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MOTIVATION and SCOPE

| - MODELLING in AEROELASTICITY: past and present civil aircraft

Relatively stiff

Decoupled flight dynamics and aeroelasticity
Linear aeroelastic behavior

Commercial aeroelastic solvers available

Increasingly flexible

Coupled flight dynamics and aeroelasticity
Nonlinear aeroelastic behavior

Commercial aeroelastic solvers not available
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MOTIVATION and SCOPE

| - MODELLING in AEROELASTICITY: present and future

Which challenges?

Nonlinear aeroelastic solvers to
analyze complex very flexible new
configurations

Why?

Commercial solvers not available

E.g., coupled flight dynamics and
aeroelasticity of complex configurations
around nonlinear trim conditions

How?

Methodology to couple off-the-shelf solvers
for high-fidelity analysis of fluids and
structures = usefull and effective for design
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MOTIVATION and SCOPE

Aircraft design is a multidisciplinary problem
having competitive objectives (multi-objective)

¥

Compromise design must be
achieved

B

Aerodynamics

Z

Manulacturing

Propulsion

Boeing 707

. « Traditional approach mostly based on past
Airbus A340

experience and knowledge
« Conventional configurations are close to their
limits
Environmental goals require new effective

designs
\ 4

To make more than evolutionary
iImprovements requires modeling,
simulation and computation-based
multidisciplinary design (I. Kroo)

Il - MULTIDISCIPLINARY and MULTIOBJECTIVE DESIGN for AIRCRAFT configurations

DISCIPLINE MAIN GOALS DESIGN REQUIREMENTS
STRUCTURES Minimum Reduction of stress (masses placed)
Weight in most critical areas
Low wing span
High wing box thickness
AERODYNAMICS Maximum L/D Slender bodies
High wing span and aspect ratio
Very thin wing box
ENVIRONMENT Minimum Noise  Very slender design
IMPACT Minimum fuel High By-Pass Ratio (high engine

consumption

diameter)

MANUFACTURING ~ Minimum costs

Simple components to be
assembled and inspectioned

FLIGHT CONTROL Control surface

effectiveness

Minimum structural flexibility
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MOTIVATION and SCOPE

Il - MULTIDISCIPLINARY and MULTIOBJECTIVE DESIGN for AIRCRAFT configurations

Governed by a number of Several design variables impact
coupled disciplines performance of multiple disciplines Design of new systems cannot rely on
accumulated experience
Disciplinary objectives interact and Evaluation of compromise
potentially conflict with each other (multiobjective) solutions
Traditional approach: Sequential design Formal Multidisciplinary Design Optimization (MDO) approach
e Cyclic iterative process _ * Integrated computational &
e Difficulty in sharing information _‘ﬁ CONTROL environment /
STRUCTU CONTROL

among work teams

M% e Mutual collaboration among m
SYSTEMS . . .
* Premature convergence i disciplines %

PROPULSION . .
e Overall optimum design
Aerodvnamacs Weights m

Payvload M Unstsady.
Fuel Pant] Model
Loft | L \ DAM
Loads . (BAM) [

Unsteady-Panel Model ?.nx! ansd = Dhvnamue Amcraft Model
for Gustloads ' Actoclastic Effectivencss

N ‘_,5’ t —— DAM
T el e M weila c
h w}l .\[?dfl }7/ Results Beam Aircraft Model (BAM|
H r _
-

—
by
41, (WAM) o S | N
H 'f’f*‘-ﬁq o &7 — ] <}
pr— Sess Results and %
- 4 13 " Executable Models Propulsion
= plies e i

i, A
Updmed £E- o Supphess F _ research 4

PROPULSION

Structural =
mization

elastici
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MOTIVATION and SCOPE

AEROELASTIC MODELING & - MULTIDISCIPLINARY DESIGN for AIRCRAFT

— Present our research experiences on the trade-off between:

* First-principle-based analysis tools having relatively low
computational cost for high fidelity modeling

 Computationally fast Integrated Optimal multi-disciplinary
DESIGN of really new design solutions
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Summary of presentation

From aeroelastic modeling to multi-disciplinary design

Non-inertial
reference frame

Lo

€

1. Aeroelastic modeling (from lessons learned by aircraft on ...)

» Integrated modelling of Aeroelasticity and Flight dynamics e S
> Modeling for nonlinear aeroelastic trim solutions gy
» Modeling for FSI (unsteady aerodynamics) linearized analysis for aircraft and non-aircraft Inertial
configurations ref:re;:qfe
2. Multidisciplinary Design and Multi-Objective optimization of aircraft ”m”“fmumww*“T T i%‘:*;?;ff".‘J';_'%{":.i‘:‘.?-."-‘-‘-"--‘-"-\"-"'="'l""\‘\"l'\"‘"""z =

» Conventional aircraft configuration
» Unconventional aircraft configuration

=

Contours of Mach Number (Time=1.0000e-02) Oct 04, 2010
FLUENT 6.3 (3d, dp, dbns imp, dynamesh, lam, unsteady)
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Aeroelastic modeling

From lessons learned by linear fixed-wing aeroelasticity on ...
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Lesson learned by linear-aeroelastic modeling for aircraft

Fluid-structure description in standard linear theory

L d

STRUTTURES: linearly-elastic modeling for solids f—
AERODINAMICS: unviscid attached external flow
(ideally-perfect gas)

Structures

= |
Aerodynamics <

L4

PDE Math models

SPACE DISCRETIZATION (fluid+solids) | FEM
1 Lifting Surface (DLM)

Integro-differential Equation in time domain
Transcendental system transfer function in Laplace domain

Flutter: dynamic instability characterized by the imaginary axis crossing
of a couple of conjugated eigenvalues driven by flight parameters

A

[m(Sn)

"

0}

Divergence: static instability characterized by the imaginary axis crossing of
areal eigenvalue driven by flight parameters

Aeroelastic Stability

Not standard eigenvalues problem -
iterative procedures (as P-k or k-method in Nastram SOL145) necessary
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Lesson learned by linear-aeroelastic modeling for aircraft

Response problems

Laplace/Fourier domain

s°Mg + K§ = 30Uz

NB: Aeroelastic Frequency-Response Matrix for § = jw

Time domain

t

Mg + Kq = qD/ 2t — 7: U, M) q(7)dr + f

0

where E(t; UOO, MOO) is the inverse L-transform of E(S)

f— Structures

L

€

Aerodynamics

v

L4

g

-

Note: fractional polynomial
approximation

E(k, M) = E(s, Moo ,Ux) =~

sb sb 2 sb
A — | A — | Ay +C | —I
[)Jr(Uoc) l+<Uoc) 2 (U,_,C

allows to obain a standard Ordinary
differential Equation problem ->
Standard Control Theory applicable

=1
A) B
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But what about the general nonlinear FSI modeling?

Higher and higher fidelity for physical models (Flows, material & structures, flight dynamics)

Navier -Stokes

Large displacements & rotations — Multi-body

Structures

Materials

Fluids and Flows Materials and Structures

Flight physics

Note that, in flight physics, each disciplinary set may have different relationships (intersections or unions) with
the others depending on the assumed Interaction Model
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General final mathematical model

Space-discretized flight physics model

» Nonlinear dynamical system (initial value problem)

x = f(x)
X(O) = X0

O Fully nonlinear

» Linearized dynamics around trimmed solution

Xe /[ flxe) =0

O Statically nonlinear & dynamically linear

X = X, + AXx

A)’(-AAX—I—I%.T.

A geometrical interpretation A

O Statically linear & dynamically linear

> Statically nonlinear

> Dynamically linear —

[
»
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Integrated Aeroelasticity and Flight Dynamics

S

Navier -Stokes Large displacements & rotations

Fluids and Flows Materials and Structures

Flight physics

Body reference frame
Mean axes

Practical mean axes

Pseudo-body axes

Aerodynamic modeling
Quasi-steady

Fully unsteady (DLM)

Present
Approach

Mathematical model

Linear trim + linearized dynamics

Nonlinear trim + linearized dynamics

Nonlinear simulation

Flight physics of FLEXIBLE:AIRCRAFT

Coupling effects

Inertial coupling
Aerodynamic coupling

Structural modeling
Beam Type structures

Any general FE description
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Integrated modeling of aeroelasticity and flight dynamics

Kinematycs of free-free structures — Practical mean axes constraints

Motion of unrestrained aircraft

x(z; t) :@(t) @) +@(Z; t)

» Position of the instantaneous center of
mass
» Undeformed position with respect to the
center of mass
» Zis expressed in practical mean

Non-inertial
reference frame 1%

| i axes frame, that coincides with
e < -.::;j:i FEM reference frame
1 . .
i3 » Elastic displacement
Inertial Small elastic deflections
reference
frame

u(z;t) = Y qn(t)tr (2 1)
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Integrated modeling of aeroelasticity and flight dynamics

Equations of motion of unconstrained structures — Practical mean axes constraints

Nonlinear equations of motion

Angular momentum
1. Translational equations 5 o0 )
h =Jw+> 1 bumdndm
dv, ¢
m =
dt i
2. Rotational equations Inertia tensor
oo >0
th - m J — JO —|— 2 Zn:l ann + Zn,m:l‘]n?’RQqu
dt ¢
Directly available from
3. Elastic equations > Mass FEM solver
> Inertia tensor in undeformed
. odw o configuration
MnGn — E : Z bﬂ.mQ-m. — W an &
m=1 > First order inertia tensors
o0
~2w Y Bumlm + knn = fr » Second order inertia tensors
m=1
» Inertia tensor sensitivity
>

Coupling vectors
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Integrated modeling of aeroelasticity and flight dynamics

Continuous structures

Inertial coupling terms: from continuous to FEM discretized structures

Space-discretized structures (FEM)

o
Jo:=(z®2z)

Toi= 3 (20 65) + (85 @)

Tum 1= 5 [(65 @ 65 + (9, © 6)]

= 1 0J
Y, = Sym(r@)qbg) =J,+ Z JrmGm = <

bnm, = /H quE, X ¢Endv — _brnn
JJSY

where

(a®b):= ///\}p[(a-b)l—a@b}dv

2 A

Ny
m =~ m;
1

i

=

g

Z {m; [(z; - 2z;) I —z; ®z;]| +Jo, }

1

Jo

12

i

=

q

1
5 {mil2(zi- do )1 — 2z, @ ¢ — . @ zi] +sk(ph ) ID

<
2
[\

i=1

—J3 sk(er )}
N‘J’

Jn'm = Z {Tn"-' [2 ¢n (;b )I - qb'nt ® qb'nh - qug ® qbﬂz}

—2[sk(e},) : (sk(eh, )IR )T — sk(epl, ) I, sk(eh,.)
—sk(r,.) I8, sk(eh,)}

Ng

S Imidf, x @5, — 35.(#5, x @5)

i=1

12

bum

This coefficients are obtainable by extrapolating the
lumped mass matrix from any off-the-shelf FEM
solver
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Integrated modeling of aeroelasticity and flight dynamics

Space-state model (Aeroelasticity + Flight Mechanics) 2> STANDARD CONTROL THEORY DESIGN APPLICABLE

\
Av,

Translational and rotational
Aw velocity

A. Ti derivati f dal Y
g ime derivatives of moda y — A y Bg ug BC UC

coordinates

Position of CoM and

A@ attitude

Aq Modal coordinates
| 4 o, )
Aerodynamic states M: =M, — 5 Pocb™Ag
\ / ~

2 ) ]
D) ) ) | oo
T 0 0

A= 1
0 LB Lep \ TRt
\____ = ’ A,
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Integrated modeling of aeroelasticity and flight dynamics

Computational framework for «design level»: Integration of FEM solvers into a home-made code

Initialization

i v Vi
/ FEM model / / FEM/DLM model + trim points /7 / FEM/DLM model /
Free-free normal modes analysis Linear aeroelastic trim analysis Flutter analysis
(MSC Nastran SOL 103) (MSC Nastran SOL 144) (MSC Nastran SOL 145)

4 L
Mass distribution
Normal modes
Generalized masses
Generalized stiffnesses
\L Trim modal coordinates ‘
Quasi-steady GAF correction

|

| Aircraft database

Trim aerodynamic angles
Aeroelastostatic deflection / GAF matrix data /
Steady aerodynamic load

Inertial coupling coefficients Finite-state interpolative matrices ‘

Stability Response

LEGEND ‘ Stability loop ‘ ‘ Response integration ‘
[0 Code inputs/outputs J/ \L
[] MSC.Nastran solvers / Root locus / / Time histories /

] MSC.Nastran outputs | |

[ ] Internal computations
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Integrated modeling of aeroelasticity and flight dynamics
NUMERICAL TEST CASE: Body freedom flutter model

Body freedom flutter instability

Mode 1, 5.830 Hz /. Mode 2, 8.831 Hz

Structural model

FEM

TN

Barrier

Lockheed-Martin website https://www.lockheedmartin.com/us/products/x-56/body-freedom-flutter.html
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Integrated modeling of aeroelasticity and flight dynamics

Stability: Open-loop and closed-loop (with optimal control) systems

Open-loop versus closed-loop root loci

150 - - - - rren Bending/torsional
o Open Loop . bili
» Closed Loop — design pointatn_ = 1and U_=23.28m/s| __—* Instaollity

» Root locus parameters
Uso =15 — 30 m/s

-§_ 1 00_ ,n/ze — 1
> Moo =0
£ - p = 1.225 kg/m’
& [ 2
£ 5ot

PAO G0 o 0,0 0 0 o A 2B AAAAD&AAAAAM{W‘“*XM\ 1Stmode % BOdy freedom

Te@eesecadboge0 0 o o O o ooooummfgmpmmms B flutter instability
Poana < Short Period N |
%M&N\&mmm k Dutch Ro
0 Lete co-ammiboconcos sl 51t e O SO 5.0 i i i & ]
40 -3 30 -25 -20 -15 —10 5 0 5 10
> Open-loop flutter velocity © Real part

2 =123.28 m/s

» Closed-loop flutter velocity 2
&~ =27.60 m/s
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Gust response

Gust response: comparison controll on v.s. control off cases

Flight parameters
Use = 23.28 m/s

My =0
p = 1.225 kg/m?
n, =1

Gust parameters
fq?f”qt =4.32Hz2

Woust = 2 m/s

gust

Control OFF

0.5 .

™ " os

Control ON

15

0.5 .

™ < os

» The controller is also effective for gust alleviation since the critical mode is the
most excited one for this kind of gust load
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Modeling for nonlinear aeroelastic trim solutions (reference solutions)

Motivations

* Nonlinear aeroelastic trim solver to analyze
complex very flexible configurations

e Commercial solvers not available

 Coupled flight dynamics and aeroelasticity of
complex configurations around nonlinear trim
conditions

* Methodology to couple off-the-shelf solvers for

hlgh-flde“ty analysis of fluids and structures Courtesy of the University of Michigan’s Active Aeroelasticity and
Structures Research Laboratory (A°SRL)

« A statically nonlinear FSI flight-physics model
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Modeling for nonlinear aeroelastic trim solutions

Algorithm flow-chart

VLM or CFD solver <

A

v
6DOF force spline
Start i 7
{ i Aerodynamic load Gravity load
First guess i on structural grids on structural grids
trim variables From i ¥ \’
the trim ------ Inertia relief algorithm
A loop ¥
‘ Aeroelastostatic solver Self-balanced load on structural grids
\/ To the : v :
Updated trim  Aeroelastostatic deflection timloop | Scaling factor for relaxation
variables Steady aerodynamic load v

NL FEM solver MSC NASTRAN Sol 400

No i — .
w i 6DOF displacement spline
i v
i

Yes Updated aeroelastic model

Yes No

Trim solution
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Modeling for nonlinear aeroelastic trim solutions

Numerical test case on XHALE: very flexible model

Aeroelastic model:

Beam elements with constant stiffness properties and rigid bars
Cambered lifting surface with twist and dihedral and flat plates
6DOF splines

Aeroelastostatic analyses:

Air density 1.22161 kg/m?3
Freestream velocity 16 m/s
Angle of attack 0 deg, 0.5 deg, 1 deg
Gravity On
L Comparison with:
UM/NAST solver with VLM
Ritter, M., Jones, J. R., Cesnik, C. E. S., “Enhanced Modal Approach for MSC.N
o > ’ v ; ; ) .Nastran SOL 400/VLM solver
Free-Flight Nonlinear Aeroelastic Simulation of Very Flexible Aircraft”, 15th
Dynamics Specialists Conference, Jan. 2017, San Diego, California, USA.
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Modeling for nonlinear aeroelastic trim solutions

Results: Splined force and displacements

Deformed configuration

~— | L
7

Aerodynamic force distribution
on the VLM grids

Aerodynamic force distribution
on the FEM grids

‘”f”m AAAAAAALAAAARRARAALL A2
r;” ALAMAAAAAAMAMAMAARAAAAAARLL
”""4”“‘”!*5iimtim i xiénm%ismhmmmlmwtietm!ikﬂi\“
- IRRRERIEAE el; L RN ERERRRRTARRANI -

A AAAAAANAAAAARAARAARAAANANNALARRLAMAMY

) 5 |
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Modeling for FSI (unsteady aerodynamics) linearized analysis (LFD)

Motivation of statically nonlinear dynamically linear model

L

A geometrical interpretation y

{ Statically nonlinear
Dynamically linear —TI

v

Transonic flows: NL-ties really relevant in static solution Complex geometries

Normal shock

e"’"/ wave

Subsonic flow

Supersonic
flow

Possible
separation

Civil and military aircraft
flight in transonic regime

B787 Dreamliner, A380: Only CFD simulations can assess
flight tests until Mach 0.97 the aerodynamics in this case
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Modeling for FSI (unsteady aerodynamics) linearized analysis (LFD)

A Linearization procedure in Frequency domain (LFD) for determining the unsteady aerodynamic operator (GAF Matrix)

1) Apply a motion to the boundary associated to any m mode:
X(67, 1+ dt) = x(¢%,1) + g ¥ ()t

ii) Project the perturbed pressure field (c,("NSD-c(5T) on any n mode:

1) = Lon2 |, ey wO(e)as

modelling

li) Apply Fourier transform on each obtained time generalized aerodynamic force (outputs):
e’ (w) = J§° ™ (1) eIt dt

iv) Divide (in the Fourier domain) each response by the input to obtain the Generalized
Aerodynamic Force (GAF) matrix:

E — : .
nm(w) = €n (w)/ (UJ)QD Signal processing
In the Laplace domain the linearized aeroelastic system can be
i'71"'1[1nod.fr'. 5 i'71"'1[1710(1’.?'. 1 5 ﬂ'ifmod-i \
Z s Mpm dm ‘|‘ Z Knm dm — —Poo V'x, Z B n--m( S, M , Vo ) dm >
m m 2 m N
\
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Modeling for FSI (unsteady aerodynamics) linearized analysis (LFD)

Reduced Order Model (ROM): LFD for unsteady aerodynamics

ROM: technique for reducing the computational complexity of
mathematical models in numerical simulations. The physical g

model is unchanged. / /
DOFs: CFD — N Modes

Developed
CFD function
RBF Morph
Sﬁ@ n -, (x)dS

INPUT: n-th mode
0.01; ] OUTPUT: projected Cp

0.008 PO q.j (t) 67} (t) 2)(10'3 2x10‘3 x 10 10:10:
C i . 8l |
00060 . . i ) 5 o
= 5o H H 3 ° /|
0.004 8 8 g0 8 J \
S -1 £ g 8
0.002; = = = = ) l
2 -5 of L——
05 0.005 001 0.015 0.02 0 002 004 o o0z oos 0 00z o004 o ooz o004 oc
Time[s] Time] Time Time[s] Time(s]
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[Yates E.C., “AGARD Standard Aeroelastic Configurations for
Dynamic Response |.-Wing 445.6”, AGARD report No 765, 1985.]

- 45° Sweepback e
- Symmetric airfoil (NACA 65A004) ..

- No twist &
;--..::'*-% iy

N s

Modeling for FSI (unsteady aerodynamics) linearized analysis (LFD)

Test case AGARDS 445.6 Wing (AGARD): experimental reference results (wind tunnel tests)

Experimental Data

- Wing Tunnel set-up

™ 4 - Modal Parameters
=
) - Flutter points

Configuration Weakened 3

0.76 m - Laminated Mahogany
- Uniformly Drilled

v Experimental Flutter points

0.57m _ Density Velocity Dynamic pressure Frequency
< > Mach ke m
id) () (Pa) (Hz)
0.678  0.208213 231.37 5573.21 18.0
0.960 0.063392 309.01 3026.47 13.9
1.141  0.078338 364.33 5199.05 17.5
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Modeling for FSI (unsteady aerodynamics) linearized analysis (LFD)

Test case AGARDS 445.6 Wing (AGARD): reated CFD simulation

Structured hexa mesh

ANSYS

R145

12c

Euler model B0

5500
Mesh Sensitivity 5000} -y
Steady case: a=3 £ 4500
% 4000
&

372000 761000 3039000 oo
2500 : : : : :
10min 20 min 3h o
0.4 s 0.8 0.7 0.8 0.4
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Modeling for FSI (unsteady aerodynamics) linearized analysis (LFD)

Updated modes (via structural optimization in FE framework)

1° Bending Mode 1° Torsional Mode

fl = 9.60Hz f2 = 38.17THz

L. > L V

2° Bending Mode 2° Torsional Mode

fo = 48.35 Hz fs =91.54Hz

~ ‘
e b v
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Modeling for FSI (unsteady aerodynamics) linearized analysis (LFD)

Flutter prediction and comparison with experimental results

Transonic flow M=0.96
............. NOnCOn%ervative:ZSo/m

Subsonic flow M=0.67

3l ? —=—DLM | sl S o o = DLM
—=—CFD —=—CFD
04 . | : 7 _Experimental [ : # Experimental |’
K‘zzo 225 230 235 240 245 y Q'gso 300 320 340 360 380 W
v(m/s) V(m/s)
0.5 \ : : 5
0.4 . .
Transonic Dip
. 03¢ )
z * CFD-based: high accuracy for M<1
= 02 .................... .................... .................... ..... .
: = : * DLM-based commercial codes: no
: : : —i— . .
OAL T S P | prediction of the phenomenom
| | | * DLM
; [ v cr
8.4 0.6 0.8 1 1.2
Mach(-)
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Modeling for FSI (unsteady aerodynamics) linearized analysis (LFD)

Application to a non aircraft Aerial vehice: Scout-type laucher

No commercial codes exist in this case

Structural model

Technical data:

-  Diameter: 1 m

- Length: 25.8 m

- Total mass: 17850 Kg
- Thrust: 513 kN

- 4 stages

Transonic Flight

- M=0.88
- a=1°
- V=293.6 m/s
- p=65057 Pa
- p= 0.80 kg/m"3 Unstedy BC and pressure field projection
via RBF morph
CFD model i s
T -
Zflf': i
i e
T T T LTI
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Modeling for FSI (unsteady aerodynamics) linearized analysis (LFD)

Stability Analysis for a LV

5

J’VM
Flight Speed range: 260 — 300 m/s Modes both in-plane and out-of-plane are used
B0 = * _______________ — PR The presence of an angle of attack
b € Aeroelastic 5 in the static solution causes
: ®  Structural undamped : ) .
200 : ; — 5 decoupling of the aeroelastic poles
| ; | ; Q of the system
: ; f : : 250r
1 50 Lo .............. o < .............. D r ............. f * p[ane =
£ m § s - B plane xy(AoA)
100k .............. ............... .............. ............................. 200+
5OL ______________ _______________ ______________ _____________________________ " 150L
S B o
i i i i : E
81 008 006 -004 -002 0 0.02 100
: S
50+
No dynamic instabilities occur A
in transonic flight 83 008 006 -004  -002 0
¢ Re(rad/s)
Damped Aeroelastic poles for all flight The importance of a Ilnear.lzat'lon tak'lng into
speeds investigated account the static solution is confirmed
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Modeling for FSI (unsteady aerodynamics) linearized analysis (LFD)

Linearized gust response for a LV

Gust profile

20} /
18 ............................................. .
b fo S B Transonic ROM developed //'v
g»m. ............... ............................... -ﬂight for Iateral gust /
g 7l | Wer //vv
(%10; ................ RN RN 1 R /
R ] CESRURISTR [— //"
(_l') N
6 ............... ............................. /
4 ............. ............................... /
° e Acceleration induced at
Frequency domain payload fairing Time domain
1.4' ...................................................................... ................. : ']5 ............................ P .............. ............... :
12k l°Bend|ng ................................... ................... Th o ............................. ...............
"I s TS T e ORI ______________
Zosfo | ______________________________________________________ S 2 0
Soel b S D S — g osf TS I .
o : : o : : : : :
- | ? - i f s : ;
O4F--- .................................................... ................. -1 .............. .............. ...............
Oz2F-HN- .................................................... .................. I [ SRR .............. ............................. ...............
UD 1 ICI QID a0 40 50 _20 é 1 IU 1 I5 QID 2I5 SIO
FreguencyiHz) Time(s)
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Multidisciplinary-Design and

Multi-Objective Optimization of aircraft
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Multidisciplinary-Design and Multi-Objective Optimization (MDO + MOO) of aircraft

MDO — MOO combination

THE BEST PHYSICAL MODELING: ——
Multi-Disciplinary Analysis and " "-..___.__nptimizatiu__l_-l__.-'-.:--

Optimization (MDAOQ) allows designers A ' ]
to integrate simultaneously all the Aero- o O N Integrated
elasticity | : N e A T design

disciplines into a multidisciplinary

: : : analysis__g
computational environment - coupling -
interactions :
Advanced Propulsion .
materials__ s TRESNrC oy
g _ , THE BEST DESIGN SOLUTION:
2 - Set of besF compromise Multi-Objective Optimization (MOO) for a
T O solutions MDO problem allows to keep homogeneus
_ Y 2 PARETO FRONTIER relevance for each discipline:
| =  No artificial constraints are introduced in the
- optimization problem
1 «Pareto Frontier describes the compromise
i W32 @ 00 @ o among contrasting objectives
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MDO and MOO for a conventional aircraft configuration

Application on standard civil-aircraft configuration

Design W [ke] E R [km]
MIN Y e e s B Initial desi 16047 1225 4200
. : nitial design L 2D <
Weight gleddo il li B o _ [ O S A '
[ Wopt 16041 13.180 3792
T4 S I T - B 17359 255490 1531
* g SRR 58 D ORI SO S V| . L
itk A : 2 5:
m E _ :,i g -s.! ! N Ll L Rop 16338 0.266 5307
i PN Pl % i ; 5 1 min d,; design 17054  14.14 3991
5 b B W e N | 4 i ,
L 4ot Ot b min dg. design 16077  14.75 3201
-3
G) 4 * . Final design 16073 14.11 3438
1 g r2
® *
\Tl 3 ¥ - ‘ 14
24 1 : +o
i
A — 7
= = = B A ? \.:. i
"> s TRt MAX
FFICIENCY e

MAX
Efficiency

Pagina
FLEXIBLE ’?NGINEERING - TOWARD GB{EENAIRC_RAFT Some issues and challenges on aeroelastic modeling and multi-disciplinary design of aero-space vehicles 42
CAE tools improvement for sustainability mobility

i . . 1 L — 1 jversi - page 42
University of Rome “Tor Vergata” December 14 2017 Franco Mastroddi et al. Dept. of Mechanical and aerospace Eng. — Sapienza University of Rome - Italy



MDO and MOO for a “middle-step” unconventional aircraft configuration

Application on Over Wing Nacell (OWN) NASA concept

Min_EMPTY_WEIGHT design ——

Min_TOGW design

« OWN is a middle step
between conventional
transport aircraft designs
and more unusual
configurations

o x NSM_Ib[37]

X 140153
137842

135501

X 133221

130910
128599
126288
123077
121667
119356

117045

27357

FUEL_WEIGHT

 OWN concept is promising
to be a very efficient solution
for improving transonic
performance thanks to
shock location control in the
inboard section of the wing

26357

25357

PRTTor R DEM———_ W

23357 7

» Several benefits due to the
over wing engine installation
(Noise reduction, larger
engine diameter, thrust

reversal spoilers, etc..) EMPTY WEIGHT "

FUEL WEIGHT

22357

Results
PARETO FRONTIER FOR THE

Over-Wing-Nacelle configuration
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MDO and MOO for an unconventional aircraft configuration

YResults of the MDO-MOO on unconventional High Altitude Long Endurance (HALE) or High Altitude Pseudo Satellite (HAPS)

High-Altitude
Long-Endurance
unmanned aerial vehicles

HA L E HALEs are able to perform

most of the LEO satellites
AKA HAPS, High Altitude
Pseudo Satellites

This is possible thanks to the capability
of flying aloft for long periods of time (a
fortnight is the record) thanks to a
green energy source: SUN Energy
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MDO and MOO for an unconventional aircraft configuration

Y Results of the MDO-MOO on unconventional High Altitude Long Endurance (HALE) or .. High Altitude Pseudo Satellite (HAPS)

Multi-disciplinary analyses

After the model generation, some preliminary analyses have

been done.

e Linear static analysis (gravity and landing): no failure and
acceptable displacements (MSC Nastran SOL 101);

e Modal analysis: very low frequencies (SOL 103);

e Aeroelastostatic analysis: trim is possible (SOL 144);

o Flutter analysis: no flutter occurs (SOL 145);

e Gust response analysis: high flexibility (SOL 146).
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MDO and MOO for an unconventional aircraft configuration

Y Results of the MDO-MOO on unconventional High Altitude Long Endurance (HALE) or .. High Altitude Pseudo Satellite (HAPS)

4 )

HALE unconventional geometries
and the particular tasks involve
different engineering branches

—

The Multidisciplinary
Design Optimization (MDO) Multi-Objectives

A genetic algorithm has been Optimization

applied
—

MOO analysis:

1) Max. lift to drag ratio;
2) Max. caught Sun power;
3) Min. mass.

All the objectives are in
opposition!!!

o J
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MDO and MOO for an unconventional aircraft configuration

Y Resdults of the MDO-MOO on unconventional High Altitude Long Endurance (HALE) or .. Hight Altitude Pseudo Satellite (HAPS)

Multi-OBJECTIVE optimizarion

N y 4

Run  Efficiency(L/D) ¢ [Jm? W [kg Run  Efficiency(L/D) o [Jm?] W [kg] Run  Efficiency(L/D) o1 [Jm*] W [kg]

I 30.8 9209.96  487.0 I 21.2 5845.249  301.0 I 22.1 11259.81  598.0
Maximize L/D ratio ONLY Minimize structural weight ONLY Maximize captured sun energy ONLY
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@ Some final remarks

Old/New challenges for aircraft modelling and design:

1. More and more integrated multidisciplinary modelling and optimization
Cross-fertilization between different scientific communities is mandatory to significantly
Improve future designs

2. More and more physical fidelity of modelling
Models based on first principles (not surrogates) and capturing the relevant physics are
necessary to guide design optimization

3. More and more computational efficiency

First-principle-based and possibly high-fidelity models must be at the same time
computationally efficient if to be used for design (reduced-order modeling)
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Thank you for your attention
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