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4 Introduction

d Company Profile

 Objectives

 Test Case Implementation
* Test case definition

= |dentification of the discipline codes
and Interfaces

* Process integration
= Design Optimization
1 Conclusions
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« CAE (Computer Aided Engineering) and CAO (Computer Aided Optimization) have been
widely used in development and design process of products in aerospace and automotive
industry.

An Integrated and Optimized Process is proposed applied to a hypersonic space vehicle.

 Fiper software has been selected for a first demonstration of integration into a unified
process of multi-disciplinary design analyses and of its subsequent optimization.

o This is the preliminary output of a feasibility study on MDO (Multi Disciplinary Optimization)
process evaluation in the frame of CAST program financed by ASI (Italian Space
Agency), and conducted by CIRA (ltalian Aerospace Research Centre), aiming at the
study and development of innovative methodologies and processes for aerospace vehicle
design and analysis.

 Special tanks to Exemplar Solution for the support provided during the whole study.
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Thales Alenia Space

e

» European leader for satellite systems and at the forefront of orbital infrastructures, TAS is
owned by Thales (67%) and Finmeccanica (33%) and forms with Telespazio the “Space
Alliance”.

» TAS represents a worldwide standard for space development: from navigation to
telecommunications, from meteorology to environmental monitoring, from defense to science
and observation.

» TAS has 11 industrial sites in 4 European countries (France, Italy, Spain and Belgium) with
over 7,200 employees worldwide.

» #1 worldwide in terms of satellites ordered in 2006, TAS is at the heart of the most high-
performance satellite technologies in both civil and defense sectors.

» The company is deeply involved in:

O Environmental projects based on Earth observation such as the Global Monitoring for Environment and Safety
(GMES) program; and Meteorology such as MSG (Thales Alenia Space provided all the Meteosat satellites for
Eumetsat);

Navigation with Galileo (as prime contractor of EGNOS - the precursor of Galileo, and founding member and
shareholder of Galileo Industries and Galileo Concession);

Defense with major programs such as the French Syracuse (I, Il and Ill) and the Italian (Sicral) telecommunication
satellites ; and in dual civil-military observation programs such as Helios (France), COSMO-SkyMed (Italy) and
SAR-Lupe (Germany).

0 Space infrastructures: The International Space Station is one of the most advanced technology projects in the
world and Thales Alenia Space has designed and built 50% of the Station’s pressurized volume, that is the living
space. The company also contributed to the related launch, transportation and re-entry systems.
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Solutions for Complexity
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3 ltalian Reseller of €pEngineous

software:

d Company in the Aerospace Network of Piedmont (North-ITALY)

 Projects and collaborations with the most important Aerospace
and Automotive Italian Companies

 Special Knowledge/Development of Stochastic Design
Improvement (SDI)
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« Demonstrate the feasibility of:
O A complete integration into an unified process of the disciplines:
» Aero-thermodynamics
= Structure
= Thermal Control
» Trajectory computation [ Avionics ]% Sl
= Configuration

0 MDO applied to the hypersonic @ ﬁ

1
1
1
1
1
1
1
1
1
1
1
1
1 AERO-THERMAL
vehicle design : MANAGEMENT <—>[ spe |
1
1
1
1
1
1
1
1
1
1
|

[ Trajectory ] {
Thermo- }

[ robion ) @ ﬁ

[ AEROM;@?%%&%T\]ESMIC } [ Aerodynamics ]
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In order to validate the proposed MDO approach ant to test the Fiper
software, a demonstration based on a design problem solving has
been organised.

A

e

The activity has been split into the following main phases:
 Test case definition
O Identification of the discipline codes and Interfaces
O Process integration
[ Design Optimisation
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This first test case is characterised by:

O Fast, limited-fidelity discipline codes and models, in order to reduce the complexity of the
system and the CPU time necessary for each simulation.

O Small number of variables
O Simple objective functions

For these reasons, the proposed feasibility test case has the objective to optimise
a hypersonic vehicle characterized by:
Hypotesis of project in phase A/Study
Fully ballistic re-entry
Bi-conic geometry
An internal Al2219 shell characterized by:
= Constant thickness (to be optimized)
= No ribs or local reinforcements
An external Thermal Protection System (TPS)
characterised by:
= An external layer of CSIiC (3 mm over all the vehicle)
= Aninternal layer of HTI (thickness to be optimized)
O An additional constant mass of 300 Kg (payload + hardness)

ooooU

(I
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Aim of the study is the optimization of the vehicle in terms of:
O Geometry L 2
= Vehicle lengths L, and L, shel i

= Vehicle angle o, and o,
= Nose radius R
Q Structure dimensions:
= TPS thickness
=  Shell thickness

oL

AN

The optimised vehicle has to satisfy the following requirements and

constraints:
Maximum shell temperature:
Maximum shell displacement:

Maximum external volume:
Minimise the total vehicle mass

Maximum shell Von Mises stress:

150°C
18 mm
324 MPa
3ms3

pcooooo

Maximise the internal available volume

- -
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Dedicated simplified models have been developed for each involved
discipline:

O Configuration and Grid generation
» GRIDGEN (Pointwise) software has been used
» The reference geometry and the meshes have been
parametrized and automatized by GLYPH file.

= 3 different surface mesh in CGNS format are generated:
» 40x85 for SHABP inviscid computation (pressure distribution and C, coefficient)
» 10x25 for SHABP viscous computation (pressure distribution and Cy coefficient)
o 18x10 for NASA 71-CR111921 (Aerothermal fluxes computation)

» The reference geometry is saved in IGES format (for structural analysis)

» The computations of total vehicle mass and volumes is performed by EXCEL
worksheet.

Feasibility study on MDO
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O Aerothermodynamics

= Two different tasks are performed:

» Generation of a database containing C, behavior vs. Altitude (10 values: 15+120 Km)
and Mach number (7 values 2 + 20) using SHABP code.

« Computation of pressure distributions (by SHABP) and aerothermal fluxes (by NASA
71-CR111921) for each time-step of the reentry phase (10 values).

s e e
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O Trajectory

» The trajectory computation is performed by TAS in-house code developed in
MATLAB-SIMULINK environment.

= ‘Only’ 10 significant time-step points are extracted from the global timeline, in
order to capture the minimum/maximum values of heat flux and G-loads (by
EXCEL worksheet).

» The analysis computes the G-load, Altitude and Mach number vs. time.

6DoF reentry trajectory and dynamics simulator tool

States init
nftial values
d
Initial
walues
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O Thermal Control

= Simplified local thermal models have been developed for each zone of the vehicle
In order to compute TPS and shell temperature distributions during the whole re-
entry and post-landing phases (by SINDA/FLUINT software)

Heat Flux Radiative
External Skin \' n /
c/sic
I/F Skin ]
T
I/F Skin €L
Internal Skin l
Vehicle
Feasibility study on MDO
L for aerospace application THALES
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O Structure

» The generation of the structural mesh and the mapping of temperatures and
pressures on it is performed by HYPERMESH software.

» The structure displacements and Von Mises stresses are computed by MSC
NASTRAN for each time-step. s

gl
;

V1 LT
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i
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am ll W I
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codes and I/Fs

s S S
Vehicle Shape . Flight mechanics Aerothermal
DISCIPLINE
& Configuration Aerodynamics & Trajectory Management [TPS Structure
AAS Reentry
Gridgen VEC;ISHABP . Flight Simulator MSC Nastran
TOOL Supersonic/Hypersonic . SINDA
Mesh Generator . I SIMUILIMbC Hypermesh
Arbitrary Eody Program Eini
[ Ironeril
vehicle properties Heat Flux Mhesh
Data Shape parameters Mhesh vehicle asrodynamic | External Temperature Fressures
- coefficient DB TPS Thickness Temperatures
2
% Format ASCI Type3 card ASCI ASCI ASCI Iges
- Gridgen
IIF FROM
Data Mesh Flowfield variables Vehicle states vs time | Max Temperatures Straln.s
Volume/Mass Deformations
|_
2 | Format Tecplot ASCI ASCI ASCI ASCI
- lges
2
(@] Aerodynamics
Structure (pressures) . Structure .
IIF TO Structure TPS (Heat fiu Optimizer Opiimizer Optimizer
Design Variable
Objective Variahles
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= Process integration
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= Quite complex process: i
= 5 disciplines involved ¥
= 7 Tasks :

~ 40 sub-tasks i

6 Commercial software
5 developed Fortran codes
2 free Aerodynamic codes

E’:E;;j Workflow
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Workflow

"E A3

Gricd Computation  Trajdctony  CFD Time Thermal Structure
Generation polumeltass history

ZFD Database
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Grid Generation

Q Input files: O Output files:
= None = Mesh file for Shabp in CGNS format
d Input variables: = Mesh file for NASA-71 in CGNS formr
= Geometry variables (L, L,, oy, a 5, R) = Reference geometry in IGES format
= TPS and Shell thicknesses Q Output variables:
= None

Srid
Seneration

Change gIf Gridgen
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Computation Volume/Mass

e e

O Output files:
= None

O Output variables:
= TPS mass
= Shell mass

O Input files:
= None
O Input variables:
= Geometry variables (L,, L,, o, o 5, R)

_ = Total vehicle mass
= TPS and Shell thicknesses
= |nternal/External volumes

Camputation
violumeitass

Yolume Mass

Feasibility study on MDO
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CFD Database

d Inputfiles: Q Output files:

* Mesh File in CGNS format = Mesh file for Shabp in type Ill format
4 Input variables: Q Output variables:

* None = CD coefficients vs. Altitude/Mach

CFD Database

F—a

Create type  paad Mach/Alt
I

g )

Map Cd/Rhoref

Loap AltMach

-&—F— —8

“ariation_Ma-  Create Shabp  Run Marks Read CD
ch_Alt input Rharef
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Trajectory
O Input files: Q Output files:
= None = None
O Input variables: O Output variables:
= CD vs. Altitude/Mach = Trajectory timeline
= Total vehicle mass = G-loads vs. time
= Mach vs. time
= Altitude vs. time
Trajectary
4\
TAS Code Eeductinn
timesteps
Feasibility study on MDO
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CFD Time History

Q Input files: O Output files:
= Mesh file for Shabp in type Ill format = Pressure distribution
= Mesh file for NASA-71-CR111921 in (one file for each time step)
CGNS format = Aerothermal fluxes
d Input variables: QO Output variables:
= Altitude vs. time = None

= Mach vs. time

CFD Tirre
hiztory

&

resize arrays

Wiite heat
fluxes

Loop Timestep

wl > — ——8—4
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Thermal
Q Input files: O Output files:
= Aerothermal fluxes = Shell Temperature distribution
Q Input variables: (one file for each time step)
= Geometry 4 Output variables:

= Maximum Shell temperature

-6 O —%—E—8

Loadtime and  cutand  Update Sinda  RunSINDA  Read Tmax  Loaduz

Loop Timestep

calculation resize the Input File shell
points # file
Load Wyitite file
Temperature wiith 5y ZT
array
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Structure
Q Input files: d Output files:
= Temperature distribution (one file per = None
each time step) O Output variables:
= Pressure distribution (one file per each = Maximum Shell displacement
time step) = Maximum Von Mises stress

= Reference geometry in IGES format
O Input variables:
= Geometry variables (L,, L,, a4, o 5, R)
= TPS and Shell thicknesses i3
» G-loads vs. time

Structure

X—8—4—8— A—§&

Massiarea 5?:?;5?%‘255 Hyperidesh Mﬂf;ilfé’dat MASTRARN displzcesrients
and max Yon
Mises stress
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Design Variables:

Vehicle length L, [500+1500 mm]
Vehicle length L, [100+500 mm]
Vehicle angle o, and o, [0+30°]
Nose radius R [300+1000 mm]
TPS thickness [2+100 mm)]

Shell thickness [2+8 mm]

pcooooo

Constraints Variables:
0 Maximum shell temperature:
O Maximum shell displacement:

O Maximum shell Von Mises stress:

O Maximum external volume;

Objective Variables:
U Minimise the total vehicle mass

Optimization |
A

10°C

18 mm
324 MPa
3ms3

U Maximise the internal available volume
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« The Design process is

e

characterized by a strong Trajectory
. : Thermal
correlation between the trajectory {
computation and the other ﬁ
disciplines. @ ﬁ
Aero- Geometrical
 For that reason we have opted for a ﬁ
global optimization instead of
several local optimizations {Structure ]
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Lw for aerospace application THALES

19-20 September 2007 All rights reserved © 2007, Thales Alenia Space



ThalesAI/j i <<C.RA pempla Optimization !

A Thales / Finmeccanic pace italiona

O e

Optimization Algorithm

e e

O A first optimization process has been performed using the Adaptive Simulated
Anealing algorithm:

= Exploratory Technique

= Obtains a solution with a minimal cost, from a problem which potentially has a
great number of solutions. Distinguishes between different local optima.

O ~ 200 iterations have been performed:
U ~ 1 day of computational time necessary to find the global optimum.
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Optimization Results
L Several design solutions satisfying the requirements have been found.

L Of course a strong linear correlation exists between the Total Mass and the internal
Volume; therefore the best design has to be a compromise between the max volume
and minimum mass (see Fig.2).

L Due to the absence of ribs and local reinforcements in the structure, the dimensions
of the vehicle have necessarily be reduced, in order to avoid extreme displacements
or stresses, particularly in the rear closure disc (see Fig.1).

Fig. 1 Fig. 2

e

! .““ ! ﬁ _'|’ . ' ‘II'-‘IL 350 'h M
“I! ANBEEE 3 z: & - -
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. Strong correlation exists
S between Stress and Nose
SN o Radius
mu}ﬂ-'g’.f
S ) {
B : - :: -’; :- =-'-: .
- : i N B T
Light correlation exists between Stress Strong correlation exists between
and Alfa angles

Max Temp. and TPS thickness
ﬂ Feasibility study on MDO
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Optimization Results
O One of the possible best designs is:

Vehicle length L, =1310 mm

Vehicle length L, =105 mm

Vehicle angle o, =0.7°

Vehicle angle a, =4.8°

Nose radius R = 355 mm

TPS thickness = 23 mm ! S
Shell thickness = 6.5 mm

Maximum shell temperature =52°C
Maximum shell displacement =18. mm
Maximum shell Von Mises stress =211 MPa
External volume =0.7m3
Internal volume =0.55 m3
Total vehicle mass =409 Kg

Optimization |
A

1 1000

-1 800

4 600

<4 400

4 200

T T T T T T 0
600 800 1000 1200 1400 1600 1800

This result has to considered preliminary. It will be the basis for subsequent improved optimization.

- S—
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« The presented study, although preliminary, has demonstrated that:

M The integration into an unified process of the main disciplines involved in the
hypersonic vehicle design is possible.

M The design optimization applied to that integrated process is possible.

e

« The presented results have to be considered as the first step of a
more complex activity. Additional tasks are foreseen:
O A local additional optimization starting from the best obtained design will be

performed in order to reduce the mass: the reached T,y IS quite lower than the
requirement (150°C) -> probably the TPS thickness can be reduced.

 Other optimization algorithms (Genetic, Gradient, etc.) will be tested

O The vehicle design has to be reviewed: local reinforcements in the structure are
necessary, particularly in the rear closure disc, in order to increase the available
volume.
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« Each discipline activity has to be reviewed introducing more complex
analysis models and/or high fidelity analysis codes:
O Configuration and grid generation:
= More complex geometries have to be investigated

= A CAD based management of the configuration ha to be introduced; it has to be linked
to the grid generation code.

0 Aerothermodynamics:
= Full Navier Stokes codes have to be introduced.

= The computational time will be hugely higher; approximation techniques have to be
introduced in order to speed up the computation.

O Thermal Control
= Coupled radiative and thermal models have to be introduced.
O Structure
= High fidelity structural models have to be introduced
O Trajectory
= The extraction of significant points from the computed timeline has to be improved.

e
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