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Experimental Background

A. Abstract
Finite-element analysis (FEA) is a common method for improving wing blade aerodynamics,

especially in complex operating conditions. The following report provides recommendations for
optimizing a modern wing blade’s performance through a finite-element-based approach in ANSYS. By
parameterizing structural dimensions of the blade, such as location, quantity, and thickness of blade
components (skin, spar, and ribs), the blade’s total weight is reduced by 41.80%. Major improvements
were made by increasing the number of ribs from 2 to 15 across the span of the blade, and significantly
reducing the overall thickness of the spars and ribs to 0.00585 and 0.00103 m, respectively. With these
conditions, the wing blade operated at SMax ~ 0.37446 m,n = 1.6059, and o, = 156.92 MPa,

within the design constraints of o, < 252 MPa and SMax < 0. 375. Throughout the report, figures

computing the finite—element solutions are provided to further illustrate the optimized design geometry
and performance in terms of stress and deformation response.

B. Introduction

Typical wing blades require optimization through FEA-approaches to streamline decision-making
for complex design constraints and automate numerical solutions. As a practice of this design process, an
example of a modern wing has been provided by the MAE 4700 course staff that requires weight
reduction, given limitations on maximum Von Mises stress and tip deflection. Additionally, large-scale
constraints are outlined as general geometric design limitations. This limits the scope of major design
improvements to changing skin, spar, and rib attributes. Parameters of interest for experimentation
throughout the FEA study include reducing the number of spars and ribs in the wing, thinning the skin,
and altering the placement of the various components in the design. The following is a top-down
perspective on the major notes from the experimental setup, design constraints, and model parameters:

Wing Design Parameters

Young’s Modulus: E = 74 GPa

Poisson’s Ratio: v = 0.3

Yield Strength: Oyield = 378 MPa

Lower Surface Pressure: P = 2500 Pa
Upper

NACA 0012 Airfoil, 15 m in Length, Aluminum
2024-T36 Upper Surface Pressure: Pupper = — 6000 Pa

1. Mass: m = 13669 kg
3
Volume: V' = 4.9226 m Skin, Spar, and Rib Thickness: ty = 1.0cm

2,
3. Surface Area: SA = 164.09 m”
4. Density: p = 2776.8kg/m’ Factor of Safety:n = 1.5




Design Variables (Inputs) Design Constraints (Outputs)
Skin Thickness Maximum Von Mises Stress (GV < % = 252 MPa)
Spar Thickness Maximum Tip Deflection (6Max < 0.375) (2.5% Span)
Rib Thickness Constant Outer Mold Line
Number/ Location of Spars Constant Span
Number/ Location of Ribs Constant Aspect Ratio
Rib Geometry Constant External Geometry

The aforementioned wing is computed with the static structural software in ANSYS to simulate
the wing blade in typical operating conditions (defined by the pressure boundary conditions). To isolate
areas of improvement, the mid-surface geometry of the wing blade is made in ANSY'S Discovery and
altered through the “Parameter Set” feature of the ANSYS Workbench to efficiently compute various
output conditions. From each of these simulations, the goal is to evaluate the maximum Von Mises stress
and tip deflection, and continuously iterate across different parameters until one frontrunner emerges.

C. Mathematical Model and Numerical Solution Strategy

Mathematical Model

Blade wings are considered as a simplified thin-wall structure for computational approaches, thus
introducing Thin Shell Theory as the primary governing principle for the numerical strategy. Shell Theory
is a mathematical method for describing thin-walled structures as one-dimensional, mid-surfaces without
the additional thickness. This approach is specifically valid for our model, considering that the thickness
of the thin-walls is much smaller relative to the larger dimensions of the wing, and the thickness is
consistent across all the various wall segments of the blade. This methodology is extremely
computationally efficient in ANSYS, as by removing the additional elements resulting from the thickness
of the thin-wall, the mathematical model is required to solve for far fewer numerical solutions while still
preserving the dominant structural response.

Mid-Surface Plane Modelling Thick Shell Visualization for Mis-Surface

Figure 1: The following is the mid-surface geometry provided, given the Thin Shell Theory assumption in




the mathematical model, and the visualization of the thin shells in ANSYS through the “Thick Shell”
option in the visualizer

In addition to the Thin Shell Theory, the wing blade is governed by the Principle of Minimum
Potential Energy, where the configuration or deformation of an elastic system aims to minimize the total
potential energy. For our application, this governs the mechanical response of the blade elements and
leads the ANSY'S model to converge on solutions for deformation with the least potential energy. This
principle specifically governs the equilibrium of displacement for all varieties of mechanical systems,
from springs to shells, based on the geometric degrees of freedom (DOF).

Both the Thin Shell Theory and the Principle of Minimum Potential Energy are leveraged to
compile the mathematical model for the deformation of the wing blade geometry under the specified load.
With the wing blade modelled as a mid-surface for simplification, the Principle of Minimum Potential
Energy is solved along the simplified surface of the undeformed geometry. Similar to the basic linear
spring model, the mathematical model for the shells consists of strain energy and external force
parameters that consist of the following:

1. Essential boundary conditions (nodal translations and rotations, known/unknown DOF)

Location of the undeformed geometric mid-surface (modelled geometry in ANSYS Discovery)

External forces/ surface loads

2
3
4. Internal material properties (Young’s Modulus, E, Moment of Inertia, E tg, Poisson’s Ratio, v)
5. Surface Mesh for Discrete Shell Elements

Numerical Solutions

For the numerical solution in ANSY'S, the formulation of this numerical solution is similar to
characterizing energy for a linear spring. With the basic mechanical response of a thin-walled structure
being similar to a linear spring, our system is mathematically modelled based on the basic structural
models for a spring with additional degrees of freedom. A linear spring is considered a single element
with 2 DOF, 1 stiffness (k), 1 force (F), and 2 displacements (u 1and u 2), with the following equations:

I (u) = Strain Energy — External Work

dn
= = — — — LSpring _
N Sprmg( u) = k(u u ) Fu - 0
For this specific use case, the internal mechanical characteristics (k) and the boundary conditions on the

element (F and ul) are required to solve for the displacement u, that minimizes the total potential energy.

For structures with higher dimensions (i.e., beams, trusses, and shells), a similar system is implemented to
characterize potential energy in terms of DOF, relate to the boundary conditions, and solve for
displacements. The following is an approximation of the numerical solution for the ANSY'S software:

elm.

()—Z(—qKq—qF)M 0
e=1

where q,= Element DOFs, Ke = Global Stiff. Matrix (E, I, etc.), and Fe = Ext. Force

1 Surface

Although typical exact solutions require integration over the boundary of the surface, the finite element
approach instead sums the discretized elements of the surface as individual linear springs.



The equation is dependent specifically on the degrees of freedom for the respective element.

ANSYS automatically calculates DOF for each element with DOF i, = DOF 3D *n Nodes” essentially by

multiplying the DOF within a typically 3D surface by the number of nodes comprising the surface
element. While the former is fixed for the following system (6 DOF with 3 rotational and 3 transverse
DOF), the number of nodes for each respective shell element is dependent on the node mesh sizing
method. Typically, surface nodes within ANSY'S are computed as 4-node surface elements (squares),
meaning these elements have 24 DOF according to the ANSYS software. However, multiple sections are
refined with adaptive methods to remove singularities and prevent duplications of stress at the same point
where mid-surface planes intersect. As such, some elements are not exclusive 4-nodes that require
continuous computation by the ANSY'S software to compute DOF. With these two methodologies, the
software automatically defines meshes that are compatible with the various shell element methodologies
and produces a solvable, continuous mesh for the simulation

Ezample Element Numerical Solved

Y-Nodc
Element

Figure 2: The following is a diagram of an example 4-node shell element computed in the numerical solutions of the
ANSYS software



ANSYS Set-Up and Optimization Procedure

D. Mesh Refinement

Although ANSYS automatically computed the mesh for the surface elements of the blade design,
this process resulted in singularities at the intersection point of mid-surface planes. As previously
mentioned, due to interference between the thickness of two mid-surface planes, mechanical responses at
these locations are improperly modelled. As such, manual and adaptive mesh refinements were
implemented as a method for refining the original mesh provided by the automatic discretization of the
mid-surface geometry. The following is the gradual mesh refinement method for improving the elements
for the FEA computation, ranging from the original mesh to adaptive refining with the Von Mises stress:

Mesh Varieties (Computed with a Variation of the Initial Geometry)

Original Mesh

Manual “Sphere of Influence"

Automated Von Mises Stress

21013 Elements, 19834 Nodes

27833 Elements, 26516 Nodes

32754 Elements, 31620 Nodes

SMax =~ 0.22753m

8Max ~ 0.22763m

o) ~ 0.22753m
ax

Sy Max = 97.093 MPa

o = 121.91 MPa
V,Max

o = 143.19 MPa
ax




E. Design Comparisons

Geometric Variations for Wing Blade Design

Design #

Major Design
Parameter

Description

Geometry Photo

Initial (1 Rib, 2
Spar)

The following design is the
initial geometric location and
orientation for the ribs and
spars provided by the course
staff. The computations are a
reference point for weight
improvement.

2 Rib, 1 Spar

This approach reduces the
number of spars to determine
the overall effect on the
aerodynamic load and evaluate
methods for reducing weight.

2 Rib, 2 Spar

By increasing the number of
ribs, this may assist in
distributing aerodynamic load
on the blade design. However,
this may require additional
thickness reduction to prevent
excess weight.

15 Rib, 2 Spar

This approach reduces the
number of spars to determine
the overall effect on the
aerodynamic load and evaluate
methods for reducing weight.
Design informed by general
recommendations for a rib
every 1-2 meters of the wing
blade span.

Optimized Parameters By Design Variety

Design #

t

tSpar Rib

tSkin nMin

Tip, Max

w
Est.

1A

0.020022 m

0.002501 m

0.02373 m 2.1414

0.37599 m

11039 kg




1B 0.20058 m 0.02372 m 0.02372 m 2.1427 0.37599 m 11039
1C 0.02008 m 0.02372 m 0.023721 m 2.1429 0.37599 m 11040 kg
1D 0.01204 m 0.0275 m 0.0188 m 1.9381 0.44145 m 9553.5 kg

0000

4000

8.000 (m)
]

8000 (M)

2,000

2A 0.018821 m 0.012035 m 0.027615 m 2.2733 0.376 m 12345 kg
2B 0.018785 m 0.012109 m 0.027618 m 2.273 0.376 m 12346 kg
2C 0.018714 m 0.012071 m 0.027624 m 2.2727 0.376 m 12346 kg
2D 0.01875 m 0.012000 m 0.027500 m 2.2727 0.37491 m 12380 kg

A
3A 0.014724 m 0.0013135m | 0.023737 m 1.9082 0.37597 m 10797 kg
3B 0.015091 m 0.0013475m | 0.023705 m 1.9111 0.37581 m 10800 kg
3C 0.014888 m 0.0021546 m | 0.023717 m 1.9098 0.37599 m 10805 kg
3D 0.015000 m 0.015000 m 0.015000 m 1.3629 0.60276 m 7250.7 kg
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0000 2500 5.000 (m)
)

5000 (m)

4A 0.0075753 m | 0.0010308 m | 0.017698 m 1.9438 0.37579 m 7944.9 kg
4B 0.0058178 m | 0.0010283 m | 0.017887 m 1.8806 0.37539 m 7947.8 kg
4C 0.0084245 m | 0.0010391 m | 0.017618 m 1.9697 0.37581 m 7948.7 kg
4D 0.00585 m 0.00103 m 0.0179 m 1.6059 0.37446 m 7955.1 kg

point for the design, the deformation and stress figures were provided to demonstrate the specific

During the optimization process for the wing blade design, the three major constraints were to
minimize geometry mass, ensure the factor of safety (FOS) was above 1.5, and to maintain deformation
less than 0.375 m. The setup yielded candidate points, which were then further optimized by hand to
determine a feasible design given the specific geometric variation. After converging on a specific optimal

response. Primarily, as the number of ribs increased, there was less material needed to reinforce the wing
to meet the FOS requirements, and the weight could be dropped. Additionally, another spar greatly
increased the maximum stress of the wing blade, thus leading to our final design integrating an additional

spar. After evaluating numerous design points, our group converged on a geometric design that

incorporated 15 ribs and 2 spars that were optimized for FOS and stress within the design constraints.
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Recommendations and Improvements

F. Recommended Design

Wing Design Major Design Attributes

Number of Components

2 Spars

15 Ribs

Thickness of Components

t = 0.00585m
Spar

o = 0.00103m

torin = 0.01790m

Total Weight

7955.1 kg

Total Deformation of the Final Wing Blade Design

S

Max

=~ 0.37446 m, which is less than the 0.375 m design constraint
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Total Stress of the Final Wing Blade Design

0.000 ER

1.500 4.500

174 1.5

193.87 MPa

o . = 235.38 MPa
Yield

= 156.92 MPa, which is less than the 378 MPa design constraint

Safety Factor of the Final Wing Blade Design

10:59:17 PM

= 15 Max

10
5
1.6059 Min
]

0.000 3.500 7.000 (m)

[ —

n = 1. 6059, which is higher than the lower end 1.5 safety factor design constraint
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G. Conclusion and Future Work

Overall, the finite-element analysis proved successful in improving the overall performance of the
original wing blade design by reducing the blade’s total weight by 41.80% while remaining within design
constraints. Throughout the iterations, major improvements revolved around increasing the number of ribs
while reducing the overall thickness of the design. Technically, it is possible to continue optimizing the
blade geometry with a higher number of ribs and reduced thickness, but the final blade design’s thickness
appears to be a realistic floor value. 1/16th (1.29 mm) and 1/32nd (1.02 mm) are common thicknesses for
consumer-grade aluminum sheets, and exceeding this ~1.00 mm threshold would certainly be unrealistic
for a structural use case. This order of magnitude both grounds the current estimation and further
strengthens the case for this blade design.

Although the current approach was a sound and effective measure for evaluating the efficacy of a
single-design parameter with finite-element analysis, there are likely more effective structural methods for
generalizing the response from the start to contextualize our approach. Online resources indicate that
typical airfoils require a spar every 1-2 meters of span, thus confirming the finite-element analysis for the
aforementioned wing blade. The major requirement for these computational methods is to first create a
strong conceptual foundation for the model, create an inferred hypothesis/ well-educated design for
further improvements with hand-calculated structural analysis, and compute in ANSY'S. Otherwise, the
practice becomes computationally inefficient and redundant.

Future improvements may involve surveying other material types, changing the span of the
overall wing blade, or implementing non-constant chord cross-sections. By evaluating the use case of the
blade, there is a potential for other materials or composites to be implemented, such as carbon fiber, to
reduce the density and mass of the overall system. Additionally, from MAE 4272, experimental testing
has proved that mechanical stress due to bending can be distributed through non-constant linear airfoil
cross-sections, thus expanding the opportunity to test different geometric parameters as radial functions.



H. Appendix
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Andrew D’Onofrio

Writing for the Abstract, Introduction, Mesh Refinement, Mesh
Sensitivity; Computations for Design Comparison; Collaborated on
Conclusion and Future Work
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Computations for Design Comparisons and final Recommended
Design; Collaborated on Conclusion and Future Work

Additional Associated Charts for the Final Design

A: Static Structural

I 2.3538e8 Max

L 55061 Mi

A: Static Structural
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Report Design #1

Design Points
P7 - Spar Thickness P13 - Spar2 Thickness ‘Total Deformation Maximum Safety Factor Minimum Retained Retained Data State Report Note
Units n m m m e n
0P0 (Current) | 20 00 00 00 002 95535 44145 19381 ves v

Outline of All Parameters

B Input Parameters
B Static Structural
G P Spar2 Thickness 002

G P Spar Thickness 0 |m
G P15 i Thickness 0 |m
G Pl Skin Thickness 0 |m
G 7 Spar Thickness 2
B Output Parameters I
Geometry Mass 9535 | ke
| Total Deformation Maximum | 0.44145 | m

5176 Safety Factor Minimum 1.9381

Response Surface Optimization

Design of Experiments

The Design of Experiments is the initial step building a Response Surface over the design space. This section describes the selected input parameters and their variation range, the chosen Design of Experiments type, and the generated Matrix of
Experiments.

Parameters

The explored design space is defined by the range of variation and the allowed values of the following 3 input parameters.

D Name Classification Lower Bound Upper Bound _Allowed Values
Spar Thickness | Continuous 2 25 Any

| P15 | RibThickness | Continuous | 0.0025[m] | 00035 [m] | Any |

| P16 | Skin Thickness | Continuous | 0.0225[m] | 0.024 [m] [Any |

Design of Experiments Properties

Design of Experiments Type | Central Composite Design

Design Type. | Auto Defined

Matrix of Experiments

All of the 15 points are up-to-date.

The full Matrix of Experiments is provided in the

Parameters Parallel Chart

Parameters Parallel Chart nsys
25 00035 002 sms  2um ooms  ooms
H
s
‘
7
.
s
10—
n—_
12—
18—
frpu—
5 —
20 o2 ooz Tostm  oawee 2084 0o o
" ASim 76 im P 0 kel PS (I " M3 e im
Design Points vs Parameter Chart
Design Paints vs Parameter Ansys
25 s
3 9 s e
2 {
s
a 60 lolo |1 |
05
a s a a
2 s
T i s+ s s 7 & s m om o= b onn
Pointz Name

Response Surface

The Response Surface is a meta-model built from the Design of Experiments for an efficient exploration of the design space. This section describes the selected type of meta-model, including its properties, the obtained quality, and the generated
Response Points and charts.

Response Surface Properties

Response Surface Type
Random Generator Seed
Maximum Number of Generations
Display Level

Generate Verification Points
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Goodness of Fit

The Goodness of Fit report provides charts and metrics to understand how each output parameter is approximated by the response surface

Details of ‘Goodness Of Fit'
Predicted vs Observed Scatter Chart

Predicted vs Observed - Normalized Valuss \nsys

Predicted rom the Response surfoce

Coefficient of (Best Value = 1)

Learning Points e Bt !
Cross-Validation on Learning Foints et Bt Bt

Root Mean Square Error (Best Value - 0)

Learning Points 81348613 5.9049E-11 22561E.06
Cross-Validation on Learning Points 1150412 1.8571E-05 7.3126£.06
Relative Maximum Absolute Error (Best Value = 0%)

p——y o ) 5 oonzen
Coss edatonon Lering Points e | g osoms 5 oosones
Relative Average Absolute Error (Best Value = 0%)

Leaming s o Fo Feo

Cross Vtdtion o Learing P Forwen | 2 oo oo

Minimum and maximum values

This section reports the minimum and maximum values for each output parameter. These values are approximations found by the Min-Max Search on the Response Surface.

Name Minimum value Maximum value

P4 - Geometry Mass (kg) 10517 11277
P5 - Total Deformation Maximum (m) | 0.36924 039472
PG - Safety Factor Minimum 2.0763 2.18%
P13 - Spar2 Thickness (m) 0.0 0.0225
P14 - Sparl Thickness (m) 0.0 0.0225

Design Points

Units e m
0P 0 (Current) | 20 12380 037491 22787

ves v

Outline of All Parameters

B Input Parameters
o8 Rib Thickness 2
B static Structural
2] Geometry azz 280 | kg
EL Total Deformation Maximum | 0.57491 | m
B Safety Factor Minimum | 2.2787

Response Surface Optimization

Design of Experiments
‘The Design of Experiments is the i

il step building a Response Surface over the design space. This section describes the selected input parameters and their variation range, the chosen Design of Experiments type, and the generated Matrix of
Experiments.

Parameters

The explored design space is defined by the range of variation and the allowed values of the following 3 input parameters.

D Name Classification Lower Bound Upper Bound Allowed Values
b Thicknes | Contiowous | 12 i oy

95 | Sin Thickness | Contiuous | 005 m] | 0025 (m) | Any

P12 SparTrickness | Continsous | 0015 [m] | 0019 (m) | Any

Response Surface Optimization

Design of Experiments

‘The Design of Experiments is the initial step building a Response Surface over the design space. This section describes the selected input parameters and their variation range, the chosen Design of Experiments type, and the generated Matrix of
Experiments.

Parameters

The explored design space is defined by the range of variation and the allowed values of the following 3 input parameters.

Classification Lower Bound _Upper Bound _Allowed Values
P8 | Rib Thickness | Continvous | 12 o

P9 | Skin Thickness | Continvous | 0.025 [l 0025 (m) Ay

P12 | Spar Thickness | Continvous | 0015 [m) 0019 (m) Ay

Matrix of Experiments

Allof the 15 points are up-to-date.

The full Matrix of Experiments is provided in the Appendices.
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Matrix of Experiments

Al of the 15 points are up-to-date.

Parameters Parallel Chart

Parameters Parallel Chart \nsys
4837

2 0029 00s 286 00n 0021

n
12
13
18
2

12 0.025 005 11238 36034 21302 0.0 0012
3 7 (m] PL2 [m) P4 (104 kgl S [m] 3 PLL(m) PO [m

Design Points vs Parameter Chart

Design Points vs Parameter \nsys

21 @
o o a o o
1
18
1

o ole 8 @
16
15
10
B o o o o
12 8

Tz 3 4 s & 7 8 s 10 n 1w 5 u x5

Points Name

Response Surface

The Response Surface is a meta-model built from the Design of Experiments for an efficient exploration of the design space. This section describes the selected type of meta-model, including its properties, the obtained quality, and the generated
Response Points and charts.

Response Surface Properties

Value

Type
| Random Generator Seed o |
| Maximum Number of Generations | 12 |

Details of ‘Goodness Of Fit'
Predicted vs Observed Scatter Chart

Predicted vs Observed - Normalied Vaues nsys

{5 eutohmator s -
B oo

[ el

jriisepioriont L~

Predicted from the Response Surface

Safety Factor Minimum

Coefficient of Determination (Best Velue = 1)

[re——" et Het 5 omm

[ — A et 5 0

ot e S e (et Ve -0

Leaming s 1012 araErEa oconaeis

Crone Vttion o Learin e e 12 75z 06 oonies

elative Hsimom AbslteErr Bt Voo = 5]

[e— 0 ) 5 o7

[ —r— Fown | % oo s
[

Leaming it FA) o 5 oamon

e —— s | 5 omeun S 1058

imum and maximum values

This section reports the minimum and maximum values for each output parameter. These values are approximations found by the Min-Max Search on the Response Surface.

P4 - Geometry Mass (kg) 11138 13040
P5 - Total Deformation Maximum (m) | 0.35821 042148
P6 - Safety Factor Minimum 2115 2.3409
P11 - Rib2 Thickness (m) 0.012 0.021
P10 - Rib1 Thickness (m) 0.012 0.021

The input parameter values corresponding to the minimum and maximum values are provided in the Appendice:
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Candidates

Candidates of the optimization study

P8 - Rib Thickness P9 - Skin Thickness (m) P12 - Spar Thickness (m) P4 - Geometry Mass (kg) P5 - Total Deformation Maximum (m) P6 - Safety Factor Minimum P11 - Rib2 Thickness (m) P10 - Rib1 Thickness (m) Report

Candidate Point 1 12085 0.027615 o.1e821 X 1235 K 078 Fe 2 0012035 0.012035
Constoreromz | 12109 ocs oomes 2 B0 o 2m oomos oomnos
Candidate Point 3 12,071 0.027624 0.016714 32 12346 5 0370 25 2 0.012071 0.012071
Custom Candidate Foint | 12 0.0277 0.0188 X 12380 AL AR 0012 0012

Historv Chart

Report Design #3

Design Points

P7 - Spar P9 - Skin P11 - Rib2 P12 - Spar1 P13 - Spar2. P4 - Geometry P5 - Total Deformation P6 - Safety Factor Retained Retained Data Report Note
Thickness Thickness Thickness Thickness Thickness Mass Maximum Minimum NeC state S L

Units m m m m m ke m

ey |5 15 0015 0015 0.015 0015 0.015 7507 0.60276 13629 ves v

op 1 10 15 0015 0015 0.015 0.01 0.01 70168 0.6259 13173

op2 5 5 0.0075 0.005 0.005 0.0175 0.0175 40646 14129 0.79854

op3 5 15 0.0075 0.015 0.015 0.0175 0.0175 a7 14136 075752

P4 5 5 0015 0.005 0.005 0.0175 0.0175 7536 059494 13859

Outline of All Parameters

D Parameter Name Value Unit
B Input Parameters
B (3 Static Structural
Skin Thickness 0015 | m
Rib Thickness 0015 | m
Rib2 Thickness 0015 | m
Spart Thickness 0015 | m
Spar2 Thickness 0015 | m
Spar Thickness 15
Rib Thickness 15
Geometry Mass 72507 | kg
Total Deformation Maximum | 0.60276 | m
FPs Safety Factor Minimum 13629

Response Surface Optimization

Design of Experiments

The Design of Experiments is the initial step building a Response Surface over the design space. This section describes the selected input parameters and their variation range, the chosen Design of Experiments type, and the generated Matrix of
Experiments.

Parameters.

The explored design space is defined by the range of variation and the allowed values of the following 3 input parameters.

D N cl ication Lower Bound Upper Bound Allowed Values
P7 | Spar Thickness | Continuous 5 35 Any

| P8 | Rib Thickness | Continuous | 1 |25 [ Ay |

| P9 | Skin Thickness | Continuous | 0.005 [m] | 0.0% [m] [ Any |

Design of Experiments Properties

Property Value
Design of Experiments Type | Central Composite Desi
| Design Trpe | Auto Defined

Parameters Parallel Chart

Parameters Parallel Chart Ansys
n b @ o w w o o
o H & @ & & @ @
n n 2 & @ 5 s e 2 2
B & S - i B = E B B
1 —
e
Jr—
[rp—
§ —
7 —_—
B —
PR
10—
I —
12—
\ JE—
14—
15—
@ @ w o @ e o o w w
a a H 2 2 5 a2 & 2 2
& a i s 2 o a2 a E E
“ L} = o o i @ & = =
= < < < 2 2
2 S
< E
P7 PB P9 [m] P4 (x10% kgl PS [m] PG P10 [m] P11 [m] P12 [m] P13 [m]
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Design Points vs Parameter Chart

Design Points vs Parameter \nsys
35 o
] ] o o
30 - it it it
25 4 —t ft it 5
o - L P P ! i 1 i 1 i 1
15 i bt 1 1 —
\
10 1 H H H H
a a a a
5 o
1z s 4 5 s 71 8 3 10 1 12 13 13 15
Points Name

Response Surface

The Response Surface is a meta-model built from the Design of Experiments for an efficient exploration of the design space. This section describes the selected type of meta-model, including its properties, the obtained quality, and the generated
Response Points and charts.

Response Surface Properties

Property Value

por Type
Random Generator Seed o
Maximum Number of Generations | 12
Display Level Final
‘Generate Verification Points No

Goodness of Fit

The Goodness of Fit report provides charts and metrics to understand how each output parameter is approximated by the response surface.

Details of ‘Goodness Of Fit'
Predicted vs Observed Scatter Chart

Predicted vs Observed - Normalized Values \nsys

P2 L Geometry Mazs
75 - Total Deformatian Msximum
76 - Safety Factor Minimum
PLO-Rib1 Thicknass

PL1 - Rib2 Thickness

PL2-Spard Thicknass.

P13 - Spar2 Thickness

Predicted from the Response Surface

o o1 oz o3 o os  os o1 o8 09 T
Observed from Design Points

Deformation Maximum P6 - Safety Factor

(Best Value = 1)
Learning Points He 1 e 5 09
Coss elatonon Lerning Pl o Fn o oo
Root lean Square Error (Best Value = 0)
Learning Points 1.5665E-12 0.00017054 0.0028823
Cross-Validation on Learning Points 44089612 0.0002778 00077293
Relative Maximum Absolute Error (Best Value = 0%)
Learing i ) oo S tte7a
Cross Validation on Learning Points 2 arasEE 2 010987 F 24917
Relative Average Absolute Error (Best Value = 0%)
Learning Points i 0017855 K 030135
Coss elatonon Lerning Pl 5 om0 5 oo

Minimum and maximum values

This section reports the minimum and maximum values for each output parameter. These values are approximations found by the Min-Max Search on the Response Surface.

1713 16804
P5 - Total Deformation Maximum (m) | 0.26474 3.1681
P - Safety Factor Minimum 0.47286 25168
P10 - Rib Thickness (m) 0.001 0025
P11 - Rib2 Thickness (m) 0.001 0025
P12 - Spart Thickness (m) 0.005 0035
P13 - Spar2 Thickness (m) 0.005 0035
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Response Points

The Response Points provide the output parameter values obtained by evaluating the Response Surface. This section lists all the Response Points and their associated charts.

P7 - Spar P9 - Skin Thickness P4 - Geometry Mass  P5 - Total Deformation Maximum P6 - Safety Factor P10 - Rib1 Thickness P11 - Rib2 Thickness P12 - Spar1 Thickness P13 - Spar2 Thickness
Thickness (m) =) (m) T— (m) (m) (m) (m)
fesponse 0 13 0.02 9587.7 0.44088 1.7017 0.013 0.013 0.02 0.02
Details of ‘Response Point’
Response Chart
Response Chart for P4 - Geometry Mass ‘Ansys

103 P~ Geamerry Mass
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ey
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Fooss
T ose
= osr
£ ose
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P7 - Spar Thickness

Candidates

Candidates of the optimization study

P6 - Safety Factor hi b2 Thickness P12 - Spar1 Thickness P13 - Spar2
(m) (m)

Constoepont | 14724 11 oq = 25 o 1oz ooorsiss scarss oors o0una

’ * *
Candidate Point 2| 15.091 1.3475 0.023705 x 10800 5 03781 K 1om 00013475 0.0012475 0.015091 0.015091
Candidate Point 3 | 14.888 2154 0.03717 X 10805 B 03759 5 108 0.0021546 0.0021546 0.014888 0.014888
Custom Candidate: * *

4 1 0.028 x 10820 A X AR 0.001 0.001 001472 0.01473

The table of Rati

History Chart

Report Design #4

Response Surface Optimization

Design of Experiments

The Design of Experiments is the initial step building a Response Surface over the design space. This section describes the selected input parameters and their variation range, the chosen Design of Experiments type, and the generated Matrix of
Experiments.

Parameters

The explored design space is defined by the range of variation and the allowed values of the following 3 input parameters.

D Name Classification Lower Bound Upper Bound Allowed Values
Spar Thickness | Continuous 5 0 Ay

|P16 | Skin Thickness | Continuous | 0.005 [m] [ 0.035tm) [ Any. |

| P33 | Rib Thickness | Continuous | 1 [15 [ Any |

Design of Experiments Properties

Property Value
Design o Experiments Tpe | Central Composie Design
| esign e |“Auto Defined ]

Matrix of Experiments

Al of the 15 points are up-to-date.

Parameters Parallel Chart

Parameters Parallel Chart Ansys
s 8 F e e BB EEEFPEEEEEENERE
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Design Points vs Parameter Chart

Design Points vs Parameter

Ansys

Tz 3 & s & 7 8 s 0 n 12 1

Points Name

Response Surface

The Response Surface is a meta-model built from the Design of Experiments for an efficient exploration of the design space. This section describes the selected type of meta-model, including its properties, the obtained quality, and the generated Response Points and charts.

Response Surface Properties

Property Value
Trpe
Random Generator Seed o
Maximum Number of Generations | 12
Display Level Final
Generate Verification Foints | o

Goodness of Fit

The Goodness of Fit report provides charts and metrics to understand how each output parameter is approximated by the response surface.

Details of ‘Goodness Of Fit’
Predicted vs Observed Scatter Chart
Predicted vs Observed - Normalized Values Ansys
f
75 ToalDeformation Masmam
Sasey Factor Mo
os 7062 Thicness
23 Thicness
os P28t s
] s resionion
£ 26 s Thicness |
3t 25 7 Thicness
] 24 Thicness
% os 23 s Thcnss
§ 723 10 Thicness
240 2112 Thicness
] 720 w2 Tickass
: 728 23 Thicnass
£oe 18T Thickness
71 Thicnass
FIY I-Rivetiom
3 B i span Th
£ e s men. |
o
LI S S S S R R R
Observed from Design points
P4 - Geometry Mass 5 - Total Deformation Maximum P - Safety Factor Minimum
P4 - Geometry Mass P - Total Deformation Maximum D6 - Safety Factor Minimum
Coesficent -1
Learing s o e 0599 oo
[ET——— X 5 o o ot
Eror (Best Valve = 0)
Learning Points e 0.00082538 o028
CrossVlidation on Learning Points 5745612 00038288 007788
Retative Mximum Absoe Error (Best Value
[p— D) oo 2
Cross-Validation on Learming Points By 2ETS Fok 1:9639 Xx 19218
Relative Average Absolute Error (Best Value = 0%)
Learming ot o % o o
Cross-Valdaionon Laring Foowe | 5 o ¥ ses

Candidates

Candidates of the optimization study

P5 -Total b P32-
Deformation L
Maximum
(m)
*
Gradite |1y [oomes | rows | - maas | 5055 | A% ooocos | oooos | 0008 | 000108 | 0001008 | 0001038 | 0010KS | 0001038 | 00018 | G00IGSGS | GODIGNES | C.0IGNE | .ODONS | C.ODONS | G000 | G0onsTS) | 0007
19438
*
cradite | oz [oomar | rom |- as | G 0umn | A% ooocws | ocows | ocowss | ocomss | ooy | 0001 | 0013 | 00002 | 000128 | 000128 | QNGRS | C.0MGRES | C.ODOHES | C.ODOIS | 000283 | GossiTs | oossis
1.8806
A
radite s [oomes | tow |- a7 | 500 | A% ocomw | ocowm | ocowmi | oot | oooiomi | 0001091 | 0001091 | 00001 | 0001t | 00015t | QNG | .Gt | .00 | COD0ST | GO0 | coeezes | oosaass
19897
Custom * *
Cancite | 5.55 oo |1 s | 0w | wk 0003 | 000103 | 000103 | 000103 | 00003 | 00013 | 000103 | 0.00103 | 000103 | 04013 |00TS | 0.00103 | 0.00103 | 000103 | 000103 | 0.00S85 | 0.00885
Foint 1883
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