airfoil’s aerodynamics properties (slope lift coefficient, slope moment
coefficient) as input variables for the surrogate model, allowing an extended evaluation for

any airfoil given.

An alternative perspective is to extend the analysis for other load cases, not only for
the cruise load. And finally, composite applications are extremely recommended since the

recent growing of its utilization in the aeronautical structures.

In one hand, the results for the surrogate models are not totally true and reliable. In the
other hand, they can be used as a tool to go ahead with more optimized surrogates about the
wingbox studied. The response surfaces of the analytical approach have some points to
upgrade, but they are already near of satisfactory results. For the surrogate models of the
numerical approach, the problems are bigger but the solution also passes through quite the

same ways as required for the analytical approach.

In general, the surrogate models made in this project have to improve the decision of
which input points to take, the range of each variable adopted and also the quantity of
surrogates that should be build for each wing. Among the advances that can be done, the
surrogate model can be made in a design space more restrict, which means, with a lower

variation of airfoil, but, at the same time, with a greater range of variables discretization. It
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means that the results will be optimized around the optimum airfoil, with more input airfoils

slightly different from the suitable airfoil of the aircraft.

Another progress is the division of surrogates in the wing: one reduced model before
the position of the engine, another one for after this point, and maybe a third model for the tip
wing, where the thickness usually is 1 mm and disturbs the behavior of the fitted function. For
the surrogate model of the analytical approach, this division was already done, and it was

verified a significant reduction of the relative error from infill points.
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6 Appendix

6.1 Appendix A — MATLAB code of CG and SC

% Function for WingBox shear centre and center of gravity
%*************************************************************
function WBCenCis =
ShearingCentreBox(pl,p2,p3,p4,d,eee,station,c,CoupBec, swept LE
,dih,alfa twist)

% e : WB thickness
ee = eee(l); el = eee(2); e2 = eee(3); ep = eee(4);

xCC = [0ddO0]';

yCC = [pl p2 p3 p4]';

CC = [XCC(1l),yCC(1l); XCC(2),yCC(2); XCC(3),yCC(3);
xCC(4),yCC(4)1;

clear xCC; clear yCC;

syms t

CC(5,:) = CC(1,:);

for i=1:4

line(i,:) = CC(i,:) + t*(CC(i+1,:)-CC(i,z));
end
clear CC;

tt = 0:0.001:1;

linexl = subs(line(1l,1), t, tt);
lineyl = subs(line(1l,2), t, tt);
linex2 1 = subs(line(2,1), t, tt);
liney2 1 = subs(line(2,2), t, tt);
linex3 = subs(line(3,1), t, tt);
liney3 = subs(line(3,2), t, tt);
linex4 1 = subs(line(4,1), t, tt);

liney4 1 = subs(line(4,2), t, tt);
linex2 = linex2 1 + linex1*0;
liney2 = liney2 1 + linex1*0;
linex4 = linex4 1 + linex1*0;
liney4 = liney4 1 + linex1*0;

x = [linexl linex2 linex3 linex4]';
y = [lineyl liney2 liney3 liney4]';
linexl = linexl + CoupBec*c + station*tan(swept LE);
linex2 = linex2 + CoupBec*c + station*tan(swept LE);
linex3 = linex3 + CoupBec*c + station*tan(swept LE);
linex4 = linex4 + CoupBec*c + station*tan(swept LE);



lineyl = lineyl + station*tan(dih);
liney2 = liney2 + station*tan(dih);
liney3 = liney3 + station*tan(dih);
liney4 = liney4 + station*tan(dih);
linexll = linexl*cos(alfa twist)-lineyl*sin(alfa twist);
linex22 = linex2*cos(alfa twist)-liney2*sin(alfa twist);
linex33 = linex3*cos(alfa twist)-liney3*sin(alfa twist);

linex44 = linex4*cos(alfa twist)-liney4*sin(alfa twist);

e = [el+linex11*0 ep+linex22*0 e2+linex33*0 ee+linex44*0]"';
clear linexl;clear linex2;clear linex3;clear linex4;
clear lineyl;clear liney2;clear liney3;clear liney4;

if size(e)== size(x)
else
error( 'Dimension problem of skin vector in the exact
numerical resolution')
end

% Reference: Front WB in the neutral axis

% Small elements diffential
dx = diff([x; x(1)]);
dy = diff([y; y(1)1);
dl sgqrt(dx.”2 + dy."2); % dl : curvilinear abscissa

% Central line (Hypothesis: Central line = Airfoil line
definition)
% 1l = sum(dl); % 1 : Airfoil Medium line

% Centre of Gravity - CG

XG = sum((x + [x(2:end); x(1)])/2.*(e + [e(2:end);
e(l)])/2 .*dl)/sum((e + [e(2:end); e(l)])/2 .*dl);

yG = sum((y + [y(2:end); y(1)]1)/2.*(e + [e(2:end);
e(l)])/2 .*dl)/sum((e + [e(2:end); e(l)])/2 .*dl);
% CG reference

Yy =Y - YG;

X = x - xG;

Inertia moments Ixx Iyy IxXy - Seconds moments of area (Ixx

//y”"2dS)

Iyy = dl' * (((x + [x(2:end); x(1)])/2)."2 .*(e +
[e(2:end); e(1)]1)/2 );

Ixx = dl' * (((y + [y(2:end); y(1)])/2).72 .*(e +
[e(2:end); e(1)]1)/2 );

Ixy = dl' * (((y + [y(2:end); yv(1)])/2).*((x + [xX(2:end);

x(1)1)/2) .*(e + [e(2:end); e(1)])/2 );

AngleAxeInertie = (1/2) * atan2(-2*Ixy,Iyy-Ixx);

Matrix A = [ cos(AngleAxeInertie) -sin(AngleAxelInertie);

84
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sin(AngleAxeInertie)
cos (AngleAxelInertie)];
% Reference changement in the inertia moments axes
er = Matrix A * [y x]';
y = er(l,:)';
X = er(2,:)';
clear er
% Small elements diffential with the new reference
dx = diff([x; x(1)]);
dy = diff([y; y(1)1);
dl = sqgrt(dx.”2 + dy."2);

% Static moment of a section : (Ax = //ydS)

Ax = cumsum((y + [y(2:end); y(l)])/2 .*(e + [e(2:end);
e(l)1)/2 .* dl);

Ay = cumsum((x + [x(2:end); x(1l)])/2 .*(e + [e(2:end);
e(l)1)/2 .* dl);

Ax = [0; Ax];

Ay = [0; Ay];

oo

Seconds moments of area Ixx and Iyy
Matrix B = Matrix A*[Iyy Ixy; Ixy Ixx]*Matrix A';
Iyy = Matrix B(1,1);
Ixx Matrix B(2,2);

oo

Constant flux in the closed section : phiO

o

% Ty : Shear force in the y axe of the shear centre SC

oo

Constant flux in the Ty reference
phi0 Ty = ( d1' * (1/(Ixx))*( (Ax(l:end-1) + Ax(2:end))/2
./ ((e + [e(2:end); e(1)]1)/2) ) )/( dl'" * (1./((e + [e(2:end);
e(l)1)/2)) );
phi0 Tx = ( d1' * (1/(Iyy))*( (Ay(l:end-1) + Ay(2:end))/2
./ ((e + [e(2:end); e(1)])/2) ) )/( dl' * (1./((e + [e(2:end);
e(l)1)/2)) );

% Total flux
phi Ty = phi0 Ty - (1/Ixx)*(AX);
phi Tx = phi0 Tx - (1/Iyy)*(Ay);
phi Ty phi Ty(l:end-1);
phi Tx phi Tx(l:end-1);

% Shear centre
var = (y + [y(2:end); y(1)])/2.*dx - (X + [x(2:end);
x(1)]1)/2.*dy ;

% x Coordinate (with Ty):
xC = - sum( var.*(phi Ty + [phi Ty(2:end); phi Ty(1)])/2

o

% y Coordinate (with Tx):
yC = sum( var.*(phi Tx + [phi Tx(2:end); phi Tx(1)])/2 );



o

% Reference changement in the inertia moments (rotation)
er = Matrix A' * [yC'; xC'];

yC = er(1l,:)"';
XC = er(2,:)"';
clear er

o

% Reference changement of barycentre G to point O
xC = xC + xG;
yC = yC + yG;

WBCenCis = [xXC yC xG yG];
clear x; clear y;
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6.2 Appendix B — Wingbox evolution

Inside any development of a tool, it is always a concern the idea of building it more
sophisticated and at the same time easier to manipulate by anyone. Moreover, this new device
can be advanced afterwards or even used for other areas; hence, more than wondering just the
project, it is wise to keep in mind future applications. Thinking about that, it was implemented
the Graphical User Interface (GUI), an useful MATLAB’s tool which gives the user a friendly

interface with the software.

At the beginning, the concept of the project was not ready and the knowledge about
GUI’s was not so elevated. As a consequence, with the help of Mathworks [13] and some

GUI tutorials [14], the first version is in the figure below.

WING BOX
! Airfoil Type 3 [ sTATION ©
® Airfoil .dat naca0012.dat ~ O New Airfoil Thickness [mm]
Upper Skin 4.06
Lower Skin 4.79
New Airfoil Front Spar 1.96
Plot Airfoil | [Clear| Max camber [% chord] Rear Spar 233
- 0 [ | Center of Gravity [% chord]
Position of max camber [%chord] x CG 39
yCG 1
o [
Shear Centre [% chord]
Max airfoil thickness [% chord] « 8C a7
o y SC 1
2 [ PlotwB3D | [Clear| 4 [ PlotWB Section | [Clear]

WE Section

08|

08f
07
06
05+
04
03f

021 35 4 45 5 55
0.1F Chard [m]

D 1 1 1 1 1 1 1 1 1 1

Figure 57 - GUI of WB Version 1.0

The wingbox 1.0 has the advantage of showing the global problem to be analyzed. It
has in the top left the choice of which airfoil will be used. At this time it could be an airfoil

with the points from a .dat file or a new airfoil NACA 4-digits. Then, the whole wing can be
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calculated and plot 3D of the wingbox appears in the GUI. After that, the GUI allows to

visualize a specified wingbox station with its graphic, thickness of each part and the SC and
CG.

Although, this GUI version takes around 3 min to run and it has many problems, such
as the load cases and wing geometry sizing. So, new ideas and work managed the project to

the version 2.0.

WING BOX [ Reset | Yersion 2.0 I

— Airfoil Type T
L - — igit series
(® Airfoil.dat O New Airfoil g
Max camber [%c] 0 4 »
nacal012.dat Vv Clear
Position Max Camber [%c] 0 4 |
o NACA 0012 AIRFLS
Max Airfoil Thickness [%6c] 0 4| |
[ calculate thickness — Station .
7 7 CG [%c] SC [%c]
Upper Skin  Lower Skin | Front Spar = Rear Spar l Clear X 39.54 38.02
1 557 6.56 2389 339 A . ¥ 0.21 0.09
2 542 6.42 2.8 329 VVB Section
3 527 6.28 274 319 " | JpperSkin
4 512 614 266 3.08 | ovwer Skin
5 497 6.01 259 298 = Rear Spar
6 482 588 251 286 Front Spar
7 467 576 243 275 . SCWB
8 453 5.64 2.36 263 . CGWB
9 439 5.54 228 25
10 425 545 220 239 E
11 4.09 53 217 265 :
12 390 5.05 208 255 0.22 3 4 z
13 372 478 1.99 244
14 353 450 1.80 233 ¥| Chord [m]

Figure 58 - GUI of WB Version 2.0

As it can be seen, this new GUI has the main advantage of a table that shows all
wingbox thickness of the wing at once. Consequently, it leads for a better sense of the
thickness development in the wing. Moreover, this GUI is faster than the previous and many
errors have been fixed. Nevertheless, this project focuses on the NACA airfoils, so after
others modifications and improvements, the version 3.0 is built and destined for the NACA 4-

digits.
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8006 version2
Version 3 WING BOX ( Help | ( Reset |
NACA Airfoil WB Mass [kg] Wing span
NACA 4420 | Change Airfoil | [ Calculate thickness | 1265 31.20
12| 3[4]s|e6| 78] 9111121314 15|16[17[18] 192021 [22]23]24]25]26]:
Upper Skin | 4.82 4.69 4.56 4.43 4.30 4.17 4.05 3.92 3.80 3.68 3.54 3.38 3.22 3.05 2.89 2.72 2.55 2.37 2.19 2.01 1.83 1.64 1.44 1.24 1.03 1.00 1.
Lower Skin | 9.71 9.50 9.30 9.10 8.90 8.71 8.53 8.37 8.22 8.09 7.81 7.42 7.02 6.61 6.18 5.74 5.28 4.80 4.31 3.81 3.29 2.77 2.24 1.71 1.21 1.00 1.
FrontSpar | 2.43 2.37 2.31 2.25 2.18 2.12 2.05 1.98 1.91 1.84 1.88 1.81 1.73 1.66 1.58 1.50 1.42 1.33 1.25 1.16 1.07 1.00 1.00 1.00 1.00 1.00 1.
Rear Spar | 2.81 2.73 2.64 2.55 2.46 2.37 2.28 2.18 2.09 1.99 2.16 2.07 1.98 1.89 1.80 1.71 1.61 1.52 1.42 1.32 1.21 1.11 1.00 1.00 1.00 1.00 1.
[= — R
— Station
WB Section
14 ! H UpperSkin
+ | ovver SKin
[ 16 }—%‘ Clear 12 b ............................ Rear Spar
: Front Spar
BT O OO OUOON OO OTOURTRTRON © SCWB
- * CGWEB
CG%c) | scxa | -
x 38.74 37.99 e
y 5.88 5.42 @ :
il ki) 6 65
Chord [m]
Z
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This version has a cleaner design and easier manipulation, since it has a lot of new

features, such as:

ii.

iii.

1v.

Help button that explains all the steps for a pleasant utilization, if the user has any
doubts.

The button “Change Airfoil” which allows the construction of another NACA airfoil
through a sub GUI window. In other words, pressing that button, it opens an auxiliary
GUI that the user chooses the NACA parameters for building a new airfoil.

The GUI also shows the total mass of the wingbox, computing the spars, skins and
stringers. This tool was already available at the version 2.2, but it was not showed
here.

An important improvement is the wing span value for a coherent evaluation of the

wing according to the airplane studied, as discussed in section 2.1.2.



6.3 Appendix C — Function create airfoil in MATLAB

oo

Function Create Airfoil

unction air = airfoilcreate(c,m,p,ta,ns)
Estabolish chord length and NACA parameters:
c chord length

o® Hh o°

oo

oo

% p = position of maximum camber in tenths of the chord

% ta = maximum airfoil thickness in percentage of the chord
% ns = number of segments

x = linspace(0,c,ns+1l)"';

n = length(x);

yc = zeros(l,n); ddy yc = zeros(l,n); theta = zeros(1l,n);

for i=1:n
if x(i)< p
ye(i) = (m/(p"2))*(2*p*x(i) - x(1)"2);
From x = 0 tp x = p
ddy_yc(i) = 2*m*(p - x(1))/(p"2);
dyc/dx (before)
theta(i) = atan(ddy _yc(i));

else

yc(i) = (m/(1-p)”~2)*((1-2*p) + 2*p*x(i) - x(i)"2);

From x = p tp x = C

ddy_yc(i) = 2*m*(p - x(1))/((1-p)"2);
dyc/dx (after)

theta(i) = atan(ddy _yc(i));

end
end

yt = (5%ta)*(0.2969%(x.”(1/2)) - 0.1260%(x) - 0.3516%*(x."2) +

0.2843%(x.”3) - 0.1015%(x."4));

X upper = zeros(l,n); y upper = zeros(l,n);
X lower = zeros(l,n); y lower zeros(1l,n);

for i=1:n
X _upper(i) = x(i) - yt(i)*sin(theta(i)
y_upper (i) yc(i) + yt(i)*cos(theta(i
x_lower (i) x(1i) + yt(i)*sin(theta(i)
y_lower (i) yc(i) - yt(i)*cos(theta(i
end

)7
)7

— N N N

air = [x upper; y upper; X lower; y lower]';

m = maximum camber in percentage of chord length c

oo

oo

oo

oo
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6.4 Appendix D — Complement Graphics of the wingbox analysis
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Figure 68 - Lower Skin Thickness along wing for 9 airfoils




96

>3 P
2415
2420
3.0 2520
N 2620
R
£ < 3415
‘ L J
g5 " 4410
Py N - 4415
§ N ‘\\:\‘ A w==4420
= ~ /\‘t‘\ 4430
ﬁ ~ ™~ NN
. Ny N
sl N
N\ "\
SN I N
. .
1.0 — >
0 5 10 15 20 25 30
Rib
Figure 69 - Front Spar Thickness along wing for 9 airfoils
40 x I -
2415
3.5 2420
2520
2620
'g 3.0 -— N 3415
g NG ====4410
- N 4415
g 25 S 4420
k- N ‘Q\\ — 4430
= I /'~ N N S
£ 20 N N, N
e
s N
15 —
Ty ~
s N
1.0 — ¥ >
0 5 10 15 20 25 30
Rib
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6.5 Appendix E — Tables used in the Surrogate Model

Table 15 - Taguchi's Table

13

12

11

10

10
11
12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27

2 2
, b,c a,b°c a,b,c

2 2

a, c b,¢ ab,ec ab

a,c

2
a, b

a,b




Table 16 - Box-Benhken choice of points
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Cases Variable 1 Variable 2 Variable 3
1 -1 -1 0
2 -1 1 0
3 1 -1 0
4 1 1 0
5 -1 0 -1
6 -1 0 1
7 1 0 -1
8 1 0 1
9 0 -1 -1
10 0 -1 1
11 0 1 -1
12 0 1 1
13 0 0 0
14 0 0 0
15 0 0 0

6.6 Appendix F — Complement Graphics of the Surrogate Model
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Figure 71 - Relative error of the Front Spar Surrogate Model of the Numerical Results
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Figure 72 - Relative error of the Rear Spar Surrogate Model of the Numerical Results



