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SUMMARY

Since the dawn of the space age, development, produatidnoperations of launch vehicles and other Space
Transportation Systems (STS) have required huge investnidigisthe Moon landings, drastically reduced budgets tbrce
engineers to start including in the design cost and prugedic aspects. In the current international context, wéhcws
several attempts to reduce the cost for the accesgaime, the quality of the design process in general attteadhitial
design decisions in particular assume a key role, beenm#jor drivers of the total life cycle cost (LC&)launch systems.
Specifically, it has been shown that about 80% of the IS0fetermined in conceptual design, while optimizatioor&ffin
later design phases only result in minor improvemdras.these reasons, Multidisciplinary Design Optimizat{ip!DO)
was chosen as the main topic of this doctoral resemrdight of its potential benefits on both the effiodgnof the design
process (i.e. required time and effort) and the qualityhef design solutions. In the European scenario, ESAtsré&u
Launchers Preparatory Programme (FLPP) and other nhtjmmjects are paving the way - through technology
demonstrators and system studies - for the transitidghd 2025 timeframe from the current fleet of launsh{@riane 5,
Soyuz and Vega) to a more flexible and cost effectivedular family of Expendable Launch Vehicles (ELV). Hence,
through collaboration with ESA, the primary application loé fpresent research was identified in ELVs, although the
developed environment was kept as flexible as possibleldae &r easy extendibility to other STSs, such asnteye
vehicles, crewed and reusable systems.

The main objective of the research was therefore iilhin the development and quantitative assessment of @ MD
environment capable of tackling the early design phasét\ds. The focus was primarily on the engineering mioatgl
aspects, whereas the necessary global and local ogtioniznfrastructure was only considered as a matheah&aool
enabling MDO, in light of the criticality of the modedgfinition for the applicability of MDO methodology toaleworld
design. In fact, in spite of the rather impressive disachievements promised by MDO and of a growing &sein the
research community, successful industrial applicationstdtextremely rare. This is in part due to a certasistance of
design offices, motivated by the large required initial gweents, to the introduction of MDO against the tradaldixed-
point iterations process. But the largest obstactitainly constituted by the fact that MDO'’s industripplicability is
subject to the assessment of the confidence whichbeaplaced in the achieved design solutions. In particthar,
definition and calibration of the multidisciplinary modedse particularly challenging, the main obstacle being th
identification of a reasonable compromise between Igitypand accuracy.

With this problem in mind, a quantitative assessnoéithe engineering models was therefore carried outdirad a
detailed analysis of the accuracy of all developed anatgslss, both in terms of disciplinary errors and aftey level
sensitivities and results. Although a rather significant memof developments documented in recent years have been
focused on the application of MDO to the design of déifettypes of STS, the evaluation of accuracy and ritiabf such
models to the extent described in the present resegobseats an innovative and necessary endeavour, tuther’s
knowledge.

The main question proposed for the research - whetlsepdssible to develop relatively simple models pemgjtfast
design cycles while still ensuring sufficient accurtxyplace confidence in the achieved design solutions —rduidsold a
straightforward answer. The computational effort resivith the implemented models surely matches trggnadi target
(i.e. <2 s for a complete multidiscipinary analysis), ibus not nearly as easy to measure the accuracyresgent. It can
however be said that the decided two-steps development prpoeged to be of key importance for the incremental
improvement of the models, which ensured a sensible eatramt in accuracy at a manageable price in computational
effort from Version 1 to Version 2. As a result, tireaf models are characterized by accuracies on the gbepfirmance
which should be sufficient in most of the cases toyf@iompare two significantly different design solutidimough MDO.

Throughout lengthy details on the modelling and validationvel$ as on few relevant applicative cases, this PhD
research highlights how the development and tuniregrefiable MDO environments is a very complex task, regularge
efforts in most engineering areas, besides computer ceciand mathematics. However, reasonable accuracies and
physically sound design modifications can be obtained thrahg MDO approach, even when exploiting only fast
engineering level models to avoid resorting to high perémce computing. With today’'s computational resources;hwhi
even allow conceiving the introduction of high fidelityarrhation in the design cycle, MDO guided by human expertise is
therefore a powerful approach for the initial design phas&sunchers and other STS. Although the huge initisdstment
in terms of development and personnel training is a nafystacle to widespread industrial application, it isdpi@ion of
the author that the resulting benefit in terms of degjggiity is well worth the effort, with the potentiafl contributing to
the long term goal of achieving low cost access to space.
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AAO
ACO
ADD
AOA
ARC
ASTOS
BB
BBO
BLISS
CM
CcO
CSSO
BS
BTL
BWB
CB
CBS
CCB
CEA
CER
CDF
CFD
CFRP
CoG
CoP
CpL
CPU
DAS
DG-MOPSO
DOE
DSF
DSM
EA

EC
ELV
EoL
EoM
EPS
ESA
ESOC
ESTEC
FAA-AST
FAC
FEM
FF

FPI
FoS
FY

GA
GG
GEO
GO
GPWvV3

All-At-Once

Ant Colony Optimization

Architectural Design Document
Angle of Attack

Ames Research Centre

Aerospace Trajectory Optimization Software
Building Block

Black-Box Optimization

Bi-Level Integrated System Synthesis
Cavitation Margin

Collaborative Optimization
Concurrent SubSpace Optimization
Boosters Set

Bilinear Tangent Law

Blended Wing Body

Circularization Burn

Costs Breakdown Structure

Common Core Boosters

Chemical Equilibrium and Applications
Cost Estimation Relationship
Concurrent Design Facility
Computational Fluid Dynamics
Carbon Fibre Reinforced Plastic
Centre of Gravity

Centre of Pressure

Cost per Launch

Central Processing Unit

Debris Assessment Software

Double Grid Multi-Objective Particle Swarm @ptiation
Design of Experiments

Design Safety Factor

Design Structure Matrix

Engines Assembly

Expander Cycle
Expendable Launch Vehicle

End of Life

Equations of Motion

Electrical and Power System
European Space Agency

European Space Operations Centre
European Space Research and Technology Centre

Federal Aviation Administration’s Office of Canercial Space Transportation

Finite Area Combustor
Finite Elements Modelling
Filling Factor

Fixed Point Iterations
Factor of Safety

Fiscal Year

Genetic Algorithm

Gas Generator
Geostationary Earth Orbit
Global Optimization
Gridded Population of the World, version 3
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GRC Glenn Research Centre

GTO Geostationary Transfer Orbit

GTOW Gross Take-Off Weight

GNC Guidance, Navigation and Control

GUI Graphical User Interface

HD Hierarchic Decomposition

HEDM High Energy Density Material

HLLV Heavy Lift Launch Vehicle

HPC High Performance Computing

HSRP High Speed Research Program

HTHL Horizontal Take-Off Horizontal Landing
HTVL Horizontal Take-Off Vertical Landing
HW Hardware

IAC Infinite Area Combustor

IADC Inter-Agency Space Debris Coordination Committee
IDF Individual Disciplines Feasible

IS Inter Stage

IT Inter Tank

LaRC Langley Research Centre

LaWGS Langley Wireframe Geometry Standard
LB Lower Bound

LCC Life Cycle Cost

LCE Low Cost Engine

LEO Low Earth Orbit

LH2 Liquid Hydrogen

LO Local Optimization

LOx Liquid Oxygen

LP Liquid Propellant

LPM Launcher Processing Mode

LRE Liquid Rocket Engines

LS Lower Stage

LSC Lower Stage Coast

LTO Lunar Transfer Orbit

MDA Multidisciplinary Design Analysis

MDAO Multidisciplinary Design Analysis and Optimization
MDF Multi-Disciplinary Feasible

MDO Multidisciplinary Design Optimization
MEO Medium Earth Orbit

MEOP Maximum Expected Operating Pressure
MMH Mono-Metil Hydrazine

MOACOr Multi-Objective Ant Colony Optimization for continuopsoblems
MOLD Multilevel Optimization by Linear Decomposition
MOPSO Multi-Objective Particle Swarm Optimization
MSFC Marshall Space Flight Centre

MSP Mission Success Probability

NASA SP NASA Scientific Publication

NASA TM NASA Technical Memorandum

NGL Next Generation Launcher

NHD Non Hierarchic Decomposition

NLP Non Linear Programming

NOL Nested Optimization Loop

NPSH Net Pump Suction Head

NSGA-II Non-Dominated Sort Genetic Algorithm Il
OGT Optimized Gravity Turn

oTI Optimized Target Inclination

oTs Off-The-Shelf

PAES Pareto-Archived Evolutionary Strategy
PF Pressure Fed

PHR Pump Head Rise

PL PaylLoad

PLA PaylLoad Adapter

PLF PaylLoad Fairing

PLSF PaylLoad Scaling Factor

PO Pitch Over
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PSO
RAAN
RBCC
RBS
REV
RID
RK
RKF
RSC
RV
RLV
RP1
RPSH
RSM
RSRM
SA
SBT
SC
SET
SF
SLO
SLP
SLV

SSM
SSO
SP
SQP
SRD
SRM
SS
SSDL
SSME
SSTO
STS
SW
TA
TCS
ThC
TIL
TOE
TPA
TPS
TRF
TRL
TSTO
T
TVC
UB
UDMH

uscC
VEB
VTHL
VTVL
VVD
WAATS
WBS
WER
WF
WORHP

Particle Swarm Optimization

Right Ascension of the Ascending Node
Rocket Based Combined Cycle
Risks Breakdown Structure
Re-Entry Vehicle

Review Item Discrepancy
Runge-Kutta
Runge-Kutta-Fehlberg

Re Start Capability

Redundancy Level

Reusable Launch Vehicle

Rocket Propellant 1

Required Pump Suction Head
Response Surface Methodology
Reusable Solid Rocket Motor
Simulated Annealing / Sensitivity Analysis
Single Boosters Type

Staged Combustion

Single Engine Type

Sliver Fraction

System Level Optimization
Sequential Linear Programming
Space Launch Vehicle

Structural Material

Structural Safety Margin

Sun Syncronous Orbit

Solid Propellant

Sequential Quadratic Programming
Software Requirements Document
Solid Rocket Motor

SubSystem

Space Systems Design Laboratory
Space Shuttle Main Engine
Single-Stage-To-Orbit

Space Transportation Systems
Software

Tanks Arrangement

Thermal Control System

Throttle Capability

Target Inclination Law

Thrust Oversized Engine
Turbo-Pump Assembly

Thermal Protection System
Technology Reduction Factors
Technology Readiness Level
Two-Stage-To-Orbit

Tanks Type

Thrust Vector Control

Upper Bound

Unsymmetrical Di-Methyl Hydrazine
Upper Stage

Upper Stage Coast

Vehicle Equipment Bay

Vertical Take-Off Horizontal Landing
Vertical Take-Off Vertical Landing
Verification and Validation Document
Weight Analysis of Advanced Transportation Systems
Weights Breakdown Structure
Weights Estimation Relationship
Web Fraction

We Optimize Really Huge Problems
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LAUNCHER COMPONENTS

The names and acronyms reported hereafter are commegrly throughout the whole dissertation, coming from
European industry’'s names of specific components of ABaared VEGA launch vehicles, as well as very common AIAS
terminology for Space Shuttle and Saturn V.

EAP / P241 Ariane 5 solid propellant boosters

EPC Ariane 5 cryogenic main stage

EPS Ariane 5 storable upper stage

ESC-A Ariane 5 cryogenic upper stage for ECA versidu; HB engine
ESC-B Ariane 5 cryogenic upper stage for ECB versiod(@ne 5 ME), Vinci engine
VEB Ariane 5 Vehicle Equipment Bay

SYLDA-5 Ariane 5 dual launch adapter structures

Cone 3936 Ariane 5 interface between VEB upper sectiothenstandard payload adapter systems
JAVE Interstage and boosters support structure betwe€raké upper stage
BME EPC'’s thrust structure for Vulcain engine

SSHeL EPC’s He pressurization system

JAR EAP’s aft aerodynamic and pad interface skirt

JAV EAP’s front aerodynamic skirt

DAAR EAP’s aft attachment device

DAAV EAP’s front attachment device

SCA VEB'’s attitude control system

P80 VEGA P80 first stage motor

723 VEGA Zefiro-23 second stage motor

Z9 VEGA Zefiro-9 third stage motor

AVUM VEGA liquid upper stage

1SO1 P80 aft aerodynamic and pad interface skirt

1S12 P80-723 interstage

1S23 Z23-79 interstage

IS3A Z9-AVUM interstage

LPS AVUM'’s main liquid propulsion system

RACS AVUM'’s roll and attitude control system

STS Space Transportation System (Space Shuttle)

ET External Tank

RSRM Reusable Solid Rocket Motor

SSO Space Shuttle Orbiter

S-IC Saturn V LQ-Kerosene first stage

Sl Saturn V LQ-LH, second stage

S-IVB Saturn V LQ-LH, third stage (Earth Departure Stage - EDS)
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SYMBOLS

The symbols reported hereafter are commonly used thratighe whole dissertation, often in combination with
subscripts and/or superscripts. Additional symbols may faeediein specific sections.

Greek alphabet:

P Propellants mixture ratio
tot Total angle of attack
Angle of attack
Angle of sideslip
Flight-path angle
Heading angle
Longitude
Declination
div Engine’s divergent section half-cone angle
th Engine’s throttle level
e Engine’s maximum TVC angle
e, Engine’s TVC angle in pitch plane
e, Engine’s TVC angle in yaw plane
Nozzle's expansion ratio
Mean value
Standard deviation
Pitch
Yaw
Roll
Efficiency
Bilinear tangent law parameter
Torque
Longitude of pericentre
Right Ascension of the Ascending Node (RAAN)

English alphabet:

A Area

Ca Axial force coefficient

C. Lift coefficient

Co Drag coefficient

Cy Lateral force coefficient

Cu Lateral moment coefficient

Cr Nozzle’s thrust coefficient

C. Combustion chamber’s characteristic velocity
D Diameter

H Altitude

Helear Altitude of clearance of the launch tower
Hatmo Altitude of atmospheric interface for the ascent models
Ha Altitude of apocentre

H, Altitude of pericentre

Moment of inertia

Specific impulse

Length

Mach number, Mass, Bending moment external load (dependiti @ontext)
Longitudinal (axial) running load

Longitudinal (axial) running load in compression

Longitudinal (axial) running load in tension

Transverse (shear) running load

Circumferential (hoop) running load
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N bsets
N bpset,j
boosters
Nstages
Neov
Nebe
Nspv
Nspc
NTDV
Noc
Nax
Miat
P
p
Pec
Pranks
Ppress
qdyn
Oheat
qheat,max
qheat,max,PL
Qioad
Mo
t
S
T
\%
XcoG
xCoP
Xeov
Ycoc
Xspv
Yspc
X1ov

Y1oc
w

Superscripts:

*

Subscripts:

a
cc
e
t

BS
LS
PLF
PLA
us
core
eng

sea
vac

ABA
AES
ASk
BN
EA

Number of booster sets

Number of boosters per each set

Total number of boosters

Number of stages

Number of component (i.e. stage or boosters set) d@ggn variables
Number of component (i.e. stage or boosters set) deafjn constraints
Number of system level design variables

Number of system level design constraints

Number of trajectory variables

Number of trajectory constraints

Axial acceleration

Lateral acceleration

Axial external load

Pressure

Combustion chamber pressure

Liquid propellant tanks pressure

Pressurizer tanks pressure

Dynamic pressure

Heat flux per unit surface

Maximum heat flux per unit surface with payload fairingeted
Maximum heat flux per unit surface on the payload, afigtoad fairing jettison
Heat load (heat flux integrated over time) per wniface

SP burning rate

Time

Surface

Thrust, Lateral external load (depending on the context)

Velocity, Volume (depending on the context)

Centre of Gravity

Centre of Pressure

Vector of component (i.e. stage or boosters set) ta&gn variables
Vector of component (i.e. stage or boosters set) tagfn constraints
Vector of system level design variables

Vector of system level design constraints

Vector of trajectory variables

Vector of trajectory constraints

Weight

Conditions at the optimal nozzle altitude (i.e. exteprassure equal to exhaust pressure)

Ambient conditions

Conditions in the combustion chamber
Conditions at the nozzle’s exhaust
Conditions at the nozzle's throat

Parameter referred to j-th set of boosters

Parameter referred to j-th lower stage

Parameter referred to the payload fairing

Parameter referred to Payload Adapter

Parameter referred to the upper stage

Parameter referred to the whole core of thectzer (i.e. all stages + payload fairing)

Parameter referred to one engine in a given erggsembly (i.e. corresponding the whole assembly for single
engines configurations)

Sea-level conditions
Vacuum conditions

Parameter referred to the aft boosters attachment
Parameter referred to the avionics and elegstems
Parameter referred to the aft skirt

Parameter referred to the booster’s nose ogive
Parameter referred to the whole engines assembly
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FBA
FSk

FT
IS
IT
Ox
OxT

Pl
PS
Sp
SpC
TF
TI
upP

Parameter referred to the forward boosters lattant
Parameter referred to the forward skirt
Parameter referred to the fuel

Parameter referred to the fuel's tank

Parameter referred to the interstage

Parameter referred to the intertank

Parameter referred to the oxidizer

Parameter referred to the oxidizer's tank
Parameter referred to a stage’s nose section @anicylindrical)
Parameter referred to the pad interface structure
Parameter referred to the pressurization system
Parameter referred to the solid propellant
Parameter referred to the solid propellant case
Parameter referred to the thrust frame structure
Parameter referred to the thermal insulation
Parameter referred to the unused propellants
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So many people live within unhappy circumstances and yet wilhk®tle initiative to
change their situation because they are conditioned to a life ofiggconformity, and

conservatism, all of which may appear to give one peace of mihd) reality nothing

is more dangerous to the adventurous spirit within a man thaowaeséuture. The very
basic core of a man's living spirit is his passion for adventlire joy of life comes
from our encounters with new experiences, and hence thei@ gseater joy than to
have an endlessly changing horizon, for each day to have a new anendiien.

CHAPTER 1

INTRODUCTION

1.1.Research motivation

Since the dawn of the space era, the development, piadwnd operations of Space Launch Vehicles (SLV) and
Space Transportation Systems (STS) in general haveagery costly business. During the Cold War, both tnited
States and the Soviet Union diverted a significanttibacof their entire industrial resources to the respecsipace
programs, resulting in basically no financial constréging imposed on the engineers’ decisions. To give anoidtas
“engineering freedom”, the peak year funding for the Apptogram reached the 0.4% of the US Gross DomBstiduct
(GDP) according to a recent Congressional Reseftth This situation rapidly changed after the Moon landimgth all
national space agencies having to cope with budgets deeedif order of magnitude. As a consequence, engintetsds
to include cost and programmatic aspects in the desapegs. During the past decades, monetary concerng litwicte
space programs have continued to rise - with the onlyp&roeof the emerging Chinese effort - only partialltigsted by
the new climate of cooperation between nations whiclwallgharing of the investments. For the foreseehitlze, the
financial situation is not anticipated to change. In factremarkable break-through in the exploration of spate e
expected worldwide unless a drastic reduction of the cosidoaccess to space can be achieved.

Different approaches to SLV design were explored in itegears for this purpose, such as complexity reduction
strategies (e.g. use of solid propellants for VEGA}har exploitation of flight heritages and modular architestue.g.
Delta and Atlas families of Evolved Expendable Launchidlel). These however led to very limited improversent
terms of launch costs. On the contrary, NASA’s conaiaécargo and crew initiatives, started in 2006 and noavaaticial
moment, seem to be able to change the conventionatligar for doing business in the space industry. For exampl
SpaceX is cutting costshrough a flat management structure and a clean sheghdirsien by cost and reliability, with
simplicity, modularity and reliability as the core dgsphilosophies.

On a smaller scale, Europe is starting to prepararfamportant transition in STS. The current fleet of lhunehicles
has just reached its full capacity, with the recentesszs in the maiden flights of VEGA and Soyuz from Kouildhese
new launch systems complement the workhorse Arianet5 iwo presently operated versions, ES and ECA, aogdhie
whole market range from heavy GTO commercial payloadsI&S cargo supply spacecrafts, to navigation andtguie
satellites. In the meantime, the Future LauncherpaPasory Program (FLPP) is aimed at paving the waypugh both
technology developments and system studies, for a suctesb@ present European systems in the 2025 timefrainee.
Next Generation Launcher (NGL) family should be capableeducing specific launch costs by half with respectriane
5 and of largely increasing its flexibility through a moduasign approach. In the shorter period, upgrades of brighe
5 and VEGA are being considered. Detailed design and aglvdesting are available for Ariane 5 ME (Midlife Hyton)
featuring a new ESC-B upper stage with the restartable expeyde Vinci engine, pending political decisions tova@n
to the implementation phase, whereas different VEGA argmants have been investigated for quite some time now,
though still on paper.

In this variegated context, it is apparent that the desigregsan general, and early design decisions in partiarer,
critical in the road towards low cost access to spdeace, Multidisciplinary Design Optimization (MDO) welsosen as

1 Falcon 9 Heavy, scheduled for a maiden flight in 2013, is tisk@ras capable of beating the 1000 $/kg to LEO threshold.
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the main subject of this PhD research in light of theequgal benefits that this new approach could lead ¢odisign
process. In light of the European background and the oeditibn with the European Space Agency (ESA)assical
unmanned Expendable Launch Vehicles (ELV) were defingldeaapplicative scenario to be most thoroughly invetsgtiiha
Other classes of STS, such as Re-Entry Vehicles (RE&)sable Launch Vehicles (RLV) and manned systems \gre a
studied and represent natural extensions of the wodepted in this dissertation. Engineering models were rheless
not developed, due to the limited relevance in the Europeenario and the desire to avoid excessive complisation

Multidisciplinary Design Optimization (MDO) is intended the coupling together of two or more analysis disogdli
with numerical optimization methods. It was definedaamethodology for the design of complex engineering systems and
subsystems that coherently exploits the synergy of mutn@hacting phenomenably NASA Langley Research Centre’s
Multidisciplinary Design Optimization Branch, or in moimple words by AIAA’s MDO Technical Committee &sow to
decide what to change, and to what extent to change it, whenhengnyifluences everything else”

MDO has been increasingly studied since the 80’s in vafields of engineering, with the main purpose of improving
the design process for complex systems and thus ultimatkieving enhancements in performance, costs, riélalar
any other design objective. As already mentioned, thitvation at the basis of the present research issepted by the
desire to improve the design of ELVs. The next two graahs attempt to justify the predicated advantages dDNxthis
area, from both mathematical and financial standpoints.

1.1.1.0ptimality advantage of Multidisciplinary Design Optimization

Traditional engineering design is performed sequentialty eyclically by experts of the various disciplines, who
optimize the design of each subsystem to satisfy domagifispsonstraints and move towards domain specific objesti
Several Fixed Point Iterations (FPI) of this procegsusually required to reach a design point where allplises agree
on the common variables and satisfactory valueseofjtbbal objectives are reached, thus requiring a largeminof time.

Moreover, the resulting design is likely to be sub-optirhecause the sequential approach may lead to theflgesd
solutions, which would be identified in a concurrent optitniraprocess. A trivial but enlightening example of hibwg
enhancement in the design objective (performance, aaoshyoother driving criterion) is achieved is presereckference
[2]. Consider a hypothetical aircraft with simplified desigodel reduced to the contours plot of Figuae the generic
performance measuif® and two constraint€; andC, are represented as a function of the wing aspect A&tiand the
wing structural minimum weighitV,;,, condensing the aerodynamic and structural aspedte afesign. ClearlyQ, is the
constrained maximum &, but if an additional constrai; is found to be critical in a later stage of the priogecin Figure
1b, a new optimum is established®@. However, in a sequential design process, one of thablesi may have already
been frozen so that only one design freedom is lefietd with the new constraint. If for example #R is frozen, only
Whin Can be adjusted, resulting in a sub-optimal design solutiog a

MDO approach does not present this limitation, being &bleoncurrently vary all modelled design variables at th
same time to achieve the global optimum. In genenathyaical behaviour resulting in a loss such as thatdsst®, andO;
is typical for most engineering applications. Althoughdome applications this may not be an issue, for conggmspace
systems it may represent a critical difference, @aflg if the model include considerations about cosiability,
programmatics and other non performance related aspect.
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Figure 1: Sub-optimality of solutions obtained with gquential optimization approach in aircraft design exampleas taken from
[2]. Figure 1a (left): 2-constraints scenario. Figurelb (right): 3-constraints scenario.

2 SeeSectionl.3for an overview of the research framework.



1.1.2.Financial advantages of Multidisciplinary Design Optimization

If successfully applied in the design process of complexneagng systems, MDO allows for significant momgta
advantages, both for governmental institutions and ferivadustries. This gain comes in two ways: 1) from the
improvements in the design results shown in the previasagraph; and 2) from the increase of the design process
efficiency, which determines both schedule savings awdrl man-hours required from disciplinary experts.

As regards to the first point, FiguresBows the percentage of the Life Cycle Cost (LCC) detextion of a SLV as a
function of the design progress in the classical ghaseonceptual, preliminary and detailed design, up to mauuifag
and integration/verification process, as defined by NAS]. Similarly, Figure Jeports the cost overruns as a function
of the system engineering effort for past NASA veha#gelopment programs. It is clear that most of the L(8@x0) is
determined early in the conceptual design phase, whelesagn decisions performed later only marginally affect it.
Moreover, a larger effort in the initial system engirieg phase usually turns out in a great cost overrinmeguction.

In this perspective, MDO techniques drastically reducingithe tequired for conceptual studies and hence increasing
the number of analyzed design alternatives, have the @otenidentify new and more cost-effective concdpes would
not be envisioned with a classical sequential apprddahuman intellect cannot of course be taken out obthe bnd is
in fact fundamental in the set-up of both the models laadntegration/optimization environment, in guiding the athors
towards better solutions and in the critical analysishef results. Nevertheless, MDO tools can be extremafulug
assisting the designers, especially at the conceptdadaly preliminary stages.

As regards to the second point instead, the financiahdalyes of the exploitation of MDO in an industrial contextewe
analyzed i4] by Phoenix Integran&nfollowmg the main effects on the financial healtranfaerospace corporation:

MDO is shown to bring an efficiency enhancement edkecution of a design iteration, leading to time gpvin
the order of the “hours-to-minutes”, hence reducindhilvaan effort (and related costs) in the process.
Even when compared with concurrent design laboratosigch as ESA’s Concurrent Design Facility (CDFg, th
MDO approach is expected to lead significant improveminthe time, cost and outcome of conceptual studies.
This increases the chances of developing winning propddalsugh an economical analysis of 25 aerospace
organizations, this aspect is shown to have a direntlation with the stock price trend, which is posityve
influenced by key defence or government program wins.
MDO finally may benefit existing programs as well, betng limited to conceptual design, since it can contritmute
the improvement of the resources allocation, lingitine total costs.
In conclusion, the technical and economic considerapoesented in this section allow justifying the insieg worldwide
interest in MDO, and represent the motivational bsithe research work presented in this dissertation.
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Figure 2: Representative percentage of system’s LCC a& Figure 3: Cost overruns as a function of system engiering
function of the design phase, as taken frorf3] effort for past NASA programs, as taken from[3]

% Phoenix Integration is a company developing process intemratid design optimization software, especially Phoenix Meder is
probably the first example of commercial MDO softwaveafw.phoenix-int.com).
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1.2.Research objectives, challenges and original contributien

The research work presented here is centred on the develbpme validation of an MDO environment for the early
design phases of expendable launch vehicles, with the main abjefctjuantitatively assessing its suitability for real-world
applicability in terms of overall accuracy and computational requirgsieThe focus is primarily on the engineering
modelling aspects, whereas the necessary global and local ogtomiaarastructure is only considered as a mathematical
tool enabling MDO, in light of the criticality of the multidiplinary models definition for the applicability of MDO
methodology to industrial design.

This objective was justified in the previous sectionteims of relevance of ELVs to the present Europeanas® as
well as of benefits that the MDO approach could bringh® cost reduction for the access to space. MDO models
incorporate all relevant disciplines simultaneousthieving optimal solutions superior to those found by seqaletesign
if the same fidelity level is employed. The availagilaf a reliable MDO environment as a support to thegthess’
experience ensures a more rapid exploration of therdepigce, leading to Pareto optimal fronts under differqracss
such as mass, cost, reliability, or mission flexiyilDesigners can then select the most promising poeice be used as
starting points for refinements with more traditiodakign methodologies. This should in theory ensure teets®sl of the
design option granting for example the lowest possible LifX@is is the overall project’s driver.

To date, in spite of the rather impressive list ofi@adments promised by MDO and of a growing interesth t
research community, successful industrial applicationstdtextremely rare. This is in part due to a certasistance of
design offices to the introduction of MDO versus the udeagfitional FPI process. This has in fact always repriesl the
standard aerospace industry practice, most of the émmlsprocedures having been developed for it. The introduofio
MDO would therefore require a large initial investmentsaitware development or purchase and in personnel tgainin
which must be offset by sensible global objective impmoets or project time savings to make it worthwhile.

In addition, several undeniable obstacles contributaake the development and integration of interdiscipliniasign
environments a particularly challenging task. In patéic the main issues can be grouped in the following caésgo

Modelling:
o compromise between fidelity and computational efforbmtraditional disciplinary analyses (e.g. CFD/FEM
versus simplified engineering models);
o development of well-posed and clear interfaces amongpliisss;
0 capture (at least partial) of human expertise in the mpde
0o development of common parametric geometric models fa different disciplines (configuration,
aerodynamics, structural analysis, thermal analysijs,
o mathematical modelling of non-technical disciplines (ecegtimation, reliability assessment, schedule and
programmatic aspects evaluation, ...);
o efficient and consistent multi-disciplinary problem folation definition;
o validation of the developed models with respect to realevgystems.
Hardware need for large computational resources, most likely rieguiHigh Performance Computing (HPC)
techniques such as distributed parallel processing or GRIguting.
Software
0 procurement and integration of proprietary, legacy, openceoamd commercial tools, often developed in
different languages and epochs, as well as with compkiférent coding philosophies;
o0 configuration control as well as management, storingcantmunication of large amounts of data;
0 need for two-ways, intuitive and interactive machineran interface, to ease the introduction in the
optimization loop of the designers’ expertise
Mathematical analysis and optimization
o selection or implementation of efficient global am#dl optimization strategies, both required for search
space pruning and successive solutions refinement;
o selection of a suitable optimization architecturehegitsingle or multi level depending on the problem
characteristics;
o definition of surrogate models if computational times fa involved disciplines are too large for allowing
the full model to be included in the optimization loop.

Among the above issues, one particular aspect can bdfigtkrds the most critical: the trade-off between the
engineering models’ simplicity and accuracy. In facisistill not clear in the MDO community how to olstaieliable
design information in the early design phases when accep@ngpthpromises in design fidelity that are necessaliynib
the computational efforts. This is an extremely challempgurdle to be tackled: computational times can quibkigome
unmanageable when complete design freedom needs to be piaseallew for large scale search space exploration, but



the physics of the problem must be sufficiently regpmésd in order to validate the obtained design solutiodspdace
confidence in the performed trade-offs.

With this respect, both CFD and FEM approaches todgeemnic and structural analyses are not well suited B®OM
deployment, unless the resources of modern large computgersl are invested. Examples of recent applications are
NASA/Boeing’s Blended-Wing-Body (BWB)[g]) research aircraft and the European Union’s HISACeptdf6]) for an
environmentally friendly supersonic transport. Theselenextensive use of the MDO approach in early desigmy atieg
parallel CFD and FEM codes into complete aircraft dekigps. The final configurations selected in both prejeeere
strongly affected by the MDO results. Although HISAC idl snly on paper, the BWB reached the level of rlyi
prototype, validating the design process employed indheeptual and preliminary stages.

Due to limitations in the available computational resesirand to the excessive technical complexities, theigipbn
of high fidelity analyses was not considered for thesgme research, focusing instead on “traditional” engingdewel
models. The intention was therefore to study the comakations among disciplines and identify the mainaisvior the
global accuracy in Multi-disciplinary Design Analysis (MDD processes. A MDA can be defined as a set of arsalysi
modules for several disciplines, to be executed in a givger @nd possibly requiring iterations of two or moreduoles,
apt to exhaustively determine the design of a complexneedgng systemindependent variablesalso calleddesign
variables need to be provided as inputs to the MDA, either tHromgman expertise or an automated optimization
algorithm, whereas the outputs of each discipline arecdilpi used asoptimization constraint®r objectives Finally,
coupling variablesare the parameters which need to be exchanged amongférerdifiisciplines, hence determining the
sequence of execution and the necessity of iterativesycl

In this context, the main question which will be attemptdabtanswered can be formulated as:

“Is it possible to reduce the complexity of the design mddeELVs to the point that a full MDA can be executed
within seconds, without losing the accuracy necessary to placeleocé on the achieved design solutions and
trade-offs (i.e. around 10%)?”

The availability of a MDA process requiring only secomal€xecute, in contrast with the minutes or hours tyméal
CFD/FEM, would enable the exploration of ELVs arbitraopfigurations in MDO loops within reasonable computational
times without the need for a HPC infrastructure. In otdeanswer the above question, the engineering models we
developed in two steps. First, @nceptual leveimodelling environment was developed, implemented and tested. A
thorough validation procedure and critical analysis of tbésults, together with an independent review from ESA,
highlighted the key weaknesses of these models. A wide @Engggrades spanning all disciplines was identified, which
allows for higher fidelity and larger functionality atreasonable price in terms of computational effort. &ritancements
were implemented in a second modelling step, targeted ®athe preliminarydesign, with a further validation campaign
assessing the improvements in accuracy.

This incremental strategy founded on the critical amalgbthe validation results obtained at each step wee diasis
of the engineering modelling effort, and resulted in dlckievement of good global performance accuracy with damit
computational times, as will be presented in the coation of the dissertation. It has to be remarked hash sigorous
procedure for the development and assessment of the &sally constitutes the most innovative aspect ofptiesent
research work. In fact, a significant number of MDO develaogmare documented in recent literature, covering the design
of different types of aerospace vehicles, but none insladguantitative evaluation of the engineering methottsetextent
described here. In a research field which seems matunadier important applications, the lack of accuracy ratidbility
evaluations represents a “showstopper” for the industpplicability, since large initial investments in MD@chnology
can only be justified in front of a certain confidenceha results which can be achieved. Hence, the infoomaldtained
within this research represents a relevant originalritrion to the field of MDO, providing useful hints fdre adoption
of this design approach and for the evaluation of itebility to different scenarios. In particular, resuietated to the
disciplinary models errors, their system level sensiiv and criticalities, as well as the effects ptimization when
applied to different typologies of analysis models hold gémnvatality. Single and multi-objective optimal design solago
presented throughout the validation and application chafieBsand8) are also filled with significant and rather original
lessons learned about the capabilities - or in sonsescthe difficulties - of MDO in reproducing realistic idas
considerations.

Finally, the specific analysis models implemented fa tlesign of ELVs are mainly derived from well-known
methods, whose development sometimes dates back toigires@f space flight. However, their integration inurafied
environment tackling arbitrary ELV configurationsdaencompassing all the core disciplines representeairaertaking.
Comprehensive details are providedGhapters 4 and6 for the multi-disciplinary models of the two steps memesid
above, constituting an exhaustive synthesis of launehgineering “know-how”. Among the described disciplinary
methods, the following aspects are worth lingering awdight of the originality of the selected approach:

Liguid rocket engines’ inert mass estimation through Weigtintation Relationships (WERSs), derived from the
statistical analysis of a database collected fronmouarsourcesSections4.2 and6.2).
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Time-based reliability estimation, leading to an assessofehe overall mission success probabilBg¢tion4.7).
Analytical methods for solid grain geometry definition andhps cavitation assessme8e¢tion6.2).

Safety related analyses, including assessment of thacinellipses for suborbital stages/boosters and catmulat
of the related density of populatioBection6.4).

Analytical structural sizing model, including multiple-besapproximations for core and boost&sdtion6.5).

1.3.Research framework and SVAGO software

The research work described in this dissertation wagdayut by the author in the 2009-2011 timeframe at Politecni
di Milano, in collaboration with the Optimal Controk@aip of the Centre for Industrial Mathematics of theversity of
Bremen. Annalisa Riccardi from the University of Brementippated in the research project working on several
mathematical aspects - especially local optimizatiand on the graphical user interface. The combinatiomgiheering
and mathematical skills proved to be a winning scenaliimying for different points of view and capabilgieo be merged.

The framework that allowed such a fruitful relationshipswESA’'s PRESTIGE PhD program. The PRrogram in
Education for Space, Technology, Innovation and knowle@@®ESTIGE) was set up by ESA’s Education Office as a
formal collaboration between the Agency and one oremmiversities on topics of great importance for futspace
missions. As taken from PRESTIGE announcement wélisiteESA has identified the need to reinforce education and
research in particular technical domains, seen as the critcahs of knowledge for future space programmes. In this
context, the ESA Education PRESTIGE programme intends to fosteinthaedge by granting research and training
opportunities to European universities linked to these technical domBies objective of this initiative is twofold. To
increase the competence of European universities in areatifield as critical for the space domain, through a close
research collaboration with ESA. And to provide opportunitieEuoopean students in their final year of a university
Master or PhD course for a research internship at ESA in thatifiled fields, thus facilitating the transfer of knowledge
and interaction between ESA and the universities.”

For the research topic on Multidisciplinary Design Optirtiara PRESTIGE grants were given to Politecnico di Milan
and Universitdt Bremen, foreseeing research acsvitespectively on the engineering and mathematical @spédhe
launch vehicles design optimization problem. This disBertaleals almost exclusively with the engineering aspedtih
were directly investigated by the author. However,vaghtion on mathematical optimization is included ia $tate-of-

the-art review $ection2.3) and a short chapter is dedicated to the optimizatidmtacture and algorithms implemented or
integrated for the MDO environmer€lgapter 3).

Several advantages of the close relationship with ESgeatally TEC-ECM section, arose in the course ofthB. In
particular, the possibility of interacting with ESA’s diginary experts during the modelling and validation phar®ved to
be extremely useful, as well as the two formal ESAenes conducted at the end of each step. Moreover, tialddata in
excess of those freely available on the internet weoeided, even though the delicate nature of launch \elmia still
prevented from obtaining reliable information in severdical areas.

The final deliverables for PRESTIGE research consist large amount of technical documentation, as well dsein t
software tool SVAGO, which will be used by ESA in thenfeaof concurrent design and industrial design evaluatiorein th
early phases of launch systems development RPseagraph 1.3). Due to length constraints, this dissertation does not
report the full content of the PRESTIGE technical docuatéon presented to ESA. The attached cd-rom howsraains
all relevant documents, which will be referencedAd, [A2], ..., for “Applicable Document” and are listed at #ral of
the dissertation besides the bibliography.

A software program written in C++, named SVAGO for Spdeticles Analysis and Global Optimization, was the
result of the practical implementation carried outhiitPRESTIGE research, including both engineering modets
optimization algorithms in a generic MDO environment véffecialized disciplinary modules for ELVs design. Thadas
phllosophy at its core can be summarized in four points:

Extreme user interactivity based on the idea that no computer code will ever captuid the human design
experience, large user control capabilities were intratlutiee user can select different disciplinary analysedeas,
modify number and range of optimization variables and canss$, define aggregated or separate objectives, and
execute successive global and local optimization procesaels,time inspecting results and changing the parameters
accordingly. The user should in this way support the MD@2gss, by introducing human experience in the loop and
actively steering the design process towards the mostiging regions of the search space.

Optimization framework generalityseveral types of global and local optimization methwdse implemented or
integrated, in order to provide full optimization capiies$ for MDO. A global approach is in fact necesstmy
tackling architectural and technological discrete trade-afésign from scratches and multiple objectives (“design-

4 PRESTIGE announcement is available on ESA’s websitgtptl/www.esa.int/esaMIl/Education/SEMBTFO4KKF_0.html
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to-performance”, “design-to-cost”, “design-to-relialyflit ...). Local algorithms are instead extremely usetrl f
efficient subproblem optimization (e.g. trajectory optiation) and solutions refinement.

Object-Oriented architecture modularityflexible data storage structures as well as modukgiginary classes
with clear interfaces were defined, easing the maintdityabf the MDO environment and its expandability to other
design problems (e.g. re-entry vehicles, re-usable latsiche.

Computational efficiencyparticular attention was paid to computational efficieri@eping in mind the criticality
of computational resources in MDO, even though parallelpetimg with OpenMP for shared memory machines

was partially exploited (se®nnex 2).

In the continuation of this dissertation, the termingl&/AGO Version 1 (V1)and Version 2 (V2)will be used to
identify the two modelling steps outlined in the previousageaph for theonceptualandearly preliminary detail levels.
Note however that most of the programming and impleatiemt details are not reported here due to length camsira
focusing instead on the engineering analysis aspects.

1.4.Research industrial applicability

As justified in the previous paragraphs, the applicaibiMDO to the conceptual design phases has the potential t
sensibly reduce the LCC of STS, or other complex engmgqriojects. For this reason, the present researctarhas
immediate industrial applicability in the European framk, in particular with respect to the FLPP as well &G¥
upgrade studies mentionedRaragraph 1.1

To exemplify the possibilities enabled by MDO, a caselystaken from the FLPP and carried out with the deeslop
MDO environment is summarized in Figure 4. Here theotivje is the definition of baseline concepts for a fgnuf
launchers, ranging from 3 tons to 8 tons of payloadlutity to GTO, as a successor to Ariane 5. Withogusing on the
numerical results, the purpose is to show how a comlpleach vehicle family study, requiring the evaluatioradfrge
number of possible configurations, can be performed avitary limited effort. In this case, ~2 man-hour @ dad a single
personal computer were necessary for a time span ahonéh to implement the full study logic on the lefttloé figure.
This made available a large set of design solutionsaich ef the three configurations, enabling the designeelect the
preferred concepts among those in multi-objective Pdretds for maximum payload mass vs. minimum launclssra
minimum launch cost vs. minimum launch mass. Althotngh achievement looks particularly impressive, thefidence
which can be entrusted in the final solutions must befally weighted by quantitatively evaluating the expectahlers,
in order to make the MDO approach viable in an industaatext.
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Figure 4: Example of study logic and typemof results foa launch vehicles family under investigation within FLAP.

If MDO viability is verified, several possible applicais of the ELV MDO environment are already availablthin
the European industrial context, such as the following:
-+ FLPP conceptual studieas the one described above.
CDF pre-studiesthe concurrent engineering approach was proven tetyesuccessful in improving the conceptual
design process of space systems by several similar catjani around the world, such as ESA ESTEC’s CDF.
However, an initial guess solution needs to be availaledier to start the iterative design cycle, and its guisliof



fundamental importance for the final outcome. In thistexdn semi-automatic MDO environments would be
extremely useful in search space pruning, possibly altp¥ardrastically improve the final selected concept.
Launcher upgradein case of payload capability enhancements or otharadpg, it is possible to analyze several
configurations with MDO, in order to identify which cponent ensures the most cost effective upgrade. For
example, different VEGA configurations can be invesdddip determine which stage (or stages) would be more
suited for modification to satisfy specific requirements.

Component upgradeonceptual studies may be performed also for speaificdher components, such as Ariane 5’s
ESC-B upper stage or a European version of VEGA’'s AVUM uppege, to evaluate the system level impact of
modifications to a specific stage or booster.

1.5.Work outline

In the continuation of the PhD dissertation, a boidrview of the state-of-art in topics related to MBJitist given in
Chapter 2, including a short history of MDO, multidisciplinary profsieformulations and architectures, global and local
optimization methods and relevant MDO tools and apjpticat Although the focus of the research is on the ergime
modelling, Chapter 3 outlines the optimization architecture and main algorsthmhich were integrated in the MDO
environment, in order to provide the reader with an ojperatunderstanding of the optimization aspects.

Then, the most consistent section of the work desctit'e¢wo engineering modelling steps. In particular, tetaie
given on the development of the models and on theatadidresults, first for the conceptual stefCinapters 4 and5 and
successively irChapters 6 and7 for the early preliminary step. Finally, applicativesukts for test cases relevant to the
European scenario highlighted in the previous paragreptpr@sented irfChapter 8, whereas lessons learned from the
MDO effort and related conclusions are drawChmapter 9. Several research lines are also suggested in thishlagter as
possible future developments, directly stemming from thi ropen points identified within the work described in the
previous chapters.

In addition to the main body of the dissertation, anneseefmaluded to schematically document relevant side aspéct
the research. Specificalljnnex 1 reports a summary of the CPU times required for MDA lgiliD processesinnex 2
presents the most important aspects of the parallelicati global optimization algorithms with OpenMP for sthr
memory machines, amthnex 3reviews the system-level software architecture bheddlated GUI.



Questo mondo & una meraviglia. Non c'é niente da fare, & una mexatigse
riesci a sentirti parte di questa meraviglia — ma non tn ttuoi due occhi e i tuoi
due piedi; se Tu, questa essenza di te, sente d'essereigprésth meraviglia — ma
che vuoi di pit, che vuoi di piu? Una macchina nuova?

CHAPTER2

STATE-OF-ART

MDO is a very wide research field, encompassing proldenomposition and problem formulation techniques, MDO
architectures and other connected areas such as engjnerdtelling, global and local optimization, sensitiatyalyses,
meta-modelling techniques, etc. For this reason, a i@rapsive overview of the current state-of-art is praictical for
length limitations nor is within the scope of this digation. However, an overview is given in this Chaptgarding the
topics which are more strictly related to the presemk. In particular, the three main sections below gtean historical
background of MDO and of its recent applications to STSgde followed by an analysis of typical MDO problem
formulations, and finally summarize the main conceptscal and global optimization.

For more details, Technical Notes DIA1(]) and D1b [[A2]) include a much broader review of the state-of-artllin a
topics mentioned above. In particular, decomposition methodsthe related single and multi-level MDO archiiees
were subjects of a thorough investigation. Although tlese not successively applied, due to insufficient tinelanited
applicability to the developed models, a broad bibliogi@pkerview is documented i@hapter 4 of [Al]. Moreover, an
extensive collection of the available engineerin@ll@nalysis methods for all the disciplinary areaslved in the design
of launch and re-entry vehicles is the subjectiofpter 4 of [A2].

2.1. Multi-disciplinary Design Optimization

2.1.1.Historical origins and development of MDO

The first idea of collaboration between disciplines trdginated in the aeronautical field from the inheremipding of
aerodynamics and structures, causing important issuessukhter and loss of control surface effectiven&be study of
these effects resulted after World War 1l in the bioththe discipline of aeroelasticity, aimed at the eqguatevel
integration of the two disciplines. Later, the introdoictof two major technological advancements - compaos#éerials
and active control systems - led to more complex digeiplinary couplings, involving the tailoring of theaterial
properties to meet specific requirements and the introdgiuctioontrols discipline in the integrated design predesy. see
the design of the forward-swept-wing fighter Grumman X-28&ting back to the early 80’s). It was however with first
conceptual studies of advanced aerospace vehicles (supéngoaisonic aircrafts or RLV), that MDO gained a relévan
role in the engineering design: for instance, whenmeasdonventional transport aircraft the exploitation oftidigiciplinary
global optimality could make a difference between vergdgand merely good vehicle performances, in hypersonic tgrcra
it may very well make the difference between flying ataying on the ground.

With the increasing complexity, the representatiorthef interdisciplinary couplings moved from the equatiorllev
typical of aeroelastic approach to the integration byagosition, for which each discipline remains a seiftamed task
and the challenge lays in the definition of the “infation channels” among these blocks. Optimization algosthmere
also added to the design loop, initially based on thegratbcal approach such as Sequential Linear Program{8ioie)
or Sequential Quadratic Programming (SQP), and more teexpanded to global techniques such as Genetic Algorithms,
Particle Swarm Optimization, and others.

The first large efforts towards multi-disciplinary desigeere carried out in the 80’s and 90’s mainly in the US by
researchers at the Multidisciplinary Optimization BranEINNASA'’s Langley Research Centre (LaRC) and its collating
universities, such as Sobieski, Alexandrov, Haftka, LeBiaun, Kroo, Olds and others. These investigations étos
the development afecomposition technique® deal with the task of efficiently dividing a largeilti-disciplinary problem
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in smaller blocks. The most straightforward MDO dtestture is represented by the single level “Black-Box”i@jatation
(BBO), for which a MDA model built from disciplinary aryaks constitutes a black-box function, taking as inpws th
design variables and returning as outputs objectives amstraints. In BBO, the MDA is directly coupled to a t8ys
Level Optimization (SLO) algorithm, handling the full optration problem. Although very simple in implementation,
BBO may result inadequate for applications with large remd§ design variables/constraints and requiring numerous,
computationally intensive iterations to converge tomsestent design. With the limited computational resountése 80's

and 90's, multi-level decomposition techniques arose natuinl an attempt to reduce problem’s complexity, sizd an
expense by means of disciplinary autonomy in both implemtientand execution.

Figure 5 summarizes the possible forms of disciplinary integnatincluding the equation-level approach typical of
aero-elasticity, No Decomposition (ND) approaches sagBBO, Hierarchic Decomposition (HD) and Non Hienarc
Decomposition (NHD). The choice between the lattes isvin general not left to the designer, but is deiteeth by the
coupling characteristics of the specific system undetystHD applies if the system can be divided into a sbtaak boxes
(i.e. input-output functions) representing the physicasgstiems or analysis disciplines, forming a multi-ldverarchy as
shown inFigure 6. The flow of input/output information is only in the tieal direction and no data are transmitted
between pairs of boxes located at the same decompositieln Which is instead the case of NHD systems. Tssibpility
to exploit HD simplifies the process, since each blooky meeds information from higher levels, hence analysas
optimizations at the same level can be executed cantiyr

Equation-lewvel 1
integration |
Integration of disciplines No Decomposttion i 2 !
& P {ND) approaches | I
Hierarchic
Decomposition (HD) 7 9 3 5
Problem
decomposition |
Non-Hierarchic
Decomposition (NHD) 8
Figure 5: Different forms of disciplinary integration in MDO Figure 6: Example of hierarchical decomposition

In the relatively short time span between 1982 and 1998rge number ofproblem decompositiomethods and
resulting MDO architectures were developed, startiogpnfHD and then proceeding to NHD approaches, with theajoa
improving one or more of the desirable features MiDO: a) quality of the optimumintended as the capability of
converging to the “best” optimum (or at least a very gond) over a large search domain;effectivenesssometimes
referred to asobustness defining the probability of success of the optimizatiorocess; ckefficiencyin terms of
computational resources required to achieve convergenashbilityof existing codes; enaintainabilityof the software
environment; and f)parallelization potential A chronological list of the most interesting proposedodgposition
techmques is given here, together with bibliograpHieremces for more details:

Multilevel Optimization by Linear Decomposition (MOLDyroposed by Sobieszczanski-Sobieski (NASA LaRC) in
1982 (7], [8]) and based on multi-level HD, it's probably the mdeeply investigated multi-level approach, with
interesting applications for example in multidisciplinarng design problem, as in referen{@sand[10].

Concurrent SubSpace Optimization (CSSO): proposed again bgsdabanski-Sobieski in 198H.1], [12]) as the
first attempt to tackle NHD problems of large dimensidghsough the division in subspaces with separate
optimization processes running concurrently and exchangimgjtavity information.

Collaborative Optimization (CO): NHD technique proposed 994 by Kroo and Braun at Stanford Univerdjifys],
[14], [15], [16]) and constituted of a bi-level decomposition based oriDreformulation (sedParagraph 2.2),
where separate subsystem optimizers satisfy domairfisgeistraints and a system level coordination is ingga
of the overall objective(s) and of the compatibility staints among coupling variables. CO has had a largessic
in the research community, with plenty of derivatives aplications.

Bi-Level Integrated System Synthesis (BLISS): altéweaNHD architecture proposed at NASA LaRC in 1998
([27], [18], [19]), especially meant for those problems that incluémyrsystem level design variables which are
shared by more disciplines and for which the assignneeat gingle block is not physically meaningful. As CO,
several derivatives of BLISS were introduced, most nptBhlSS-2000 [20]) which applies the bi-level scheme
directly to a generated RSM instead of the original gisgry tool.

In addition to the above problem decomposition method®rakresearchers also focused since the beginning of the
90's on single level architectures with differgmbblem formulationsintended as the way of handling the disciplinary and
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interdisciplinary couplings in MDA. The most commonlyidaved classification is that advanced in 1992 by Cramer and
others [21]), including the so-called All-At-Once (AAO), Multi-Beiplinary Feasible (MDF) and Individual Disciplines
Feasible (IDF) formulations. Since MDF and IDF wdneectly investigated in this research woflection2.2 is dedicated

to problem formulations.

In this apparent jungle of methodologies, several giteiwere made to quantitatively compare different forruariat
and decomposition techniques on both mathematical benktiaad reference applicative problems (see for example
LaRC’s MDO test suite ifi22]), mainly using effectiveness and efficiency metridorth mentioning in this area are the
works of Balling and Wilkinson[23], 1996), Alexandrov and Lewi$2d], 2000), Brown and OIld425], 2005), Tedford
and Martins[26], 2006), De Wit and Van Keulef2{], 2007), and Yi[@8], 2008).

From the analysis of these efforts, a clear hieracelmnot be outlined, and such a hierarchy is actually uplidetver
being defined. In fact, effectiveness and efficiencyeath architecture are strictly related to the chanatits of the
problem being solved, not to mention to the praciitglementation details varying from case to case. Negksss, few
considerations can be considered generally valid. Incpkat, the level of detail implemented in the disciplinenodels
and the available computational power are fundamentatésin the choice of the MDO technique. For reasorfabigll”’

(in number of variables and constraints) and “fastaligation times up to seconds or tens of seconds) madBIS,
architecture is the most adequate due to its simplicitlyeffectiveness. However, BBO does not scale well thighsize
and complexity of the problem, hence is not well suitéewaiming much beyond the conceptual-level. In facger
design spaces complicate the search for global optimumiplyossking it an impossibly complex task for a single syste
level optimizer, therefore requiring problem decompasiti&or this purpose, MOLD is definitely to be taken into
consideration whenever lateral communications argddnin light of its remarkable computational savingsmohg multi-
level NHD approaches instead, CO is promising when disciplines are not excessively coupled, though significant
convergence errors with respect to the coupling contdramve been reported. Finally BLISS and its derivatiiESB-
2000 have shown very good effectiveness and efficiency werale studies, but can only be used when derivative
information is available (i.e. smooth problems). HEughors of referenci25] provided the most convincing evidence of
BLISS-2000’s superiority on a real-world test problem (MDIONASA’s ACRE-92 RLV configuration), but this is only
one experimental data point and should be complemented ligrsstudies on other applications. As reported by the
authors,”... while it is tempting to declare BLISS the most promisingfistrevel MDO technique available, this study is
only one data point. It is statistically impossible to declBidSS “most promising” unless more studies employing the
blocking effect substantiate the results found here.”

Since the beginning of the 2000’s, work on the developmemwfMDO architectures drastically diminished, in favour
of a significant increase of applications. In fact, thailability of larger computational resources resuitedhe first
attempts to introduce high fidelity methods in multidiscipty models through massive parallelization. Moreosfassical
engineering level disciplinary models have been ofteegiated in recent years in MDO tools for diverse apjdicat
exploiting only low cost computing infrastructures (i.erso@al computers or at most workstations). An overviegiven
in the next paragraph of those applications which argt nelevant to the design of STS.

2.1.2.Recent applications of MDO to STS design

The initial steps in the development of multi-disciplinanodels for Space Transportation Systems (STS) were
undertaken already in the 90’s, in parallel to the studiesaoigm decomposition and MDO architectures. In particular
Olds at North Carolina University first tackled the MIXA a Rocket Based Combined Cycle (RBCC) and a dual fuel
Single-Stage-To-Orbit (SSTO) systems, through manualtiver between disciplines and the exploitation of sefitsiti
information and response surfacg29(, [30]). Researchers at NASA LaRC then expanded on that agiprieandling the
design of SSTO RLVs through MDF and IDF single level aechitres as well as CQB(], [32], [33]). However in these
first attempts, the lack of computational power restaie application to the study of a specific launcherfigaration
and imposed the use of very simple disciplinary models. fadilly, no global optimization approach was included in
these studies due to its limited maturity at the time.

A continuative research activity spanning the years 1998-®@@6carried out at the Space Systems Design Laboratory
(SSDLY of Georgia Tech under the supervision of Dr. Olds, in aortefo improve the accuracy and completeness of the
engineering models as well as to automate the MDA&gas A generic framework for MDO was presente@4q (1998),
exploiting a commercial tool namédodelCenter(see next paragraph on general purpose MDO frameworlalpto for
easy replacement of analysis blocks. This ensured ¢xibifity to plug in or substitute analysis codes accordmghe
specific application, so that different types of vehiclesevilevestigate through MDAO in the following years.

In the area of ELVs, a Heavy Lift Launch Vehicle (HLL¥gmily calledCenturionwas designed if85] for NASA’s
exploration beyond Earth orbit, reporting an interestindetrstudy on the core stage’s engine as well as one dfshe

® SSDL’s website atvww.ssdl.gatech.edmcludes an interesting page on MDO including a large nunibretated publications.
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attempts to integrate cost, reliability and operatidissiplines in an automated design cycle for ELVs. Howefoemal
optimization was not exploited, except for trajectory giesihich was performed with the well known NASA’s PGST

In the 90’s and 2000’s, NASA’s X-programs were aiming atdéeelopment of a feasible and viable RLV, as well as
other agency-funded studies worldwide. In parallel to tledfsrts, Georgia Tech investigated four advanced SSTO and
TSTO concepts, with the same MDA methodology with mhatrade studies employed f@enturion but slightly different
DSMs to account for the specific application. See esfees[36] for Hyperion (VTHL RBCC SSTO),[37] for Magel
(TSTO, magnetic %1 stage propulsion)38] for Aztec(VTHL RBCC TSTO), and39] for Lazarus(sled-assisted HTHL
RBCC SSTO). In spite of the attractiveness of theselnconcepts, the economical evaluation included inLSS8iudies
was disappointing, showing no reduction of launch costs vafipect to current ELVs. This conclusion confirms the
technical evaluation on RLVs stemming from NASA X-33 peog made by Art Stephenson, Director of NASA’s Marshall
Space Flight Center (MSFC) on th&df March 2001“We have gained a tremendous amount of knowledge from these X-
programs, but one of the things we have learnt is that our technologndtaget advanced to the point that we can
successfully develop a new reusable launch vehicle that substaintipiyves safety, reliability and affordability”.

= Discipline Analvsis Tool
e Configuration Pro/E
— Aerodynamics APAS (HABP)
: Propulsion Design REDTOP
[ | = Trajectory POST 3-D
heating Weights & Sizing MS Excel
;";gﬁ Structures GT-STRESS
Aeroheating Miniver
[[Operators | Reliability Relex
Reliabiity Operations Historical Estimates
— e Cost TRANSCOST

Figure 7: DSM and related disciplinary codes for the NDA process of the Centurion HLLV family, as taken from[35].

In the last 15 years, MDO found applications to STS ahdratpace systems also outside the United States, through
both agency-sponsored and industrial efforts within thia space fairing natioAsEven though work in other countries is
not documented here, European developments in ELVs MD@riafey outlined, in order to provide a better undendiag
of the immediate background of the present PhD reseapstifiSally, recent industrial (EADJ40] and [41]) and
academic (ONERA[42]) researches have tackled the design of ELVs for futuredean needs. Automatic trade-offs
among different configurations were introduced exploitindgglmptimization (Genetic Algorithms), obtaining inténeg
design results and proposing an ingenious new decompositiondrfetnBLV design [42]). Nevertheless, these solutions
are still limited to an early conceptual level, emplgyatassical disciplinary models of fidelity similar losver than those
in Figure 7. A similar modelling approach but exploiting gradiensdsh algorithms was followed at ASTOS (Aerospace
Trajectory Optimization Software), aiming at design mjation starting from an initial guess in the desisedrch space
region {43]). Widening the horizon to non ELV applications, worthnti@ning in Europe is the work at DLR’s SARIR
Germany, ONERAIn France, and Politecnico di Milatfan Italy.

From an analysis of the research presented above focutinent European scenario, two main weaknesses were
identified: 1) the lack of a complete optimization aretitire efficiently handling both global search with respect
multiple objectives and local refinement, exploitindegtst to some extent HPC; and 2) the inadequate charatits of
the accuracy of the disciplinary models employed to gém#ne MDA. Work for the PRESTIGE research focusestéxa
in these areas, with the development of a large oiioiz infrastructure, as described@mapter 3, and the two-steps
engineering modelling which constitutes the main topiChapters4to7.

The last subject of large relevance in the historiealewv of MDO applications is the introduction of high fite A
fascinating example of how engineering knowledge isetiones passed on to the next generations, legacy computer

® hitps://post2.larc.nasa.gov/index.htmi

"Mainly in Europe, Russia, Japan, China and India. EmgrgiDO centres are the Multidisciplinary Aerospace Desiptimization
Research Centre (MADORC) and the Centre for Aerospacter8g Design and Engineering (CASDE) in India. International
organizations are AIAA’'s MDO Technical Committee andeingtional Society of Structural and Multidisciplinary @putation
(ISSMO).

8 hitp://www.la.dIr.de/ra/sart/index.php.en

® http://www.onera.fr/prf-enfindex.php

10 http://www.aero.polimi.it/space/?Major_Research_Areas:Qptition:Multidisciplinary _Optimization
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programs originally developed in the 60’s and 70’s for vartgpes of disciplinary analyses have remarkably come back
into fashion in past and present MDO applications. o, flney have been considered for a long time the wd@thods
capable of providing engineering assessments with anadlgoaccuracy and at the very limited computational expens
necessary for MDO. But as said before, the drastiease in computational power of modern computer clustergeal to
consider the introduction of high fidelity analyses, ma@FD and FEM, in the MDA of aerospace vehicles.

Most of the examples of high fidelity information’drioduction in MDO are in the field of advanced aircraftise Tirst
large scale attempt was documented by LaRC in 2@@qQ, (45], [46]) after almost 10 years of efforts in the development
of a MDO tool supporting upcoming configuration decisionsNASA’s High Speed Research Program (HSRP). This
program targeted an operational supersonic cruise traredglerto carry 300 passengers for 5000 nautical miles ah Mac
2.4, but was cancelled due to unattainable cost objecfoxes-cost with respect to subsonic transport <20%). Qurin
HSRP MDO studies, three increasingly complex integrated desigelmwere developed, up to including CAD geometry,
non-linear Euler CDF applied to a linear aerodynamicie @nd detailed FE analysis with loads convergencegsamder
linear aero-elasticity assumption. Very large MDA peoi, to be solved with state-of-art workstations, vegiginated
from this model. Standard gradient-based optimization was seggdo be applied to evaluate the optimal design point of
different configurations, but the program was cancelkfdrle actual optimization results could be achieved. Nesleds,
work at LaRC was reused for successive efforts in higglify MDO at NASA, most remarkably the already menéd
BWB experimental aircraft designed and tested at NASA '€RIDAO branch.

With the exploitation of parallel computing, other examplasehbeen reported in very recent years of high fidelity
multidisciplinary models, as EU’'s HISAC project for deist supersonic aircraft and NASA’s Advanced Engineering
Environment for launcherg$4(7], [48]), suggesting that this approach may be affordable for tnalusade-off analysis of
complex systems. Although high fidelity was not tacklechis PhD research due to both time and computationalmso
limitations, the bibliographic review highlighted a démeed for further research in this area.

As a final note, particularly interesting are also M@@plications to the conceptual design of REV, bothsidab
capsules[49], [50], [51]) and advanced waveriders for aero-gravity assiS&)( Due to the limited relevance of these
studies to the present research, ref&@dotion 5.20f [A1] for more details.

2.1.3.Commercial general purpose software environments for MDO

When dealing with the task of the MDA of an engineeringdpct, one of the most difficult challenges lays in the
integration of inhomogeneous disciplinary analyses in aunittool capable of efficiently exchanging data ansueng
the correct execution of all its parts. Three main aggres to this issue can be identified:

1. Monolithic design codentegration of the contributing analyses as subroutifi@slarger program, hence intended

for single user execution with simplified self-developed m®&é@ pre-conceptual or conceptual design.

2. Loosely integrated analysest the opposite extreme of the monolithic code, f@esse of standard legacy codes of
any fidelity with manual exchange of data and very litteetbnic integration of contributing analyses. Thishes t
classical design approach in large organizations b miateprovide an environment for automatic MDO.

3. Tightly integrated analysestended as the “wrapping” together of available coffesn conceptual to preliminary
and even detailed level, with the purpose of reducing niayai times and enabling integrated optimization.

In the last 20 years, the research community has fddheeefforts on the latter approach, so that the dwstmercial
engineering frameworks for MDO started to appear on thekeh General purpose MDO frameworks are intended as
software tools designed to couple available disciplinades and expedite the input, output and execution phases of those
analyses in a single MDA process. Some of them alslode mathematical methods for global and local opétita,
Design of Experiments (DoE) and Response Surface MdhppddRSM), sensitivity analysis, etc. A very intgliag
recent effort from NASA LaR([%3]) retraced all papers submitted at AIAA’s Multidisciplip&nalysis and Optimization
conferences from 1984 to 2004 which concern with engingdérameworks, summarizing the work of several companies
and stressing on four key ideas in framework reseanodularity, data handlingparallel processinginduser interface

Note that the largest difference between these satand SVAGO lays in the general purpose charactaristithe
former, which usually do not include specific disciplyaodes but rather provide GUI environments for the raat@
linking of disciplinary tools which are either provided the user or available through commercial agreements. 4mon
those mentioned ifb3] and other highlighted by further investigations, the foll@mvcommercial, industrial and research
frameworks are worth mentioning here together with dgskphic references for further details:

Phoenix Integration’lodelCenter([54]): probably the most known engineering frameworkNtpO, it includes
several legacy codes and a user friendly GUI where the agn select the available tools and/or add its own,
coupling the different disciplines in the desired Dessgructure Matrix (DSM). Among others, it has beendugse
the past decade by NASA for its AEE, by Georgia Teclit$ofMAGE framework and by Spaceworks Engineering
for several industrial trade studies.

M http://mdao.grc.nasa.goviindex.html
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Engineous Software’$Sight ([55]): commercial MDO framework especially focused on optation, with an
extension for Parallel Computing named Fliper.

Technosoft’'s Adaptive Modeling Languagé€[56]): object oriented modelling framework for collaborative
knowledge-based engineering.

Lockheed Martin’'sFASTPASSFlexible Analysis for Synthesis, Trajectory, andf@enance for Advanced Space
Systems) tool[b67]), developed in the 90's and flowing into the more re€¥@D (Rapid Conceptual Design) tool
used by SkunkWorks team for several projel&8s]J.

Georgia Tech SSDL'§MAGE (Intelligent Multidisciplinary Aircraft Generation Eimenment) environmen{34]),
the already mentioned academic engineering framework aséuefdesign of several ELV and RLV concepts.
OpenMDAG? Open-source MDO framework, proposed in 2008 by NASA GEO]) and based on Python
programming language. In spite of the challenges of magdhe development of a complex tool in an open source
community, the inherent advantages of this approach asmtgly very interesting in MDO, for which each
contributor may provide specific disciplinary codes or optation functionalities.

2.2.MDO problem formulation

Problem formulation in MDO can be viewed as a trarstastep between the multidisciplinary problem as stateide
engineering models and the standard optimization probldrma smlved by the selected optimization method. The clobice
problem formulation defines how the disciplinary anadysee executed and how both interdisciplinary couplings and
feasibility constraints are handled. Differently frohe tchoice of problem decomposition (HD or NHD), thiaas$ strictly
imposed by the system characteristics, although theggly influence it. Besides, problem formulation aletomposition
are strictly intertwined, with different possible comdiiions defining a wide variety of architectures. In #gstion, a
single-level BBO approach is assumed (ho decompositionjder to focus on the formulation aspects.

The classification advanced by Cramer[21] (1992), includes the MDF, IDF and AAO formulations. A $ami
classification was proposed [60], representing a more general and versatile taxonoatyismot reported here to avoid
confusion on the terminology. MDF, IDF and AAO areté@asl described below, after few necessary definitions:

- Individual discipline feasibilitysatisfaction of all state equations of an analysis éadthe given discipline (i.e. the

inputs and outputs of the disciplinary analysis are cohanémrespect to the model).

Interdisciplinary mappingsrelations to convert coupling variables from oneigighe to another; a typical example
are the interpolation laws between aerodynamic andtstal grids in an aeroelastic problems.

Multidisciplinary feasibility condition for which, in addition to the individual diglihes feasibility, all outputs of
each discipline exactly match the inputs of the otttex®igh the interdisciplinary mappings, and vice versa.

Multi-Disciplinary Feasible, MDF:

The optimization algorithm controls only the “real” dgsivariables (e.g. number of stages, chamber pressym@nd.
multidisciplinary feasibility is maintained at each optation iteratio’. The MDF formulation avoids the introduction of
additional optimization variables and constraints, besidese defined by the MDO problem, and allows the é@sgilan of
specialized software developed for the individual disciplindowever, the optimizer “wastes” time in ensuring full
feasibility even when far from the optimum of the peobl This can be particularly time consuming in case of
computationally expensive MDA processes which requirerakiterations to converge.

Individual Disciplines Feasible, IDE

The need for full multidisciplinary feasibility is elimated in the IDF formulation, for which only individual djgmes
feasibility is maintained at each iteration while thyaimizer is in charge of driving the individual discipkn&éoward
multidisciplinary feasibility and optimality. The interdiplinary coupling variables are duplicated for this purpose,
imposing compatibility constraints to be satisfied oatythe end of the optimization process. The main adgantith
respect to MDF lays in the elimination of MDA itei@is, possibly determining large savings in computationa per
evaluation for those models that include feed-back métion flows. However, one variable and one constraged to be
added to the optimization problem for each coupling vagjabbmplicating the algorithm’s search. In general, IDF
progressively loses efficiency as the number ofrdiseiplinary couplings increases and as the ratio o# tieguired for
each iterative cycle and the total MDA time decreabkte that if no iterations are necessary, in atsef feed-back
information, IDF formulation loses significance.

2 http://openmdao.org/
13 Note that this does not obviously include that physical cainss of the engineering model are satisfied at eaddtiiter
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All-At-Once, AAO:

Some confusion can be found in literature regarding As&Yeral papers talk about a BBO approach using the term
AAO, which does indeed recall the terminology of BBOe($er exampldg43]). However, the original classification of
Cramer is used here, for which in AAO both individual igikees and multidisciplinary feasibility are not assii but have
to be satisfied by the optimization algorithm. This ilevweed to optimize the design of the system and to sthee
governing equations simultaneously, being in direct coofrte values of all design, state, and coupling vaegatlo full
disciplinary analysis is performed and the governing equative only used to evaluate the residuals of the gogernin
equations, whereas the SLO assumes the difficult taskat$fying such equations through additional disciplinary
compatibility constraints. In this way, no kind of fdalsiy is ensured until convergence, but very timasuaming analyses
can be skipped in favour of much shorter residual evaluattoresy though in some cases this seems extremely attracti
terms of CPU efficiency, there are two relevant disatiges: 1) the optimization problem’s size often algdpwith the
addition of one variable and one constraint for eachiglisary state variable and each interdisciplinary caupliand 2)
AAO requires a high degree of software integration, ety limited amount of previously available discipliparode
which can be directly exploited. In particular, this lapeint greatly increases the required work load, sb\hey few
applications of this method are reported in literature.

Under the same reasoning, AAO formulation was not densd for implementation in the present research, hance
wider overview is given only of MDF and IDF. When firacing MDO problems, MDF formulation is usually employed
without even realizing it has been categorized with gedam. In MDF in fact, there is basically no trangiatfrom the
engineering model to the mathematical optimization lprabFigure 8 shows how the MDA process is handled in MDF,
represented on the left, and in two types of IDF, namee partial and full IDF but also referred to as Pawiad Full
Optimization-Based Decomposition in literature. When imgp¥rom MDF to IDF, information chains between dgditiary
blocks need to be broken. First, only feed-back loop&largnated in partial IDF, resulting in a system analygigch can
be executed without iterations but still sequentiallydgte). Then, feed-forward flows are removed as welgimating a
fully decoupled system (right). With full IDF, this advantdges to be traded against the increase in the numbeuplireg
variables/constraints. For this research, no paraltéiz of the MDA is foreseen, since parallelizationtoé SLO
algorithm is much easier to obtain and much more effigreterms of speed-up (sé@nex 2). Thus, full IDF was also not
considered for implementation, reducing the problemrmtdations under investigation to MDF and partial IDF.

As it was true for MDO architectures described in ttevipus section, it is hardly possible to define whippraach is
generally the best, with the specific problem charesties being discriminating. Nevertheless, IDF approaclallysieads
to smoother functions for gradient-based optimizatiod was in several cases reported to ensure betieiereffy. For
example, it was shown in referendd] that CPU times can be reduced by ~30% using partial IDBadf MDF for a
simplified aircraft design problem. This was confirmed[6d] for TSTO branching trajectories, where better payload
performances are obtained in shorter computational timtespartial IDF. Here, full IDF is also confirmed t@ lmuch
slower than both other approaches, due to the sensigbr lproblem’s size.

As a final note, IDF was the logical precursor to emcomplex MDO architectures, most notably CO. IDF istilolves
in fact decomposition of the analysis only, whereasatttaal design work is entirely done by the SLO procesacéie
subsystems are not permitted to apply discipline-speddgign expertise and to use specialized tools for disaiplina
optimization. Especially for problems with weak interghinary coupling and large numbers of domain-specific
constraints, this centralized design approach is not pppte, hence leading to the concept of CO, allowing
distribution of both the analysis and the optimizatioroagnseparate independent modules.

From SLO From From SLO

|
[H

I e
L

l N

To To To SLO
Figure 8: MDA processes for MDF and IDF formulation. Sjuares represent disciplinary analyses, arrows informatin flow
among disciplines and from/to the SLO algorithm. Left: MDF, sequential execution with iterations. Centre: Pdial IDF,
sequential execution without iterations (no feed-backsRight: Full IDF, parallel execution (no feed-back norfeed-forward).
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2.3. Optimization methods

Optimization is the second substantial part of MDO edfdoesides multidisciplinary modelling. Since the fostithis
research is however on the engineering aspects of MDY, a brief introduction is given here on the wideitoof
optimization. In particular, a justification is given dfet ever increasing number of applications of Global QOpétion
(GO), which has started to complement classical Logain@zation (LO) since the end of the 80’s. Most of teeent
MDO researches for launch, re-entry or aero graagiyist systems, such as those describedanmagraph 2.1.2 are
examples of GO space applications. Moreover, global plateetary trajectory optimization has been one thetmo
researched fields of astrodynamics in the past ters yf#]). The widespread participation of research instituipace
agencies and private companies around the world in recktidons of the Global Trajectory Optimization Competit
(GTOC)* testifies to the important role that GO currentlyyplin the design of space systems.

To understand this interest, consider a generic singéetdle constrained optimization problem, described\iyr
optimization variablex, an objective functiory = f(x) to be minimized an®\cstr equality and/or inequality constraints
g(x)3 0 to be satisfied. A local minimum is defined as a sofuki for which the functiorf is smaller than at all other
feasible nearby points. A global minimum is instegubit with the lowest function value among all feasiidénts in the
design space. For convex programming problems, locali@otuare also global solutions. Unfortunately, masicfical
applications result in non-convex problems with numeroegal loptima (i.e. multi-modal problems), complicating the
search for the global solution.

Local, or gradient-based, optimization algorithms camstia wide class of methods with the common featdre
exploiting the information from the gradient of congitaiand objective to determine a search directionratsvieasibility
and optimality. In case of multi-modal problems, differéocal solutions may be obtained depending on the ailyitrar
provided starting point, and the global optimum cannot béneghanless the initial guess is within its region of atitvac
Moreover, gradient information is not available mse of discontinuities, either in the decision vagaldpace or in the
objective/constraints functions space. For these nsassany engineering optimization problems cannot hedaith a
purely local approach, being characterized by large ant-matlal search spaces as well as by the presencecoétdis
variables and non-smooth models. MDO problems withigcural and/or technological trade-offs and interpkye
trajectories surely fall within this category.

Additionally, gradient-based techniques are not well suibedhtilti-objective optimization. Consider extending the
problem formulation by allowing fdNog; contrasting criteria, to be concurrently optimizedeTisual optimality definition
based on the objective function value no longer apmied,has to be substituted with the concept of Pareto-aliymA
solution for which a given objective cannot be imprbvéthout degradation of any of the others is in thisecsaid to be
non-dominated or Pareto-optimal. An entire set of non-datad optimal solutions in general exists for multi-olyect
problems, called Pareto front. The goal of the optiroras therefore the attainment of a set of solutiastsonly as close
as possible to the real Pareto front of the problarhalso with uniform spread of solutions over itsrergxtension.

Several methods exist to obtain multi-objective non-dotathaolutions with local algorithms, the most commomdpei
synthesizing the objectives in a single aggregate funefiohrepeating the optimization with different weightapaeters.
However, this technique requires a separate run per eachddeaneto solution, is sensitive to the front’s shapeesiton-
convex Pareto fronts cannot be identifif@B{), and demands some knowledge of the problem to effigiknte the weight
parameters. Besides, several locally optimal fronts ésismulti-modal problems, where gradient-based algort may
get stuck exactly as in single-objective optimization.

GO techniques were gradually introduced starting from the &0D’'svercome the above limitationStochastic,
population-base@pproaches were included in the optimization architeatiSVAGO MDO environment, since they are
particularly well suited for highly multi-modal and multi-objive problems. This class of methods mimics natural
phenomena and physical processes, as for example natlaetiah and survival of the fittest, social beloavi of bird
flocks, metals annealing, and others. An initial setabfitions, the so-called population, is usually randomlyigeavand
evaluated. Constraint violations and objective funciiatues are then used to rank the solutions, and a cotobinat
random search and nature-based heuristics allows updagéngppulation for the next iteration. Therefore, no dériga
information is required, and issues related to discori@suand local optimality are avoided. Stochastic juempsure the
algorithms’ exploration capability, which is necessaryottate globally optimal regions in large search spacesedter,
population-based algorithms are particularly well suitechfndling multiple objectives, since the simultaneauation
of a set of solutions allows identifying several membef the Pareto front in a single run. Finally, easine$
implementation and of parallelization represents aé&irimportant advantage of GO techniques.

On the other hand, global algorithms usually require adang@bers of function evaluations, and due to a ratharse
control over the decision variables cannot provideatweirate location of the optimum. In fact, there’s saurligl evidence
(see for exampl21]) that local calculus-based optimization is, when appé;abuch more efficient with respect to global

14 GTOC was conceived by ESA in 2005 to foster the advancesheptimization techniques for space trajectories de§giOC
homepage is available laitp://www.esa.int/gsp/ACT/mad/op/GTOC/indexIl.htm
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approaches. For this reason, GO and LO often needusedecomplementarily, by first exploring the search spacaghro
global methodologies and then refining a few selectedisofitvith a local algorithm. This was also the cho#desh in the
present research, as will be describe@lapter 3.

Another drawback of GO is the presence of severahguparameters, whose values sensibly affect theergeuce
properties. Some of these parameters are common popllation-based techniques. In particular, population size and
number of iterations determine the search space coveeggdility and the number of function evaluations, ihe the
size of the archive containing the best non dominatedi@as defines the maximum number of final Pareto-sohsti
Others are instead peculiar to each method, and allowoting the balance between stochastic and detertigirsisarch,
the convergence rate versus the global exploration dapabind the relative importance of non domination asfain
diversity of solutions.

Since a comprehensive description of local and gloptinization methodologies is out of the scope of theqmes
work, refer to classical texts on optimization sucH&# or [65] for LO and[66] or [67] for GO. Moreover, the main
subject of the author's MSc thesifsg])'® was the development and quantitative comparison of destwehastic
population-based multi-objective global algorithms, anustitutes a shorter overview of GO approach with respefuill
texts.

15 Available athttp:/publishing.yudu.com/Freedom/Anpj3/FrancescoCastelliniS
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La montagna é fatta per tutti, non solo per gli alpinisti: petoro che desiderano il
riposo nella quiete come per coloro che cercano nella faticaposa ancora piu forte.

CHAPTER3

OPTIMIZATION ARCHITECTURE

3.1.Global and local architecture

As justified within the state-of-art chapter, BBO is siolered the most adequate MDO architecture when theepntbl
size and computational requirements are not excessiveo disesimplicity and effectiveness. Since the matjective of
the present research is to quantitatively evaluateticaracy of engineering-level multidisciplinary analysisthods, the
developed problem seemed tractable with such architectareover, it was evident that since the multidiscipindesign
of launchers involves discrete trade-offs, large seapettes and multiple objectives, a combination of &@hand LO
algorithms is necessary. As a result, the MDO ardhitecwas kept as simple as possible, with a singlemsystvel
optimization process capable of global exploration and framdll design variables, constraints and objectives.

Mission (target orbit and payload specifications)
USER - Programmatics (years of operations, ...)
Launcher design constraints

Global MDO: l
PSO, DG-MOPSO, NSGA-II, MOACOr e
Global single

' - ELV
or multi- =) { Discrete vars (Niages Prop;, -..) \
objective

Continuous vars (R, L/, -..) MDA/
algorithm
\ Design objectives (PL, GTOW, )/
Design constraints (T/W, L/D,

geometric interferences, ...)

l A\ 4

L _USER | ==)  Solution(s) selected from Pareto front Possible nested
1 trajectory optimization
loop with WORHP
Local MDO refinement Local single- ELV
(all discrete variables objective | <& MDA
frozen): WORHP algorithm

Figure 9: Overview of the single-level, multi-proces8BO architecture defined for SVAGO MDO environment Note that the
parameters qualitatively described here are only exampie for a comprehensive definition of all data flowsee Chapterst and6.

This process can be sequentially repeated several, tiraggng each time the number and bounds of the design
variables, the objectives and/or the constraintsyderoto allow the user to steer the optimization acogrdd the human
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experience. More than one global runs can be executedi@s,ggossibly with different GO algorithms. Successivehe
or more of the obtained solutions can be locallynezfiby means of a LO method, freezing all discreteggdesiriables and
selecting a single objective function from an aggreggtke possible objectives.

This single-level multi-process BBO architecture is schematically represented-igure 9, where only one global
optimization and one local refinement processes anarshhighlighting three main entities:

- User in charge of the initial definition of the problem amitthe selection of solutions for local refinememt.chse
of multiple GO runs, the user is also in charge of madiffhe parameters of the processes at each repetition
Optimization algorithm either GO or LO algorithm, which is in charge of #iregle-level optimization process.
Launcher MDA: multidisciplinary analysis cycle for the design @\, which returns the values of objectives and
constraints starting from the launcher’s architectur@ design parameters, as given by user and optimizer.

In addition to the BBO approach, a Nested Optimization L@&PL) in the Trajectory subsystem was considered. In
fact, trajectory optimization variables are not gldawith other subsystems, so that variables definiegdéssign can be
frozen by the SLO and a NOL can be executed at each MBé& advantages of this approach lay in a sensible decoéa
the number of optimization variables of the systemilpveblem and in the possibility to exploit local optintipa for the
trajectory subproblem, which is generally recognized asoee efficient approach. However, the NOL architectues
discarded after preliminary testing due to the very longpedational times required for each trajectory optimaratin
fact, even after relevant improvements in the ltiggectory optimization process which were mostly spadiby the NOL
concept (see the separate Trajectory Optimization StuUdyl1]), the time required for a full ascent trajectory optimtin
is in the order of 30 seconds to 1 minute. This is oderoof magnitude larger than the total MDA time with mpe
trajectory simulation (0.5-2 seconds), largely offsetting advantage in terms of system level problem’s. $ipe this
reason, the NOL architecture results much less efficlean the original BBO, especially since the full asogtimization
needs to be performed for each technically feasible faurrdesign solution, even far from the optimum region.

Although the NOL architecture was not further invgsted, the availability of a trajectory optimization gonested
within the MDA process proved several times to be usefidn the MDA had to be executed stand-alone, with r@. b
particular, a nested trajectory optimization is neagsaestimate the payload performance of a given lsamwith fixed
design, which was repeatedly the case during the validatamedure for both engineering modelling steps.

In the next two sections, the global and local opation methods which were integrated within the develdd®O
environment are briefly described. Th&hapters from 4 to 7 will be focused on the “ELV MDA” blue box dfigure 9,
with particular attention on the MDA process and infation flows inSections4.1and6.2 for the two modelling steps.

3.2.Global optimization algorithms

The availability of global optimization algorithms fantégration in the MDO environment directly stems frdme
previous MSc research of the author. In particular, dnthe goals of that researcf68], [69]) was the quantitative
comparison of different stochastic, population-based, robjéctive, global techniques. Seven algorithms from étesses
of these methods were considered: Genetic Algorithmg,(Gitnulated Annealing (SA), Ant Colony Optimization (ACO
and Particle Swarm Optimization (PSO). For generiterey of these techniques, the interested reader shoaldto&eb
([63]) and Coello Coello[{0]) for GA, Ingber for SA [71]), again Coello Coello[72]) for PSO, and Dorigo[{3]) for
ACO. The“No Free Lunch” theorem by Wolpert and Macready4]) mathematically states that no optimization method
outperforms all others in the totality of the probleffie confirm this statement, several papers in reldenature present
comparisons among GO techniques (E/g] and[76]), but none was able to identify a consistent hierarbbing mainly
based on qualitative considerations and limited to few ¢ases and one or two classes of methods. Through the
guantitative comparison carried out within the MSc redean a wide set of benchmark cases, a hierarchy ss=auh
proposed for each class of mathematical problems, wsbe in support of the algorithm’s selection for any apipliea
problem. Moreover, the well-known NSGA-II and the hedeveloped DG-MOPSO were identified as the most priagis
methods for the optimization of ascent trajectongsich has direct applicability to the ELVs MDO problem.

As a consequence, both NSGA-II and DG-MOPSO algorithms wmegrated within the MDO environment, together
with MOACOr which also showed interesting performancesthier classes of mathematical problems. Finallsingle-
objective PSO was added to the set of global optimizecaulse of its better convergence properties when oeetilg is
sufficient. The following sections briefly introduce thdschniques but do not provide details due to length limitst The
original bibliographic references are also given fother study, in addition to the MSc researc6i.

3.2.1.PSO-1D: Single-objective Particle Swarm Optimization

Eberhart and Kennedy introduced the idea of Particle Swaptimization in 1995 [{7]), inspired by the social
behaviour of bird flocks. PSO follows the generic schafmall stochastic population-based global algorithms, wisch
represented ifrigure 10. First, an initial set of solutions to the optimipatiproblem to be solved is randomly generated,
which are evaluated in terms of objective function andtcainss. In PSO, each solutiofiis a particle and the set is the

20



swarm. Then, the initial set is updated through natureebdeuristics which allow moving towards feasibility and
optimality, and the procedure is repeated until some cgamee criterion is met. In PSO, the update of thefssblutions
at each iteration is described as the swarm’s movertigotugh the velocity formula:

Vig(t+1)=cx w ¥ (t) g5 6 (1) Xy (1)) &5 Oy (t) Xy (1))
X (t+1)= Xj (1) + Vg (t+1)

where K, V) are position and velocity of particle j with respecttte k-th variable of the vectot of optimization

variables. The PSO'’s velocity law comprehends anignggtm partly maintaining the velocity of the prexédteration and

an attraction towards the personal best positurest Py) and the globally best positiogkiest Pi) found so far by the
swarm. Stochastic aspects are demanded to the randomrsumbadr,, whereas the main parameters affecting the
exploration vs. exploitation capabilities of the algorithra theinertia w, self-confidence, andswarm-confidence,, and a
constriction parameter introduced later iff78]. A maximum velocityV,, is also employed in several versions of the
algorithm. No more details are given here, but a largéofilaphy exists, testifying the enormous success sfrtigthod,
including theoretical analyses, empirical studies fordéfnition of the parameters settings and severalpenisons with
other evolutionary techniques, which convey the fedliag PSO may be considered superior in most applications.

Randomly generate
an initial set of Ng
solutions X

Update the set of
solutions through
nature-based heuristics

Evaluate model
for the N, solutions

3

No, go to next iteration N Final set
Exit? .
of solutions

Figure 10: Generic scheme for stochastic, populationased, global optimization algorithms such as PSO.

3.2.2.DG-MOPSO: Double-Grid Multi-Objective Particle Swarm Qiization

The first Multiple Objectives Particle Swarm Optintiba (MOPSO) algorithm was proposed in 2002 by Coello I6oel
and others[9]), the main modification with respect to the single-otiye version consisting in the definition of several
swarm'’s “leaders” according to Pareto-dominance priesinstead of a single gbest as for PSO-1D. The [BeBbd
MOPSO (DG-MOPSO), developed within the above mention8d Msearch effort, improved MOPSO through the idea of
a geometrical grid similar to the one introduced in PAE&8utionary algorithm[80]). In particular, the original MOPSO
was complemented with new features related to thetewlaaf the swarm’s leaders and to the pruning of thieieemf non
dominated solutions. The idea of a geometric grid dividimgn-dimensional objectives space is exploited, defihirgg
nested structures, a coarse outer grid and a fine griteobtained by further bisection of the former. Thepose of the
double grid is to move the particles towards leaderseanebs crowded inner grid of the same outer grid wierg are
located. This allows both to improve the convergerropgrties of the algorithm and to obtain a more uniforstritution
of solutions.

3.2.3.NSGA-II: Non-Dominated Sorting Genetic Algorithm I

Genetic Algorithms are the oldest family of stochasgfimbal techniques, inspired by the evolution of individuals
through chromosomes’ mating and natural selection, andftihercan count on a long research record. Referi&&te
reports a summarized history of the evolution of GAsbfth single and multiple objectives, together with an dhiobion
on the subject. Among all multi-objective GAs, the N@ominated Sorting Genetic Algorithm-Il (NSGA-II) is ligr the
most successful in terms of number of applications @sishgraphic references. NSGA-II was developed in 2Q80]{ by
Prof. Deb and others improving the original NSGA. InGMSII, several drawbacks of NSGA are corrected, throingh t
introduction of more efficient operators (e.g. fast#dominated sorting technique for the creation of succes$sims of
non-dominated solutions, new mutation operator) and of eheept of elitism, which ensures the survival of fittest
individuals from one generation to the following.

3.2.4.MOACOr: Multi-Objective Ant Colony Optimization for real pblems

Ant Colony Optimization, introduced by Dorigo in 19982]) for discrete optimization problems and extended to
continuous problems in 200888]), is based on the behaviour of the ants which legieesomone behind them returning
to the nest after having found food, in order to leadrathts to the food’s location. The version integratetiiwithe MDO
environment is the Multiple Objectives Ant Colony Opitzation for real problems (MOACOT), proposed by Najer 2007
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([84]) and based on the idea of incorporating in the origh@Dr the multi-objective structure of NSGA-II. Aftshort
experimentation with the code provided by Najera, NSGA-llathart operator was also added to MOACOr, in order to
avoid premature convergence towards a single soluti@m wiis solution is dominant with respect to all othéeng given
point of the optimization.

3.3.Local optimization algorithms

3.3.1.WORHP: “We Optimize Really Huge Problems” NLP solver

In light of the research collaboration with the Usrisity of Bremen described iSection 1.3 the gradient-based
algorithm WORHP (We Optimize Really Huge Problelhs)as available for use within the MDO environment. RHP is
a SQP method, designed to solve sparse large-scale NbkRemps with more than 1.000.000 variables and constraints.
Although this size is out of the scope of the MDO pepbat hand, WORHP is also capable of handling smdtaise
problems, and was therefore considered more thanfealiie purpose of local refinement of the globalsohs found by
the global algorithms as well as for fast trajectquiraizations.

WORHP was recently developed by the joint work of teawrs fthe University of Bremen and University of Wurzburg
([85]), elaborating on the general idea of SQP methods whigshintroduced by Han back in 1977. Since then, SQP has
probably been the most employed technique for the solefigmactical optimization problems, due to its robussnand
convergence properties. Among the advantages of WORHEhavrefficient calculation of derivatives through diéfet
methodologies (e.g. group strategies for finite differenard a new sparse BFGS technique), a number of recovery
strategies and a useful reverse communication architgeettiich ensures flexibility and full control over thgtimization
process. The robustness of WORHP was proved by the Cl@$Esdt, which consists of 920 sparse large-scale astl sm
dense problems, for which WORHP was able to effityesolve 99.5% of all test cases, a significantly etésult with
respect to other state-of-art SQP libraries suchiNBFS or IPOPT.

16 www.worhp.de
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| would have written a shorter letter, but | did not havetime.

CHAPTER4

CONCEPTUAL DESIGN MODELS

This chapter presents in details the engineering mdaletae conceptual design of ELVS, developed from scestets
first modelling step, which will be referred to from n@m as Version 1 (V1). Three hierarchy levels can be ifckht
within these models: system level, subsystem level aitdavel, where the latter represents the smallectional blocks
that build up each subsystem’s disciplinary analysis. ctimeplete description of all the disciplinary models, mputput
(I/O) parameters, information flow among subsystemd with the system, optimization variables, constrasutsl
objectives, constitutes a large amount of informatfear. this reason, the graphical tool of the Design 8iracMatrix
(DSM) is used irSection4.1to synthesize the system level Multidisciplinary @esAnalysis (MDA) process. The DSM is
complemented by tables reporting the system levelablas as well as the I/O parameters for each subsy#
disciplinary analyses are then presente®éctions4.2 to 4.7, which give an overview down to the unit-level, aitgh
several minor details are not given here due to lengthalions (for a more comprehensive description, [863). A
similar descriptive approach will be followed@hapter 6 for the early preliminary level models.

Note that the software infrastructure associated to the MD@ronment is extremely complex. In order to focus on the
engineering aspects rather than the software issues, thjgahonly presents the engineering models and variables flow.
Details are however given linnex 3regarding SVAGO software architecture, C++ classes and interfaces

Moreover, a complete MDA cycle and disciplinary models weregydegifor the conceptual level analysis of classical,
capsule shaped REV, though implementation was not carried out in orfius on the more relevant ELVs application.
Due to length limitations, REVs’ MDA model is not reported hamea thorough description is the subjecCifapter 4of
Technical Note DE[A6]) at the system level and©hapter 3of Technical Note DZA3]) at the subsystem level.

4.1.Multidisciplinary design cycle and optimization problem

The engineering modelling of launch systems is a paafigutomplex task, even when restricting the targetassical
(i.e. simple cylindrical stages and boosters with no wWingsmanned, and expendable launchers. Moreover, with the
rationale explained within the research motivatiSeqtion1.1), the MDO approach imposes the constraint of limgitihe
single processor CPU time for a full MDA to less thae secont.

When this constraint is combined with the need to éimioly freely available software, the choice of timain
engineering tools is actually rather limited. Forstéason, several researchers in the [jdet, (41], [42], [43]) have
independently converged toward common tools, such as ChleBuilibrium with Applications (CEA) for propulsion
performance analysis and Missile DATCOM for aerodyitanor analogous in-house developed algorithms.

The disciplinary models for SVAGO were developed follogvithis common approach, with the additional decision of
allowing different modelling fidelities according to thepact of each discipline on the vehicle’'s performanasuMptions
were taken regarding such impacts, which were then a jostarified with a thorough sensitivity analysis (S8kapter
5). These assumptions include largely favouring the prapulsystem analysis, which inarguably constitutes tlhstm
relevant subsystem of any launch vehicle, with respeadther disciplines with lower system level impastuch as
aerodynamics. Stemming from these considerationsysisgbrocesses for each discipline were defined andetated
models were implemented in C++ classes. As described abpea source Fortran legacy tools were also integrated,

7 All computational times mentioned in this dissertatianraferred to a singletel Core2 Duo T6500 processor (2.10 GHz, 2 MB L2
Cache, 800 MHz FSByvith 4096 MB DDR2 (800 MHz) RAMUse of a single core is assumed, unless explicitgd@therwise.
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employing calls to external executables and defining scfgptsvriting/reading input/output files. These are theeady
mentioned CEA for propulsion and Missile DATCOM for@dynamics, as well as two geometry visualizationstaallled
3-View and Silhouette, used in combination with the GN&f [pbrary.

The next paragraph outlines the DSM for the multidistgply design cycle. Based on the DSM, the optimization
problem is stated in the following paragraphs, in terngptifnization variables, possible objectives and comgai

4.1.1.Design Structure Matrix

The DSM is a graphical tool commonly used to represemiplex MDA processes. It is mainly constituted by sglve
components:

- Boxes on the diagonal of the DSM represent the sulmsyatalysis modules, which are executed sequentially from
the left to the right. External tools integrated inredcscipline are reported within brackets. The trajechbogk is
highlighted in blue indicating a discipline for which a N®lay be taken under consideration.

Lines connecting the blocks represent data flows amongpliies. These are above the diagonal for feed-forward
information and below the diagonal for feed-back inforamatThe latter require iterations of the involved klom
order to achieve convergence of the design.
Each dot corresponds to a data structure containingfahe fwllowing vectors:
0 Input parameterB;: vector of input parameters fixed by the user for subays.
o Design variableX;: vector of optimization variables for subsystem ye3al optimization variables belong to
more than one Xbeing shared by more disciplines.
0 Coupling variablexX;c, outputs of discipline j which are needed as inputs by dineili
o Output datay;: analysis outputs for discipline j, some of which congithe constraints and objectives of the
optimization problem.

Figure 11 shows the DSM synthesizing the models develfopettie conceptual design of ELVs (V1), with all data
structures contained in the DSM detailed in Table 1stased in the introduction, user interactivity is @ighe most
important features in a successful MDO environment. Fisr reason, in addition tg,Rhe user has full control on the
boundaries of all optimization variables and on the huies of all constraints. In particular, upper and lowermiabof the
continuous design variables as well as allowed valudseoihteger variables can be specified, overwriting thautts. In
this way, any desired design constraint can be enfoecgd“@ll solid” launch vehicle, a given number of stagresngines
in each stage, etc.), even throughout several succeggivazation processes, directing the search towardsnegibthe
search space that appear more appealing in light ofesigner’s personal experience.

However, note that the description of the models giverthis chapter assumes that the user does not resteaig of
the design features, hence describing the most generigropation problem that can be set up with V1 models.

As shown in Figure 11, the MDA cycle is constituted ttye sequential execution of Propulsion, Geometry,
Aerodynamics, Weights, Trajectory, Cost and Religb&nalyses. The Propulsion module defines, for eadhe séand
boosters set, the propulsion system’s dimensions (fam@gey), inert masses (for Weights) and performances (fo
Trajectory). It includes the external public domain code G NASA as well as several other developed moddis. T
Geometry module exploits then information from the systdesign variables and propulsion outputs to generate the
complete external geometry of the launch vehicle. TH@nmation is stored during the MDA in a data structurth the
format required by Missile DATCOM aerodynamic code. ldaer, for visualization purposes, a file in Langley Wiaaie
Geometry Standard (LaWGS) format can be generated,hwisicparticularly convenient due to its simplicity and
compatibility with a number of public domain codes fortbaisualization and aerodynamic analysis. Two of thes®/GS
compatible tools for visualization are included in thengetoy module: 3-View and Silhouette, from the Publiariamn
Aeronautical Software (PDA%. The LaWGS file generation script and the visualiraitodes are not executed within
MDO processes in order not to slow down the processoridytat the end of the optimization so that the fe@ution(s)
can be easily visualized by the user. The AerodynaamndsWeights modules follow Geometry, and could be executed in
parallel if necessaly. The former runs the external Missile DATCOM softerdrom USAF, obtaining estimates of the
drag, lift and pitching moment coefficients as a fimciof Mach number and total angle of attack. Thestathplements
instead several WERs for each of the launcher’s tstraicand non structural components, building up a radle&ailed
Weights Breakdown Structure (WBS) of the entire vehldlgh all launcher data now available, the Trajectorgdule can
be executed, integrating the 3 Degrees of Freedom (Bog&ations of Motion (EoM) from take-off to orbit insen (or
crash on the planet) and thus evaluating the error erfirtal orbital parameters. Along the whole trajegtdhe path

18 Available for a small fee atww.pdas.com

19 Although in both V1 and V2 MDA cycles several modules canglaixecuted in parallel, this is not recommended due to the
inhomogeneous distribution of the work load among therdiffeprocessors. Moreover, population-based global ogttioizalgorithms
are extremely well suited for parallelization andithierefore much simpler to define the entire executioneoMDA process as a
single-processor jolAnnex 2 describes the developed OpenMP parallelization schemeef@eniployed PSO algorithms.
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constraints (@n Na Chems ) are computed and a static controllability verifioatiis performed, by comparing
aerodynamic and thrust torques. As a last step, CodRelibility models are called, assessing the ovéifdlCycle Cost
(LCC) of the launch vehicle and its Mission Succesb&bility (MSP).

For the concurrent optimization of launchers trajgctmd design, one may expect the outputs from the trajeicide
fed back to the weights estimation in terms of heat sinectural loads. Due to the simplicity of the weightireation
models however, these loads can be synthesized bylwab/parameters, namely the maximum axial accelaratimamic
pressure and heat flux encountered from take-off to 0¥Ritax Giynmax 8N PearmaxcoONstitute the feedback information
flow Xs4, which would result in the Weights and Trajectory disnigdi needing to be iterated to achieve convergendeseon t
inert masses. However, it was decided to eliminate #iative cycle, as indicated in the DSM, through the 1{@Hnique
already theoretically described Raragraph 2.2 The three load parameters can in fact be added as zgioni variables
of the problem, hence making them available to bothWeights and Trajectory disciplines. Within the fornmmeg,max
Oayn,max and Gearmaxa@re used as inputs to the WERSs to define the inersemasvhereas in the latter they are employed as
thresholds for the related path constraints.
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Figure 11: Design Structure Matrix for the conceptual l@el Multidisciplinary Design Analysis of Expendable Launch Vehicles

Dotted red vertical lines represent gates of the MDA atxen where one or more constraints have just beeluaed;
here, the process is interrupted if one or more @fdbnstraints are violated, with some threshold whiely bre properly
tuned on a case-by-case basis, in order to avoid unaegessnputations when far from the feasible regioneNloat this
stopping procedure is employed only in case of global op#itin whereas for local refinements the full desigoplis
anyway executed, to avoid introducing discontinuities wmrould complicate the search of the gradient-baseditdgor

As a final note on the multidisciplinary design procedisgesign variables are normalized in the range [0; 1]ahd
constraints/objectives are kept as close as possitie tanity. When a MDA cycle is started, all optimizatiariables are
mapped from the [0;1] range to the actual design spacadbrvariable, which may be boolean, integer or doublis. ds
the twofold advantage of easing the work of local optimimatilgorithms, which are extremely sensitive to badreraf
the problem, and of enabling a simpler visualizatiothefobtained design solutions (i.e. all optimizatiorialdes can be
plotted in a graph with variable ID in x and optimal vatug in the [0; 1] range).
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Data|] Variables set Detailed list of variables

X, | Launcher’s architecture Conf, Nytages Nooosters CCB, SET, SBT
Stage/bset’s propulsion system architectyr®eng; OTS, IDors,, Prop, Feed LCE, ThG, RGys
Stage/bset’s propulsion system design | T, H J, nir Pecjp (AcdAy)j, Nozzle, gvj, TVG, 1ve
Stage/bset’s dimensions Moropj Deonstj (L/D);

X, | Launcher’s architecture Conf, CCB, Niages Nooosters
Stage/bset’s propulsion system architectur®leng;

X4 | Launcher’s architecture Conf, CCB, Niages Nooosters SBT
Stage/bset’s prop.sys. architecture & desjgRrog, p,
Stage/bset’s dimensions prop,
Stage/bset’s structural layout TA;, TT, SM

Trajectory loads and system level variabls

35nax,max Odyn,max cheat,max SSM, RL, LPM

Xs

Launcher’s architecture

Stage/bset’s prop.sys. dimensions
Stage/bset’s prop.sys. architecture & des
Stage/bset’s structural layout

Trajectory loads

Conf, CCB, Nages Nboosters

MPTOPJ

gnpj. jo HJ! Thc] RCUS' Nengy Nengouu LCE] TOE}
TA;

nax,max Odyn,max cheat,max

Trajectory control variables PLSF, po tro lecay PO LSj  LSjo USk BTL,  BTLi» BTLf
thik B tBI, cn to, Tes, fisc)
Xs | Launcher’s architecture Conf, CCB, Niages Nooosters SET, SBT
Stage/bset’s propulsion system architectyndeng; Neng outj OTS, IDors; Prog,Feegl LCE;, ThG, RGys, LCE;, TOF
Stage/bset’s propulsion system design oir T j» Nozzle, TVC;, Niesteng;
Stage/bset’s structural layout TT;, SM
System level variables FoS, RL, PPM
P, Payload lpr, Dp
P; | Aerodynamic database settings datMach N data, tot
P4 Payload @x,max,Ph cheat,max,PL
Ps | Environment and initial conditions Planet, Atmosphere;aunch 1aunch Hiaunch
Payload and tafget orbit I\/IPL' XCoG,Pb nax,max,Ph cheat,max,PL ar, €, iT' QAoly Qoly itoh Shorm Ehorm inorm
TfajeC'EOFy control variables Settings Hclean Hatmo tot,max max,atmo max,atmo max,exo max,exo
Nnodes, Jr Nnodes,,j' Nnodes,th,j' th,miny CB: LSQ
Ps | Programmatic aspects 1abhches Nyears,ops o, f1, f3, 7, T
X1, | Stage/bset’s propulsion system dimensions j, LEXj, Lruelj Lgraing Lengj Deng;
X4 | Stage/bset’s propulsion sys. weights & dim. EAM Munused, Loxjs Lruelj Lgraing D;
X15 | Stage/bset’s propulsion system performancsg, ;, Pej, Pe;, Hmin,
X6 | Stage/bset’s propulsion system weights eAMMunused,
X3 | Launch vehicle external geometry 89} Les Lngsp (Deore Leore Lncord OF (Xki Rocore Arets Liret
X»4 | Launch vehicle external geometry iskLnj Leie Lyves
Xo5 | Launch vehicle external geometry reALref
X6 | Launch vehicle external geometry etk VeLE
X35 | Launch vehicle aerodynamic database LI o), (M, o), Cu(M, 1o1)
X4s | Launch vehicle weights Me, Mpia, Minertj Xcog,pLs Xcos,pLa XcoG,inert,
X6 | Launch vehicle weights Mg, Mpia, Miner GTOW
Xs4 | Trajectory loads & max Gdyn,max Cheat.max
Xs6 | Trajectory phases Mbses fohase,j
Y, | Stage/bset’s propulsion system OTS availability comgtreomplete engine specifications
Y, | Launch vehicle’s external geometry Ave, Lrer, Liotcore Liotbsetj LAWGS geometry file, geometric constrain
Launch vehicle’s internal geometry Leaj Deajs Lirjy Lis;
Y3 | Launch vehicle aerodynamic database LI o), (M, o), Cu(M, 1o1)
Y4 | Launch vehicle weights Detailed WBS, GTOW, (TAM)«#
Ys | Trajectory data PLSF, trajectory data at regular intsy¥imal orbit and path constrair
Ys | Cost and reliability data Detailed CBS and RBS, LC@l., MSP

Table 1: Summary of optimization variables, user parametes, interdisciplinary couplings and disciplinary outputs for V1 models.
In blue: optimization variables NOT shared with other subsystems. In red: feed-back information eliminaté through IDF
approach. Subscript j indicates a parameter repeated oveseveral elements of the vehicle (i.e. once per stegnd/or boosters set).
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In the next paragraphs, the ELV design optimization Iprotwith V1 models is outlined through the detailed definitio
of all variables defined in Table 1: user parametersmigdiion variables, inter-disciplinary couplings, analysigputs,
optimization objectives and constraints. Then, in thaticoation of the chapter, each of the disciplines induidethe
DSM is described.

4.1.2.User parameters

A rather limited number of fixed input parameters is sigfit to define the problem of designing an ELV. These lue
divided in few main categories:
Environment:
- Planet: defines radiugp, rotation velocity p, planetary constarp, and additional gravitational harmonigg Js,
J,;. Data for all solar system planets and the Moonirekided in the model, and custom planetary data can be
defined by the user, allowing design of launchers foraabitrary celestial body.
Atmosphere: defines temperature, pressure, density @nt svelocity as a function of altitude. In light of the
potential interest for future sample return missi@rsgexponential atmosphere for Mars was added to thdasth
Earth’s US '76 atmosphere, and the user can provide antagtoospheric data file.
Payload:
- Nominal payload masslp. and Centre of Gravity (CoG) positioftoc p, given in meters from its bottom plane. If
the trajectory is being optimized within a MDA or orfdlte objectives of the MDO process is the payloadsnisese
below the section on the optimization objectivé4}, is multiplied by the Payload Scaling Factor (PLSF), dksti
by the optimizer within the user defined bounds.
Length Lp. and diameteDp, used in the geometry module for the definition of thgld2al Fairing (PLF)
dimensions.
Maximum axial acceleratiomyy maxp1) and heat flux without PLFOfeat max p), DOth used in the Weights module for
the vehicle sizing and in the Trajectory module as patistcaints thresholtheat max p iS also used as triggering
event for the payload fairing jettison.
Mission:
- Launch site, given in terms of longitude, (), declination (.uncn) @and altitude above the average surface level
(Hiauncn)- Data for predefined launch sites can be used, or #recan specify custom launch coordinates.
Target orbit, given in terms of semiaxis, eccentri@iyd inclination. Longitude of pericentre )(and Right
Ascension of the Ascending Node (RAAN o) are not considered, sinceand/or targeting requirements have
very limited effect on the system design. Besidestdhget orbital parametersy(er,ir), tolerancesdy,&ol,ito)and
normalization factorsaform,Enormsinorm) have to be provided.
Programmatics:
Foreseen number of launch@.(ncned and number of years of operationgds op), iIMmportant parameters affecting
the production costs (learning curve) and operations ¢lastnch rate).
Cost factord, (system engineering complexity), (design complexity)f; (team expertisef; (industrial structure),
andfg (development country), which all affect in different prdjors the LCC.
Aerodynamics settings:
Number of Mach and AoA pointNfata mach Naata, tor) IN the aerodynamic database. Increasing the numlpsirts
allows for more accurate evaluation of the coeffigebut also increases the computational times for dhatiibase
generation and interpolation. Due to the low accuracyeftirodynamic analysis (sBection4.4), a rather coarse
grid is in general sufficient, typically with 10 to 20 Magbdes and 3 to 5 AoA nodes.
Tra|ectory settings (seeParagraph 4.6 for more details)
Integration settings, such as integrator type, toleranmmksirae step.
Launch pad clearing altitudel {.,), defining the instant of pitch-over manoeuvre start.
Atmosphere interface altitudd ., Which separates the atmospheric and exoatmosphetg gfathe flight. The
transition can also be given in terms of jettison &vée.g. atmospheric until first stage or payload fgijéttison).
Maximum total AoA in the atmospheric phase(nay, Which can be used to arbitrarily limit the aerodynatoads
below a certain threshold.
Maximum deviation of pitch and yaw angles from the flighthpand flight heading angles during atmospheric and
exoatmospheric flights ( atmo, exo  atmo  exo), defining the pitch and yaw optimization boundariesauvidy
turn conditions throughout the whole atmospheric phasebe imposed by setting aimme  atmo=0.
Number of controls discretization nodes per each flgtase (i.e. stage or boosters set’s flight), in particgdav
(Nnodes, ,j), Pitch Nnodes, j) and thrust throttle in case of liquid throttleable engjifNacqes, ). For this latter case, the
minimum throttle level \, min alS0 Needs to be defined, or is assumed to be 50% bytdefaul
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Activation of the coast phases between one stage anfibltbwing (SC;) and of the circularization burn option
(CB) for upper stages with liquid restartable engines.

4.1.3.0Optimization variables

Even though only classical, unmanned, expendable launcheestalean into account, the number of optimization
variables is considerable if the most generic optitiamaproblem is considered. In fact, the design envimmnwas
developed trying to allow modelling of all ELVs currentigerating or in development, resulting in a wide set of todifse
at both system and subsystem level. The outcome ig@ tptimization variables vector, which can be dividethiee
main parts:

1) Nspy system level design variables, with a maximNga,=14.

2) Nepv: (Nstaged Nbsety cOmMponent level design variables which are repeatecedoh component (stage or set of

boosters) included in the current architecture. The maximumber of variables per each componemNds,=26.

3) Ny trajectory design variables, whelepy varies according to the number of flight phases @ember of
considered stages and booster sets) and number of cdisti@tization nodes. As an example, typical trajectory
optimization problems for Ariane 5 and VEGA consestpectively inNtpy=11 andNtpy=15 variables.

Since the component level design variables are repeatedath stage and for each boosters set included in the
launcher’s architecture, the maximum theoretical beimof design variables (hence excluding trajectory) isldd
variablesfor a 4 stage launcher with two sets of different bosstdpowever, note that as the size of the MDO problem
increases, the global search becomes more and mbealdifOnly by constraining the design of the launch Mehitis
therefore possible to obtain good optimized results, hdbavshown inChapter 8, with typical problem sizes in the order
of less than ten to a few tens of variables.

The most generic optimization variables vector forrivddels can be written as follows:

X ={Xspw Xcpvr-- Xcov, v X1
XSDV:{Nstage-sconfv CCB Npposters SET SBT Nigaxs CGiynax  Sheatax RSC SSM SM ¢ , RL PM

Xcov,j ={OTS OT$, By PrapFeed M ‘Tap 'H § A A LCEdNjesis Bhg ofOE Nozzledy, ,
TVC, drye, ThC, Digpet, L/ D, TT, TA SM

Xtpv ={ PLSE Dgpo tog tpg decPY P & & BTl B4 BTLE nF SPrTr*nin, & swighPcr Doy By 2Oy Bscj Ral

X contains continuous variables as well as integer boulean variables, as specified below. For local refergm
processes however, only the continuous design variabtelsecaptimized, whereas all other must be frozen reithgiori
by the user or from previous global optimization runs.

The trajectory optimization variables vecfpy will be described ifParagraph 4.6.2 whereas details are given here
for the launcher’s multidisciplinary design variablestoes Xspy and Xcpy;. For better understanding, the variables in
Xspv are presented in three groups (launcher architectajectory loads, system design features) and the vesiabl
Xcovj in five groups (propulsion system architecture, propalsygstem design, geometry, structural layout). Note thaw t
number of optimization variables related to propuldamgely exceeds that of other subsystems, confirmingrihepy role
of the propulsion decision on the system design of launcicleshi

Launcher architecture:

Nstages iNteger variable defining the number of stages in ¢ne,avhich may take any value from 1 for Single-Stage-

To-Orbit (SSTO) systems to 4 for VEGA-like inline lalvers. Note that a distinction is made in the modeisdsn

Nstages1 lower stages and the upper stage.

CCB (Common Core Boostershoolean variable activating the CCB configuratifam,which the design of the core

stage is exactly replicated in two laterally arrangedteosge.g. Delta IV Heavy, Falcon 9 Heavy).

If CCB=trug, Conf andNpestersvariables described below lose significance.

Conf and Ny.osters the combination of these two integer variables dsfithe booster configuration, @CB=false

Figure 12 shows all possible configuration considered mvitie implemented models:

0 Conf=0 no boosters (in line configuration) Npyestersh@S N0 Meaning.

o Conf=1 one set of boosters, with circumferential arrangeraadt equal angular spacing NyoostersMay take
any integer value allowed by the user, between 2 andnfigaoations with more than 4 boosters are not shown
in the figure). The maximum number of boosters foeristing launcher is 9 for the Delta Il 7900 series.

0 Conf=2 one set of boosters, side arrangemem,oosters=4 OF Npoosters=8 fOr 1/2 boosters on each of the 4 sides.

0 Conf=3 two sets of boosters of different type Npooster=4 OF 6 or 8 for 2+2 (circumferential), 2+4
(circumferential + side) or 4+4 (circumferential) cauifiations.
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SET (Single Engine Type)oolean variable activating the use of the upper stadgguid Rocket Engine (LRE, this
option is incompatible with solid upper stages) for alldo stages, as well as for the boosters if used in icatidn

with CCB option, as for example in the Falcon 9 and FFafcéleavy launchers. If SET=true, only the upper stage’s
LRE is designed or selected from an available datalfa®éf-dhe-Shelf (OTS) engines. The same engindént
duplicated on all the lower stages, the only modificabieimg represented by the nozzle optimal altitude, andehenc
expansion ratio and resulting parameters (length, diammesas, thrust, specific impulse). Besides, the number of
engines in the lower stages is not decided by the retgtiuization variabléNe, (see below), but is derived from
the required total thrust level for each lower stageeNwuat both CCB and SET design solutions have the pugfose
cutting development costs, by exploiting the modular appralkeady mentioned in the introduction.

SBT (Single Boosters Typeboolean variable activating the use of the same hsodesign for both the first and
second set of boosters (i.e. can be active only forf=3ynthe only modification being again the nozzle optim
altitude. The first set of boosters is ignited on theugd, whereas the second set is air-lit, with the adgeanof
reducing the dynamic pressure peak that may preventusamg a large number of boosters. This is for example the
approach taken with the Atlas V when 9 boosters are stiagmoeind the core, of which only 6 are ignited at take-
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Figure 12: Implemented booster configurations. First, acond and third line from the top represent Conf=1Conf=2 and Conf=3

Note that the four variablesses CCB, Conf and Nostersfully describe the launch vehicle’s architecture in &iwh
number and collocation of stages and booster sets.g& feumber of design parameters will then be repeateeafdr of
the stages and booster sets as well as for the paglivand). Although models for these components are madégtical,
there are slight differences which will be describedupghmut this chapter. For this reason, the following cugs will be
used for components identification: 1) PLF for payloadrfgj 2) LS for j-th lower stage, 3) US for the upper stage, and 4)
BS for j-th boosters set.

Note also that, in case of CCB, SET and/or SBT, ¢gelar system level MDA cycle needs to be adapted. licplart

CCB:

o Propulsion: no analysis performed for boosters, the goigulsion system is cloned from the core stage

o Geometry, Weights, Costs, Reliability: regular analysesperformed, with all input data cloned from thescor
stage identical outputs, except for the substitution of thetfinterstage with an ogival nose and common
development costs.

SET:

o Propulsion: a regular analysis is performed for each olotlver stages, but all input data are cloned from the
upper stage, except for the nozzle optimal altitudett& nominal thrust level Tthe number of engines:N
and the propellant mass M. Through this analysis cycle, the nominal thrust per eacmenﬁgng is

*

determined and the required number of engines is th&ined asN, = ceil . Although the same

*

eng

engine is used, most of the output performance paramaterdifferent due to the different expansion ratio.
Similarly, geometrical data for a single engine aratidal to the upper stage except for the nozzle’s expansion
ratio and length, but the propellant mass is differegrich the geometry of the tanks is different.

29



o Geometry, Weights, Costs, Reliability: regular anedysxcept for the common engine development costs.

SBT:

o Propulsion: a regular analysis is performed for the sesehdf boosters, but all input data are cloned from the
first set, except for H As opposed to the SET option, the two sets of boosteratmsolutely identical in terms
of number of engines (determined by the related optimizatariable), engines geometry and tanks/grain
geometry, with the only exception of the nozzle’s leragtt expansion ratio.

o Geometry, Weights, Costs and Reliability: regular ssesyare performed, with all input data except for H
cloned from the first boosters set as in the Propulaialysis.

Identical outputs, except for the engine’s nozzle anddimermn development costs.

Trajectory loads:
Nax,max Cdyn.max Oheatmax alréady introduced iRaragraph 4.1.1within the description of the IDF approach to avoid
Weights-Trajectory iterations.

System design features:

- RSC (Re-Start Capability)ooolean variable activating the restart capabibtythe upper stage engine, determining
the possibility to perform an orbital circularizatiomrb. Note that RSC applies only for new design Liquid
Propellant (LP) upper stages, since Solid Propellant (@Rets cannot be re-ignited and each OTS engine has a
predefined RSC.

SSM (Structural Safety Margim)margin assumed for all launch vehicle structures,anrthaffecting both the inert
masses and the failure probability. Note however thatdeveloped risk model$Séction 4.7) are very much
insensitive to the structural reliability, which extremely high for any reasonable structural margimcée
preventing from obtaining significant performance viabdity trade-offs. For this reason, the SSM losglgvance
as optimization variable, but may be varied by the wsdetine different structural margin philosophies.

SMp e (Structural Material, PLF): integer variable defining the type of material useditier PLF. Due to the low
fidelity of the weights estimation models, the actuapprties of the different materials cannot be used as impats
physical analysis of the structure. However, a corredctor of the WERs is defined to represent “advanced”
materials, such as composite sandwiches or Al-Li tarids, (Scan therefore take values 1 for classical matemals (
corrective factor) or 2 for advanced materials. AsS8M on reliability, SM.r has a very limited impact on the
LCC within the developed cost models, so that performaaceost trade-offs cannot be easily recognized by the
optimizer.

RL (Redundancy Level)integer variable defining the redundancy level for déwenics and power subsystems,
located in the upper stage’s Vehicle Equipment Bay (VER).nfay take value 1 for critical redundancies only
approach, with lower reliability, cost and mass, doR2full redundancy approach, with maximum reliability but
larger cost and mass.

LPM (Launcher Processing Mode)nteger variable that defines the processing modeeotimcher, either vertical
(e.g. European vehicles) or horizontal (e.g. Russiamches). This influences both the inert masses, witavier
structures required for horizontal integration and suogedsgting on pad, and operations costs, which are glearl
larger for vertically processed launchers. Although @keRs for operations included a correction for integnat
mode, it was not possible to include reliable factorthe WERSs for the same purpose.

Four of the system design features described h®8M( SMp g, RL and SSM) were introduced to allow for
performance vs. cost vs. reliability trade-offs, whare typical of the design process of ELVS. Neveedglresults clearly
indicate that simple engineering level disciplinary analgsemot ensure the required modelling fidelity, especialtynot
only with respect to costs and reliability, which woulel hecessary to ensure fair results in such trade-ofishMhore
detailed methodologies would be required for this purposeexample including high fidelity structural analysis and low
level non structural masses breakdown, as well asrbatp cost estimation processes and better statidetadmination of
the failure rates. These aspects are out of the smioffee present investigation, and are left as a futurelag@awent,
however the above mentioned variables are kept in th® MBvironment, allowing for a partial representationthaf
related design decisions.

Propulsmn system architecture:
OTS (Off-The-Shelf) boolean variable determining the selection of an @i@ne from an available database or of
a new design propulsion system. The first choice resulfsxed performances which cannot be tailored to the
vehicle’s requirements, but also in large saving in seohdevelopment costs.
IDots integer variable defining the ID of the OTS engine taubed. If a new design is selectedgbdoes not
apply. In case of OTS instead, the user may selectem gngine, allow choice between several allowed types, o
define a thrust range triggering a search in the databaserhpatible engines.
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Neng: integer variable defining the number of engines fovangstage or booster, which may take any value betwee
1 and &°. This variable applies only for LP stages/boostersredsl engine is assumed for Solid Rocket Motors
(SRM). As already mentioned above, if SET=true the nunobemgines is directly computed from the required
thrust level and the thrust of the upper stage’s engine.
Prop: integer variable defining the type of propellants usethéwov design rocket engines. The following alternatives
are considered:
o Prop=1 liquid cryogenic engine, burning Liquid Hydrogen @)fnd Liquid Oxygen (LOX).
o Prop=2 liquid cryo-storable engine, burning Rocket Propel@né (RP1) and LOX.
o Prop=3 liquid storable engine, burning Mono-Metil HydrazineMiM) and Nitrogen Tetroxide (}D,).
0 Prop=4 solid propellant engine with a fixed Ammonium PerderéAP), Hydroxyl-Terminated Poli Butadiene
(HTPB) and Aluminium powder formulation.

Other combinations of oxidizer and fuel or different 8friulations are not considered within V1 models.
Feed integer variable defining the type of feed system useddw design LP systems. The following alternatives
are considered:
0 Feed=1 Pressure-fed system.
o Feed=2 Turbopump system with gas generator cycle (open cycle)
0 Feed=3 Turbopump system with expander cycle (close cycle).
0 Feed=4 Turbopump system with staged combustion cycle (close)y
Other engine cycles exist but were not included, duedio limited application and consequent lack of a database
sufficiently large to obtain reliable historical fité specific impulse losses and inert weights.

Propulsion system design:

- Mg continuous variable defining the mass of propellant sihge/booster, intended as trsablefraction only. The
lower and upper bounds can either be specified by the ustgrioed from a first guess sizing procedure which
allocates propellant masspMnd thrust level Tto the different stages and boosters on the basisckét equation,
payload-to-launch mass ratio and missiaff’.

T": continuous variable defining tmeminalthrust of new design LP or SP engines, intendeti@saximum thrust
level (full throttle for LP, peak thrust profile for SP) assugnthe external pressure to correspond to the nozzle
exhaust pressureThis condition corresponds to the nozzle design comditiavhich are indicated with the
superscript * and are achieved at an altitHiedepending on the expansion ratio of the nozzle.

p: continuous variable defining the mixture ratio of né®sign LP systems, assuming that the engine’s and tank’s
mixture ratios coincide. The bounds can either be spddly the user or taken from default ranges which depend on
the propellant combination, as reported able 2
H": continuous variable defining the nozzle design pointaferew design LP engine, also referred to as optimal
nozzle expansion altitude. This parameter is directigtedl to the expansion ratio of the nozzland its default
bounds are reported Table 2
Pec: continuous variable defining the chamber pressunewfdesign LP or SP engines (default boundainie 2).

AJA¢: continuous variable defining the combustion chambestgraction ratio. Note that although this paranseter
affects both the theoretical specific impulse and thgine’'s dimensions, this impact is rather limited ahd
relevance of this variable is thus definitely subordirtatthe mixture ratio, expansion ratio or chambesgure.

Nozzle integer variable discriminating betweéell and cone divergent section’s shape, the former resulting in
lower I, losses and shorter nozzle in front of higher developaremimanufacture costs.

giv. continuous variable determining the cone divergent aorglee cone-equivalent divergent angle in case of bell
nozzles.

TVC (Thrust Vector Control)integer variable defining the type of TVC: if TVC isialled, either its actuation type
can be either hydraulic or electro-mechanic. Hydrauligadion is in general advantageous in terms of costs and is
suitable also for very large nozzles, whereas etesystems are definitely lighter when applicable, up tdiome to
large size nozzles (e.g. VEGA'’s P-80 first stageeésléingest current electro-mechanically actuated TVC syste

Tvc: continuous variable determining the maximum deflectioneaatibwed by the TVC system, with a trade-off
between control authority and overall mass of trstesy.

ThC (Throttle Capability) boolean variable activating the throttle capabilityaofP engine. A throttle capability
down to 50% is allowed by default in LP engines with ThC=thug, may be modified by the user to different
minimum throttle percentages.

29 corresponds to the largest number of engines in a simgle for any existing launcher (Falcon 9 first stage).
% For a complete description of the first guess staginigitien procedure, see PRESTIGE Technical Note [B6]], Chapter 8.
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Propulsmn system costs and reliability:
LCE (Low Cost Engine) boolean variable activating the option of designing & € engine with lower
performance, cost and failure rate than traditional pigtiormance LREs. This variable was introduced to account
for design choices such as the Rocketdyne’'s RS-68 engimeh) exploits a drastic reduction in complexity and
number of parts to increase reliability and reduce dgeweént and production costs, in front of a non excessive
reduction in shear performance.
Neng,tests iNteger variable defining the number of hot-firetse be conducted for the development of a new LP
engine. Nengess Was added to the optimization variables vector becafises relevance in the cost models, as
outlined in Section 4.7 and detailed iNfA4]. The number of engine tests is in fact the main drfeerLREs
development costs, but its reduction must be carefully waiiglgainst the risk of increased failure rates.
Neng,out iINteger variable defining the number of engines invargstage/booster which can fail without hindering the
mission’s success. This is typically either O for stagih one or few engines, or 1 for stages with multgrigines.
Although implementing engine-out capability requires an $ized overall thrust and more complex integration, this
design choice drastically increases system reliabidiontributes to ensuring high mission success rates the
Saturn V experience proves - and is one of the coresglploes at the basis of the new SpaceX success.
TOE (Thrust Oversized Engine)boolean variable activating the option to instalhew or OTS engine with 5%
higher thrust with respect to the actual mission requiréeriés is actually the step before the engine-outlméipa
as implemented for stages with fewer engines, and ensm increased reliability due to the non full throttle
operations as well as a thrust margin for contingenagtsins.

Note that the same considerations apply for thesecimstireliability related variables as for the sys@esign features
mentioned aboveSSM, SMp ¢, RL andSSM).

Geometry:

Several geometric parameters of the launch vehiclesotdenoptimized in the V1 models, such as for example the
length-over-diameter of the nose ogive of the PLF anth® boosters, or the interstage/aft skirt cone andte fact,
although they might have rather important local effeespecially on aerodynamic forces and heat flows, fhmgact on
the system performance is limited. Hence, only tworgetdc parameters are used as design optimization vegiable

- Deconst boolean variable defining a stage which has the shameter as the stage, or PLF, above. Jftrue, the

interstage is therefore cylindrical, otherwise itcanical with a fixed cone angle. This variable only sggpffor
stages, not for booster sets.

L/D: continuous variable which is active for boosters amdsfages with R.s=false, defining the overall lengh-
over-diameter of the stage. Default bounds are again simoVable 2

Variable | Case Lower Bound | Upper Bound

dp LOx-LH, 4.50 6.71
dp LOx-RP1 1.35 2.99
dp N,0,-MMH 1.49 2.94
Pec Sp 50 bar 120 bar
Pec LP pressure fed 6 bar 15 bar
Pec LP gas generator 30 bar 120 bar
Pec LP expander cycle 30 bar 70 bar
AA, LP staged combustion 80 bar 270 bar
H LP/SP systems 2.0 5.0
H Boosters 1.0 km 5.0km
H First stages 2.0 km 15.0km
/D Upper stages 10.0 km 50.0 km
/D Boosters 3.0 11.0
/D First stages 2.0 6.0
Oy Upper stages 1.0 4.0
Srye - 8 deg 20 deg

Table 2: Default upper and lower bounds of the continous design optimization variables for the conceptual RO of ELV.

Structural layout:

In light of the very low level of fidelity of the enginé®g models for weights estimation, a very limited humbke
design variables were introduced for the structural layostasfes and boosters. In general, 3 parameters atcaroste
optimized for each stage/booster:

TT (Tanks Type) integer variable defining the type of propellant tanks insyBtems, either separate tanks for
oxidizer and fuel or a single tank with common bulkheack [&ter choice determines a lower inert mass tteftbec
in a corrective factor of the main structure’s WERMa4 as in higher costs as shown in the cost maison.
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TA (Tanks Arrangement) integer variable defining whether the oxidizer or thd faglaces aft in LP systems,
activating a weights vs. controllability trade-off, doghie lower mass but larger instability (CoG closethtthrust
pivot point) resulting from arranging the heavier oxidizgrk behind the lighter fuel tank.

SM (Structural Materialy same as SMe for each stage/booster.

4.1.4.0Optimization constraints

As previously mentioned, optimization constraints reldtethe physical consistency and engineering fdagibf the
launch vehicle are computed at each discipline of theydesicle. When the design results to be unfeasible, hA M
stopped’ to avoid spending computational effort on unrealistiéggiesand very large values are assigned to the objectives.
However, if the analysis of all design disciplines isriedr out without violating any constraint but one or enof the
trajectory constraints are not satisfied, the MDAcpss is completed with the cost and reliability anslys fact, such a
solution represents a feasible design point, and altléseggn objectives should be evaluated in order to better thede
optimizer towards the best region of the search space.

As for optimization variables, the constraints camlib&led in three main groups:

1) Nspc system level design constraints, wigpc=8.

2) Necoe: (NstagestNisetd cOMponent level design constraints, repeated for each cemp@ithNcpc=5.

3)  Npc trajectory design constraints, whédesc varies according to the number of stages and bocstzias well

as the number of launch site heading constraints.nAsxample, Ariane 5 and VEGA launches from Kourou
consist respectively in fNc=12 and Npc=13 constraints.

Table 3introduces all the component level and system desigstr@onts, whereas those related to the trajectay ar
described within the trajectory optimization problesmiulation inParagraph 4.6.2 As for the optimization variables, all
non continuous design constraints are deactivated durdad) lefinements, in order to ensure a smooth probtemthie
gradient-based algorithm.

Discipline Constraint Type Applicability LB |UB
Propulsion OTS thrust range Boolean Each stage/boosters set (O¥)S onl -1 1
Propulsion CEA execution failure Boolean Each stage/boosters set -0
Propulsion Number of engines Integer| Each stage/boosters set (ST onl - 0
Geometry Geometric interference Double  First stage and eacldrsoset - 0
Geometry Engine clearance Doublg  Each stage/boosters set -0
Geometry Length-over-diameter Doublel  Launch vehicle 9) il
Geometry PLF geometric interference Double¢  Payload Fairing - 0
Geometry Geometry execution failure Boolegn System analysis -0
Aerodynamics | DATCOM execution failure | Boolean System analysis 0
Weights Weights execution failure Booleadn  System analysis -0
Weights Lift-off thrust-to-weight Double | Launch vehicle 0 1
Costs Costs execution failure Boolean System analysis -0
Risks Risks execution failure Boolean System analysis - 0

Table 3: List of ELV design constraints, including theinvolved discipline, the type of constraint, its apptability to a single
component or to the whole launch vehicle, and the feldity lower and upper bounds.

System design constraints can be divided in two main branches

Engineering feasibility constraintslift-off thrust-to-weight ratio(T/W)_o, core’s total length-over-diameter ratio
(L/D)core and PLF’s geometric interference with the upper stage|lass:

(T/W) o min <(T/W) | 6 <(T/W) 5 max

(L/D)Core,min<(|-/D) Core<(|-/D) Core,ma

Dpr>Kp, . -Dus
where all bounds can be provided by the user, in accorddtitéghe general user interactivity philosophy, and are
also used to normalize the constraints values. Defmulbds employed for T/W and L/D are [1.1 — 2.0] and [5.0 —
15.0], whereas Kp =0.95 is used.
Analysis failure constraintsin all disciplinary analysis, output checking routinesenvenplemented to determine
whether the analysis was successful. In case of asddykire, which may be related to the external codesuérec

2 Unless the MDA is part of a local refinement procémswhich discontinuities in the model pose significamidhance to the employed
gradient-based NLP algorithm.
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or to very particular occurrences in the ad hoc devdlapedels, the MDA process is stopped, setting the telate
constraint as violated and hence determining very heigdations of objectives.
The following component level constraints are insidefthed, related only to the Propulsion and Geometryplises:

- Thrust range if the user imposes an OTS selection within a giveasthrange, and no OTS engine is available in
the database in such thrust range, a constraint violisti@turned.
Number of enginesin case of SET design, the number of upper stage engfriel are required to be installed in a
lower stage to match its thrust requirement cannot exceaddiimum number of 9 engines.
Geometric interferencein case of parallel configurations with at least saetof boosters, the length of the boosters
cannot exceed the length of the first stage (first stagedgnetry interference). Similarly, the boosters must n
interfere with each other, for example if the diametertoo large for the given number of boosters in the
circumferential arrangement.
Engine clearance:for all stages and booster sets, a constraint is irdposethe total diameter of the engines
assembly, which cannot be larger than the external diarokthe stage/booster.

4.1.5.0Optimization objectives
The MDO problem for the conceptual design of ELV withndadels is formulated as:

0, = GTOW
. 4
min Wi =CpL
_ (F...Fy, ), with Fj= WicOk . g 2 =CP
xiv' :1x---xNvar o k=1 Sjk 03 = MSP
0, = PLSF

subject to LBE GE£ UB EL.., Ny

where Ny is the number of desired optimization objectivEs{Xy,...,Xwa} iS the vector of optimization variables
described inParagraph 4.1.3 andG={G;,...,Gcst} iS the vector of optimization constraintsRaragraph 4.1.4 Note that
although the multi-objective algorithms presentedséction 3.2 are theoretically capable of solving problems witly a
number of objective functions,.)is to be practically limited to at most 3 figures,csifarger objective spaces complicate
the search and prevent from an intuitive visualizatiomefPareto results.

The equation defining j-th cost function i& completely general, because any of the availableubtigures @ to O
can be used as a stand-alone objective, or more thacaoniee aggregated through the weight and scaling paramgters
and . Although w and g could be merged in a single number, they are kept deptvaprovide a more clear
understanding of the weighting process.

The following four figures can be used to build up the @bjes, including performance, cost and reliabilibgputs in
order to allow for “design-to-cost” and “design-towaéility” approaches in the MDO process:

- O;=GTOW/(Gross Take-Off Weightin):

O,=CpL (Cost per Launchmin):

O3=MSP (Mission Success Probabilityyax:

O,=PLSF (Payload Scaling FactamaX: this performance figure is included among the possibjectives in order
to allow for launch vehicle scaling studies. For examjflds possible to simultaneously minimize the total
launcher’'s mass (§ and maximize the payload mass, obtaining Paretuisrof design solutions with payload
performance distributed within given bounds around the ralmuadue.

4.2.Propulsion

Reflecting its complexity and importance, the propulsioodel is composed of a large number of smaller modules,
which allow sizing specific components or evaluatingcsjgeperformance indexes. The disciplinary analysisejzeated
for the total number of propulsion systems to be incluidethe design, which is determined through the architectural
variablesConf, CCB, NsgesaNdNpoosters Specific analysis requirements determined by the aictivat theCCB, SET and
SBT variables are also taken into account as already dedaniBaragraph 4.1.3

For each propulsion system, the analysis flow is thegresented irFigure 13, with the main difference being
determined by the choice between an OTS and a negndesgine. In case of OTS engine, an existing LRE ictsele
from the available database and all its specificateme loaded. In case of new design engine insteadhdhesia procedure
at the bottom ofigure 13is followed, determining the theoretical and corregiedformances as well as the dimensions
and weights of the LP or SP system being designed. In be#fscan analysis of the overall geometry and weighteris t
performed, computing the total length and diameter otdhks/grain case as well as the weight of auxiliaryppision
system items, such as pressurization system and unugedlamnts. The next paragraphs present the main aspéated to
each of the blocks representedrigure 13. Note that the main source used for the developmeimegbropulsion models
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are the classicdRocket Propulsion Elementdjy Sutton and Biblar4§6]) and NASA’s design manual “Design of Liquid
Propellant Rocket Engineg8(/]) and “Solid Rocket Motors Performance Analysis aretietion” (88]).

| Conf, CCB, Nyupe Nbvogers SET, SBT = number of propulsion systems to be designed = For each propulsion system: ‘
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Figure 13: Analysis flow for the propulsion system o& given stage or boosters set.

4.2.1.0ff-The-Shelf Liquid Rocket Engines database

In case of OTS option, one of the engines in the ahbi@ildatabase of LREs — described below - needs tddatesk In
particular, the optimization variabl® ors determines this choice, through one of two selectiothods which were
implemented to account for different user requirements:

1. Selection from a list of allowed enginéisis method allows to directly constrain the use pfederred engine or to

optimize the choice between two or more availablgress.

2. Selection on the basis of the thrust rarnés method allows requesting a desired thrust range, saltleagines in

the database belonging to that interval can be chosehebpptimizer. If no such engines are available in the
database, the OTS thrust range constraint is consideleted and the design solution is discarded.

The database, containing only LREs (see V2 modeRaragraph 6.2.1 for the extension to SRMs), was collected
including information from several US, Russian, Europeaath Japanese companies. It has the dual purpose of providing
engines for OTS design and of serving as a knowledgetbadevelop historical relations for several imporfmarameters
such as chamber pressure, specific impulse losses, slonsrand inert masses. This empirical methodologygtihanot
extremely accurate especially with respect to dimensiorismasses, was considered sufficiently reliablecdorceptual
level modelling. Note that only engines flight qualifiedthe last 25 years are included in the database, witbxiteption
of the Space Shuttle Main Engines (SSME), so that bothethating historical relations and the employed OTS asedb
on current state-of-art technologies and can therémnsidered realistic for future launcher applicegtio
The main sources used to compile the database ares iartter of priority™: the datasheets on each company’s websites,
Isakowitz’s “International Reference Guide to Space LauBytems” [89]), and Astronaut website. Moreover, cost
and reliability data were taken from the TRANSCOST nh¢ff#9]), which will be further described iRaragraph 4.7.
Additional web sources were analyzed but did not providdieddl information with respect to the above souressyell
as a direct interrogation of the manufacturers condwagedemail without success. The following 11 companies were
considered, for a total of 34 LREs:

United States:
o Aerojet (AJ):www.aerojet.com/capabilities/spacelift.php

% geveral contrasting numbers are often found in open literahd different web sources, hence a rigorous collectimegure was
maintained, entrusting official company datasheets nharmre dpen literature and other web sources.
2 www.astronautix.com
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0 SpaceX (SX)www.spacex.com
0 Rocketdyne (RD)http://www.pw.utc.com

Russia/Ukraine:

KB Khimavtomatiki (KBA): www.kbkha.ru

NPO Energomash (NPOMww.npoenergomash.ru/eng

Yuzhnoye (YZN):www.yuzhnoye.com

KB KhIMMASH (KBI)

Korolev (KRL): www.energia.ru/english/energia/launchers/engines.htmi

Europe:

0 EADS: cs.astrium.eads.net/sp/launcher-propulsion/rocket-engides/html

0 Snecma (SN)www.snecma.com

Japan: Mitsubishi Heavy Industries (MHW)ww.mbhi.co.jp/en/products/space index.html

O oO0Oo0Oo0Oo

All the collected information is reported in Table d¢luding data from 34 liquid rocket engines belongin@ faossible
combinations of propellants and feed systems. Unfortynatespite the large investigation effort, severah @ae still not
available, for which “NA” is reported in the table.rRhis reason, the Propulsion analysis procedure (boti@mch in
Figure 13) is executed also for OTS engine, using the input dataifeed in the database - required input data are
fortunately available for all engines - instead ofsthavhich are defined by the optimization variables er gslections in
case of new design engines. All the outputs required focdh&nuation of the MDA are therefore obtained. Thém,
given output is available in the database for the givagine, the computed value is substituted with the liteeatalue,
which is supposed to be more reliable. Similarly, #rely available cost and reliability information agbstituted to those
computed in the Cost and Reliability models at the érldeoMDA cycle.

Engine Application |Man.| Propellants | o [] | Feed pe[bar] &[] |Tuomyac [KN][RestartThrottle Iy vac [s]) De [m] | Lenane [m] | M [Kg]
SSME Shuttle orbiter RD LOx-LH, 6.03 SC 2064 77.00 22788 no yes 452.3 2.44 4.52 3526.2
RD-0120 Buran orbiter | KBA| LOx-LH, 6.00 SC 218.7] 857 1813.1 no yes 455.0 242 4.55 3450.0
ILE-7A H-I 1™ stage MHI LOx-LH, 5.90 SC 121.00  51.9 10983 no yes 440.0 NA 3.67 1980.0
RL10A-4 Atlas V US RD LOx-LH, 5.50 EC 42,1 85.0 99.2 yes no 451.0 1.17 2.29 181.1
RL10B-2 Delta-1V US RD LOx-LH, 5.88 EC 32.1) 285.0 110.0 yes no 465.5 2.15 2.20 301.2
RD-0146 Angara US KBA| LOx-LH, 6.00 EC 79.00  210.0 98.0 yes no 463.2 1.25 2.20 502.0
Vinci Ariane5 ESC-B | SN LOx-LH, 5.80 EC 60.00  240.0 180.0 yes no 465.0 2.20 4.20 336.0
ILE-5B H-I1US MHI LOx-LH, 5.00 EC 36.3 110.0 137.3 yes yes 449.0 NA 2.77 285.0
RS-68 Delta IV 1% stage | RD LOx-LH, 5.97 GG 102.6, 215 33718 no yes 409.0 2.44 5.18 6747.6
J2-X SLS US RD LOx-LH, 5.50 GG 9220 920 1307.8 yes no 448.0 3.05 4.70 2472.1
[Vulcain-2 Ariane5 EPC SN LOx-LH, 6.10 GG 115.00 595 1340.0 no no 431.0 2.10 3.45 2100.0
IHM-7B Ariane5 ESC-A | SN LOx-LH, 5.00 GG 37.00 831 64.8 no no 446.0 0.99 2.01 165.0
1AJ26-59 K-1 1" stage Al LOx-RPI 2.59 SC 1454/ 27.00  1683.0 yes yes 331.3 1.50 3.71 1222.0
RD-180 Atlas 1" stage | NPO | LOx-Kerosene | 2.72 SC 266.7 369  4158.0 no yes 337.8 NA 3.60 5400.0
RD-171M Zenit 1" stage | NPO | LOx-Kerosene | 2.63 SC 24520 37.00  7904.1 no yes 337.0 NA 4.15 9300.0
RD-191 Angara ["'stage | NPO | LOx-Kerosene | 2.60 SC 263.4  37.00  2089.0 no yes 337.0 1.45 4.00 2200.0
RD-120 Zenit 2¥stage | NPO | LOx-Kerosene | 2.58 SC 178.1]  106.0 912.0 no yes 350.0 1.95 3.87 1125.0
11D58MF Zenit 3SLUS | KRL | LOx-Kerosene | 2.48 SC 714 280.0 83.4 yes no 356.0 1.17 2.27 230.0
RS-27A Delta I 1" stage | RD LOx-RPI 2.25 GG 48.3 12.00 1054.2 no no 302.0 1.70 3.78 1146.7
[Merlin-1C Falcon 9 1™stage | SX LOx-RPI 2.17 GG 47.0 14.5 617.0 no yes 304.0 1.25 NA 760.0
[Merlin-1V Falcon 9 US SX LOx-RPI 2.17 GG 47.00 117.0 411.5 yes yes 342.0 3.55 NA NA
RD-107A Sojuz Boosters | NPO | LOx-Kerosene | 2.47 GG 60.0 18.9]  1020.0 no yes 320.2 NA 2.58 1090.0
RD-108A Sojuz Core NPO | LOx-Kerosene | 2.47 GG 4.4 18.9 886.5 no yes 320.6 NA 2.87 1075.0
Kestrel Falcon 1 US SX LOx-RPI 2.35 PF 10.3  60.0 27.8 yes yes 325.0 NA NA 52.0
RD-275M Proton 1% stage | NPO | N;0,-UDMH | 2.67 SC 165.2]  26.00 18319 no no 315.8 1.50 3.05 1070.0
S5.98 US Breeze KBI | N,0O,-UDMH | 2.00 SC 97.00 1538 19.6 yes no 325.5 NA NA 95.0
S5.92 US Fregat KBI | N;O4-UDMH | 2.00 GG 98.00 1538 196 yes yes 327.0 0.84 1.03 75.0
[LR-91-5 Titan [T 2" stage | AJ | N,O,-UDMH | 1.80 GG 57.00  49.0 440.0 no no 316.0 1.68 2.80 500.0
RD-861K 3rd Tsyklon-4 | YZN | N,O,-UDMH | 2.41 GG 88.8] 115.8 71.6 yes yes 330.0 1.53 1.56 194.0
RD-869 VEGA AVUM ] YZN | N,0O,-UDMH | 2.00 PF 20.00  8L5 25 yes no 314.7 0.30 NA NA
RS-72 Ariane 5 EPS evol. [JEADS| N,O,-MMH | 1.90 GG 60.0, 300.0 554 yes no 340.0 1.30 2.29 138.0
JAestus Ariane 5 EPS |[EADS|] N,O,-MMH | 2.05 PF 11.0 84.0 294 yes no 324.0 1.31 2.18 111.0
AJ10-118-K | Delta-1L 2™ stage | Al | NJO,MMH | 1.80 PF 9.00 650 43.7 yes no 319.2 1.70 NA 127.4
AJ10-190 Shuttle OMS Al | N2Oi-MMH | 1.65 PF 8.6/ 55.0 26.7 yes no 316.0 NA NA 118.0

Table 4: Database of LRE collected both as OTS table loakp and knowledge base for historical based relationsps development

4.2.2.Grain and feed system analyses

In order to assess the theoretical performance ofiéh @oliquid rocket engine with simplified chemical egjoilum
methods such as CEA, only few design parameters ndegldefined. In particular, these are the chemical dtation of
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Thrust [kN

the liquid or solid propellants, the chamber presgwethe expansion ratio or the exhaust pressurg pnd the mixture
ratio p in case of LP. The propellants and exhaust pressueeepdirectly obtained from the mapping of the relate
optimization variables, whereas.pnd p depend on the propellants and - for LP - on the fee@mmyd¥loreover, for SP,
the grain shape selection determines the thrust profikehss the motor’s performances. For this reaséngr@in and LP
feed system analyses were developed, but were kept extramelg in V1, as described in the next two subparagraphs.

4.2.2.1.SP grain analysis

In case of SRMs, grain design plays an important role ind#fiition of the burning area over time, hence of the
chamber pressure and net thrust profiles, as wadhasie volumetric efficiency and geometric dimensionthef motor.
However, grain shape design is rather complex and itdinttion in the design cycle requires using several additional
design variables. For example, a generic star grain sectio be described by 7 parameté®d]( [92]), and similar
relations are available for other shapes. In ordevdaahese complications in the first modelling stepe¢hsimple thrust
profiles were defined, which can be either selected &yisler of optimized, reflecting the most typical configions in SP

motors for launch vehicles:

Constant thrust representative of neutral star grains, for whichsgmee variations are usually below 15% of the
nominal value[B6]), with the nominal thrust” as the only optimizable parameter. This profile fEdglly used for
motors ignited after maxQ event and for which the acceleration at the ertti@burn is not a dimensioning case.
Two-level thrust constituted of a first phase with maximum thrust andeeorsd with lower thrust level.
Optimization variables are thus the two thrust Ievﬁsa(ndT*mm) and the switch timetg.). This profile, which

can be approximately obtained with multiple segments @réifit shapes, is mostly used in atmospheric boosters or
stages (e.g. Ariane 5's P241 or VEGA's P80), for whichimaflight thrust reduction allows to more efficiently

satisfy the max @), constraint.

Regressing thrustlinear thrust profile, decreasing from ignition to bawhand hence with the initial and final thrust
levels " andT ) as optimization variables. This profile is mosthedisn second or third stages (e.g. VEGA's
Z23), for which the decreasing thrust allows to avoid peaksiah @cceleration at the end of burn.

Examples from the 3 stages of VEGA are reportedrigure 14 The values of the optimization parameters were
obtained by minimizing the sum of square errors on Kperégmental data subject to the constraint of matchiregtotal
impulse of the motor. Data points after the actudisjgn of the stage were removed, since they do ndtibate to the
thrust of the launcher and introduce errors in the fjttoe to the very low thrust values. Although the appraxams look
rather rough, the introduction of two level and lineanshiprofiles allow reproducing important design featusash as the

reduction in thrust to match both may,£and max g, constraints.
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Figure 14: VEGA SRMs: examples of approximate thrust profies developed for V1 models: constant thrust for Z®-level thrust

for P80 and regressing thrust for Z23.

In order to keep the analysis as simple as possible rmpt&rformance analysis and nozzle's sizing aréopaed only
on the basis of the maximum thrust leVel so thafl” ., andtsyich remain as simple trajectory optimization variablethwi
no influence on the design. A single chamber pressutesiefore assumed and performances are computed Evtitatie
for a single design point. Grain geometry is not includatiénmodel, assuming a fixed Filling Factor (FF) to corajé
motor’s dimensions. This avoids both the introductiostaipe design variables and the instant-by-instant conguti
the burning area with complex geometric relations. Althdagiely simplifying the analysis and saving consideralste) C
times (single CEA execution), this approach presentsntipertant drawback that the thrust profile’s actual fakiib
cannot be verified, and its impact on the motor’s degig particular on its dimensions) is neglected. Congsaieed thus
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to be a priori imposed by the user to avoid thrust psofiksulting in unfeasible grain or large differenceth& motor’s
dimensions. Three types of constraints can be definednthter's FF (80% by default), the ranges for the three thrust
optimization variables‘l'(, T mins tswiten) @nd the maximum achievable ratio of burning arehrmat aready/A..

The burn-to-throat area ratio is computed within V1 mostelging from the chamber presspgg which is obtained by
simple mapping of the optimization variable to a preudfi pressure range [gf0;120] bars and the fixed SP properties
resulting from the assumed formulation. From the nwasservation law under steady-state approximatigncgn be

written as:
A _ pcc(l_ n) . _ ar SPy/ Rgas'ch
SP

Jo(z/g-)" o

where Ksp depends on the chosen SP formulation and chamber condiiorcep.. is assumed to be constant, the
chamber temperatur&,. as well as the burn rate coefficienisand a are also considered constant. The default SP
formulation is taken from the P241 boosters of Ariamecket, with main constituents being Ammonium Perclo(ate,
68%), Hydroxyl-Terminated PoliButadiene (HTPBA4%) and Aluminium powder 18%). The required physical and
ballistic properties are the density of the solig=1770 kg/rf, the chamber temperatuifg=3328.9 K the ratio of specific
heats =1.142 molar mas$1=27.4kg/kmoland the gas constaR}.s=303.4479 J/(kg/Kpf the exhaust gases, as well as the
burn rate coefficienta=3.5958-18 andn=0.35

4.2.2.2 L P feed system analysis

As for SP, any type of physics-based analysis of the fsstem is skipped to simplify V1 models. The value of
chamber pressung. is therefore obtained by mapping the related optinaizatariable to ranges which depend on the type
of feed system. Specifically, turbopump systems with ddS&taged Combustion, SC, or Expander Cycle, EC) and open
(Gas Generator, GG) cycles were considered, as welhgpler Pressure Fed (PF) systems. Other parandetiéved from
the propellant and feed type are the tanks pregsuke chamber inlet temperatuii.;» and the mass flow percentage
which is “wasted™ to run the turbopumps in case of opeheqyump-fed design. The discrete optimization variaBleg
andFeed (or their stored values for OTS LRES) respectivelyngethe propellant and feed system type. Figuretidws
the 9 different combinations which were implemented_f®rsystems, reflecting the following engineeringsidarations:

- EC engines require a cryogenic fuel, which easily reathe boiling point when circling around the thrust chamber

walls, hence is only available in case of LOx,léhgines.

EC engines are subject to the “square-cube rule”: aszhef the nozzle increases with increasing thrusttzzle
surface area and fuel volume increase respectively asgtiege and the cube of the radius. For this reason, there
exists a maximum engine size (i.e. thrust) beyond whietetts no longer enough nozzle area to heat enougtofuel t
drive the turbopumps. As a consequence, engines withargt@00 kN can be obtained with EC design.

PF systems cannot be efficiently applied with cryog@mopellants, hence these are only available gastlthe fuel

is storable.

Other variations of the four main feed systems includeBligure 15are possible, such as expander bleed cycle, full
flow staged combustion, or bleed pressure-fed systems. udowexamples of these architectures are rare and their
modelling was not deemed necessary.

Table 5reports the assumed ranges of chamber prepsutanks pressurpanks and percentage mass flow laggs,

which vary depending on the feed typgns and m.ss are assumed to be linear function®gf and hence linearly depend

on the optimization variable which defines the chambesureTable 6 shows instead the chamber inlet temperadture
for the different fuels and oxidizers, including alsouagstions on whether passage through nozzle cooling jatkets
exploited to heat propellants before injection in the lmastion chamber.

Feed type Decs Pranks m. losses,
min-max min-max min-max

Pressure-fed 6.8-15.6 bars | 13-30 bars | 0%

Gas generator 30-120 bars 2.0-3.3 bars | 1-3%

Expander cycle 30-70 bars 2.0-3.4 bars | 0%

Staged combustion | 80-270 bars 2.0-3.4 bars | 0%

Table 5: Assumed ranges for the main feed system paratees, with linear variation of panks and mass losses as a function pf.

Propellant LO, LH, C'H, RP1 MMH | NoOy
Cooling jacket | No Yes Yes No No No
T.cin 90 K 200K [360 K |[250 K 291 K | 279 K

Table 6: Assumed values of chamber inlet temperature anglssage through cooling jacket for each oxidizer or fuel
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Figure 15: Possible propellant and feed systems tree dwedd for the propulsion system design in V1 models

All the assumptions regarding pressure ranges are basad amalysis of the collected LREs database, whereas tank
pressures in the order of 2.0-3.4 bars (a positive pressureeded to suppress pump cavitation) and mass fos$e&
engines in the order of 3-7% are reported by Suf&s])( Although GG’s pre-burner mass flow partially contiés to the
thrust (with specific impulses in the order of 70-80 s), Was neglected in front of lower values of mass flow logh w
respect to Sutton’s suggestions (up to 1-3% instead of)3wBich also accounts for the better present teclgyokinally,
regarding nozzle cooling, it was assumed that onlygegix fuels are passed through a thrust chamber’s cqatiket (i.e.
liquid hydrogen and methane at 200/450 K instead of thELRIK for storage), whereas liquid oxygen and othemlbter
propellants are directly fed into the combustion charabstorage temperature.

4.2.3.Theoretical performance analysis with NASA’s CEA

The core of the propulsion system analysis is comatitby the calculation of the theoretical performaniceooket
engines, which is usually performed in conceptual and predhy phases through simplified chemical equilibrium
analyses. As reviewed in Technical Note DJAR]), several computer codes for chemical equilibrium catorls were
developed in the past in several institutions, but the rémednstandard is NASA’'s CEA software, which is freely
distributed on Glenn Research Centre (GRC)'s weBsited is well documented with a theoretical referencdigaiton
([93], 1994) and a Users Manug®4], 1996). CEA was selected for V1 models due to its open sdistidution as well
as its good accuracy, computational efficiency and rétialihich were proven by countless applications.

Although NASA publication$93] and[94] should be used as reference for any detail on CEAehdwerview is given
here for better clarity. The Chemical Equilibrium afpgplications (CEA), in active development since the 180's at
NASA Lewis Flight Propulsion Laboratory (now GRC), ig@neric program for solving chemical equilibrium prafe
which can be used in four main modes with different purposes:

1. To obtain chemical equilibrium compositions for asseytteermodynamic states
2. To calculate theoretical rocket performance for adindr infinite-area combustion chamber
3. To evaluate Chapman-Jouguet detonations

4. To calculate shock tube parameters for both incident dledtesl shocks.

Obviously, the second functionality is the one of iesérfor the theoretical performance assessmentidfaad liquid
rocket engines. Chemical equilibrium is usually describedittner of two equivalent formulations, equilibrium camds or
minimization of free energy. In CEA, the minimizatiofifieee-energy method is employed, since each species can be
treated independently without specifying a set of reactopsori, as is required with equilibrium constants. Aukn-
Raphson iterative procedure allows to solve the minitioizgroblem, supported by a number of routines aimedcadiag
numerical difficulties, such as initial estimatesisder condensed phases, phase transitions and tripies poonvergence,
accidental singularities, special handling of ions antbicteration of trace species. Typically, 8 to 20 iteretiare required
for convergence[93]), resulting in a very fast execution of the code [ggs than ~0.05 s).

2 http://www.grc.nasa.gov/WWW/CEAWeb/ceaHome.htm
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Assumptions in the chemical equilibrium formulation aocket engines analysis used in CEA include the following:

- ldeal gas and homogeneous mixing without interactions grepecies, which holds rather well up to few percent of
condensed species contained in the mixture.
Mono-dimensional form of the continuity, energy and motus equations.
Zero velocity at the combustion chamber inlet.
Constant cross-sectional area of the combustion chramuitle non isentropic, irreversible combustion pszxe
Complete and adiabatic combustion.
Isentropic expansion in the nozzle.
Performances can be estimated with both Finite ArembOstor (FAC) and Infinite Area Combustor (IAC)
geometric assumption, as shown in Figure 16. For tiieri®ddel, only one combustion point is calculated aniti
area (inf) whereas for the FAC model two combustiantpare calculated at the combustion chamber injeitgys
and at the combustor end (c), modelling a pressure doopthese two points due to non null flow velocity along
the chamber. In addition to these two combustion pointgnabustion calculation for an infinite-area combustor
indicated by the dashed line is also made, as an aid ieration procedure to obtain combustor end conditions.
According to[93], FAC model ensures slightly more realistic resulthatprice of a negligible computational cost.
Both shifting chemical equilibrium and frozen compositicpansion can be computed throughout the nozzle, the
first overestimating and the second underestimating thaeagerformances. A mixed approach is also common in
literature, assuming frozen mixture starting frdra hozzle’s throat.

Infinite-area chamber, inf
i

Infinite-area chamber, inf

]
1]
\
\
1 Exit, e
1]
L}
\
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‘\
\‘Combustor end, c
.Y |

Exit; e
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products Throat, t

1
1
\ |

Propellants

@ L Tt B

Injector, inj Throat, t

Figure 16: Schematics of rocket combustion chamber cresections for a) FAC and b) IAC models, as taken fro [93].

CEA is used within SVAGO to compute the theoretical digeienpulse and the nozzle geometry for both liquid and
solid propulsion systems, therefore usingrihérocket) problem type. CEA allows running FAC calculas@nly for full
shifting equilibrium, hence a choice was presenteddmvhe following two models:

FAC with shifting equilibrium throughout the entire noz@le CEA format:ro eq fag
IAC with shifting equilibrium until the nozzle throat afrdzen expansion thereafter (in CEA format:nfz=2 iag
where nfz=2 option indicates the mixed nozzle expansiproaph).

As already stated, the former allows higher accuralated to the combustion chamber geometry, whereasettand
provides a good compromise between overestimating ghiéiquilibrium and underestimating frozen expansion. After
several test runs of the code, the FAC vs. IAC maded proven to cause only very slight variations of gphecific
impuls€®, as also confirmed in a former empirical study by NAS®5]). On the contrary, the shifting equilibrium
throughout the entire nozzle results in much higher spdaifpulses, up to 10%, with respect to the mixed approach.
Considering the shifting equilibrium approach too opsiigj it was decided to implement the second option, naugettte
contraction raticA./A; in the calculation of the theoretical performanceteNwowever that empirical corrections to derive
the real §, depend oA JA;, as shown in the next paragraph.

On the implementation side, CEA was linked through input/outiast parsing. In fact, execution of the compiled CEA
is almost instantaneous and the Fortran code is particdamplicated, so that direct linking through dil seemed an
unworthy task. Input files have very limited dimensions aroiear syntax, which made the development of a passiriof
very easy. Madification of the Fortran code to onlypoiitthe few parameters needed for the prosecution &b also
allowed to limit the dimensions of the output files td@ible numbers. As a result, slow-down caused by the hiael dr
access within CEA call is very limited.

As previously mentioned, all calculations related to peeformance of the propulsion system are referred ¢o th
operational conditions at the optimal altitude for toezie (i.e. nominal conditions, indicated with supepc)i whereas

2 Maximum variation ofd, from A.JA; = 1.5to AJAt = s less than 0.1% for 6 different LREs and up to 0.798 6P formulations.
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the specific impulse at each given altitude is computeth ﬁ;g p. and A directly within the EoM in the Trajectory
module.
Stemming from all of the above assumptions, the C++ep#tanslates to CEA’s input files syntax the follogidata:
- Reactants chemical composition, defined by the diso@tmization variablérop
Mixture ratio for LP, optimized within given boundarietich are defined by default $4.5; 6.1} [2.1; 2.8] and
[1.6; 2.1]respectively folLOy- LH,, LOy-RP1andN,O4- MMH.
Percentages of reactants in the SP formulation, whiaksumed to be consta68% AP, 14% HTPB 18% Al).
Chamber pressumg. and propellants initial temperatufg,, as obtained from the grain/feed analysis.
Nozzle pressure ratip./p., Where the exhaust pressygeis obtained directly from the nozzle optimal altitude
through typical atmosphere definitions (Earth US '76 or expialeseeParagraph 4.6.7).
Throughout the call to CEA, there’s no reference ®ahtual engine’s size. Output areas are given as rattbe tfiroat
section and output performances are given as adimenganaineters, hence engine’s scaling is performed difeer t
execution of CEA (seParagraph 4.2.5. As mentioned above, only 8 output parameters are print€@EByto an output
file:
Characteristic velocityC. - PcA and thrust coefficienC; :T”—OZ , Which are used to define the corrected specific
m Pe-
impulse through different efficiency factors as showthanext paragraph.
Specific impulsel g, =G "CFAO , Which is only used as a cross-check.

Nozzle expansion ratie = A,/ A, used to define the engine scaling and nozzle dimensions.

Nozzle pressure ratig.d/pe, €xhaust gases specific heats ratianolar mas#/1. and temperaturé.: althoughp.J/pe

is an input of CEA, its value at the end of the calcoiestiis checked. A common issue with CEA is in fact the
inability to converge calculations in the divergent isecbf the nozzle for frozen composition of some types o
reactants generating condensed species among the ahproiucts, typically solid propelladtsWhen this occurs,
conditions at the throat are returned instead of tabfiee exhaust, hence with a modified pressure pafjw instead

of p.d/pe- TO avoid losing potentially good design solutions, thisdimn is detected by checking the pressure ratio
value. If this is different from the input value, calcidas for the nozzle expansion are performed analytically
through isentropic relations, therefore obtaining the exhaasditions (and overall theoretical performances)
starting from the throat conditiops/p;, ¢, M;andT;.

Complete nozzle geometry in terms of area distributigA/at any number of stations from combustion chamber t
nozzle exhaust, which is not included among the outpittsnwthe optimization process for efficiency reasomsy be
requested by the user for visualization of the final smist

As a final note, the expansion ratiof LREs is usually available from companies’ datasheetgther sources, whereas
no information can be found regarding the pressure ustd as input in the procedure described above. For thmnrem
different CEA execution mode needs to be exploited when anglyhie theoretical performances of OTS engines, by
parsing as input and reading/pe as output of the analysis. There’s basically no diffeeeamong these two approaches,
since - if data are coherent - exactly the same pe#ioces are returned.

Four examples of CEA input files created by the C++ paasereported below, the first three for LP and theftasa
SP formulation. Note how detailed reactants composiieads to be provided in examples 2 and 4 for Kerosene and
HTPB. Although the problem’s set-up allows optimizing firopellant selection among only four options (cryogesrio-
storable, storable, solid), the implemented CEA paaflews the user to select any type of reactant foh edchese
classes. Several reactants are stored within CEA iffilthéhermo.inpprovided with the source code, or the detailed
chemical composition can be given in alternative. Rassexrosene and Unsymmetrical Di-Methyl Hydrazine (UBMre
for example used instead of the default RP1 and MMH forab@'S LRES, as reported Trable 4. For more information
about CEA format see referen@d].

CEA input file example 1 Prop=1 (LQ-LH,), p=6.03, p=206.4 bar, £A=77
prob ro nfz=2
reac fu=H2 w=100 t,k=200
ox=02(L) w=100 t,k=90
0/f=6.03 p,bar=206.4 sup=77
outp massf short
end

%" The error message for this case, which may be recogmyjzembse familiar with CEA, is the following: “Warning@alculations were
stopped because next point is more than 50 K below thestatnpe range of a condensed species (rocket)”
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CEA input file example 2 Prop=2 (LQ-Kerosen&), =2.4, p=150 bar,g/p=700
prob ro nfz=2
reac fu=kerosene C 1 H 1.9532 w=100 t,k=250 h,BTU/#=-22923.0
ox=02(L) w=100 t,k=90
o/f=2.4 p,bar=150 pip=700
outp massf short
end
CEA input file example 3 Prop=3 (NO,-MMH), p=2.05, p=15 bar, p~600
prob ro nfz=2
reac fu=CH6N2(L) w=100 t,k=298
ox=N204 w=100 t,k=298
0/f=2.05 p,bar=15 pip=600.0
outp massf short
end
CEA input file example 4 Prop=4 (SP), 68% AP, 14% HTPB18% Al, p=63.3 bar, gp.=118.8
prob ro nfz=2
reac na=AL(cr) w=18 t,k=298.15
na=NH4CLOA4(I) w=68 t,k=298.15
na=HTPB C 7.075 H 10.65 O 0.223 N 0.063 w=14 t,k=298.15 h,kj/mol=-58
p,bar=63.3 pip=118.8
outp massf short
end

4.2.4.Specific impulse losses and minimum altitude estimation

The values oC- andCy obtained from CEA analysis represent theoretical uppéisiof the performances achievable
respectively in the combustion chamber and in the nohelece they need to be corrected with analytical orirarap
factors for a large number of physical effects whichtgbute to degrading the performance with respectddrthoretical
values. Following a common approach, all degrading efi@ete condensed in two efficiency factors and cr for the
chamber and nozzle losses, plus an additional tgfsn due to the mass flow losses in turbopump open cycles, sthéha
real specific can be obtained as:

_CGhc he b,
%

The efficiency factors were derived in part from Su({88]) and in part from an interesting Rocketdyne technicalrpape
([97]). Note that the numerical values of all parametertding up ¢+, cr and ness @re extremely important for the
accuracy of the performance assessment. These wegéotieedetermined in three steps:

1. Reference figures suggested86] and in[97] were taken as initial values.

2. Additional hints from ESA technical support were incorporated.

3. All parameters were finely tuned through a calibrapoocedure based on a set of LP and SP engines. Calibrati
against existing engines is particularly critical, sineformation on rocket engine losses are some of tret mo
protected information in the launchers industry andthus not possible to obtain reliable data directighimform
of Is, loss factor. Conceptual models validatiorCtfapter 5 includes a detailed outlook on the calibration process.

Mass flow loss efficiency mioss IS the most simple of the three corrective terms,alilyevarying for GG engines
depending on the chamber pressure as specified in Tabld Beamg equal to 1 for EC, SC and PF engines. Although
Sutton suggests values between 0.93 and 0.97 for GG tiyelealibration procedure determined that higher effigganc
better reflect the current state-of-art, hence thge®.97-0.99 was implemented.

Combustion chamber losses contributing ¢oare instead of various origins; the following termsenanplemented:

Non-perfect combustion efficiency and unsteady conustiaisually resulting in very small effects. This is tiziesl

in a constant factorgempustio=0-995([86]).

Real gas properties, also resulting in small losses argkogtively taken fron[&6]) as a constanteaga=0.993.

Non infinite cross-sectional area, resulting in a gues drop at the end of the combustor due to non-tewo f
velocity. Since this aspect is not accounted for inetnployed IAC model, an empirical correction factor depending
on the chemical reactants as well as on the commacitio A./A; was defined. To assess the numerical values of
this factor, FAC - shifting equilibrium CEA analyses wexecuted for 3 SRMs (Ariane-5's P241 boosters, Space

Isp

28 Heat of combustion and other data were taken from aineEmesting papef$6]) comparing Russian Kerosene with American RP1.
2 HTPB formulation and heat of combustion are those commumdg at the Solid Propulsion Laboratory (SPLab), Politeafiibtilano
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Shuttle’s Reusable Solid Rocket Motor, RSRM, and VESGRBO first stage) and 6 LREs representative of all
propellant combinations (SSME, RL-10-B-2, RS-27A, RD-120, HRBM and Aestus). Results are consistent
throughout the different SRMs/LREs, and examplelsofs. Ac./A; profiles are shown ifrigure 17 for SSME and
P241. In particular, it was highlighted how the effecth®d thamber’s contraction ratio is negligible for LRl an
slightly more influential for SP engines. Two differdonctions of the contraction ratio up to 10 were thmeef
implemented as corrective factor for SP and LP, with-piece linear interpolations of the percentage loss at
A /A=4 andA.JA=10. Percentage losses were averaged over the 3 testedéRNdsLRES, resulting in minimum
efficiencies for A./JA=1.5 (lower contraction ratios are considered unrealiStic) contractionr=0-9928 and 0.9996
respectively for SP and LP systems.

Other secondary effects are neglected in the implesdanbdels, building up an overall combustion chamber effoyi

which can be written as‘c* = hcombustior‘h realga’@ contractic

This results in quite high chamber efficiencies, ragdiom ¢-=0.981to ~=0.988 which is in line with typical rocket
engines values.
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Figure 17: Absolute value and percentage variation of #oretical I, with respect to the chamber-to-throat area for SSME ryogenic
engine (left) and P241 solid motor (right). Data are refeed to shifting equilibrium FAC analyses at the nozzlés optimal altitude.
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Nozzle losses contributing ta-r are higher than combustion chamber losses, and ardyrdaia to the following
effects:
Geometrical losses due to radial component of the ekimaomientum, which depend on the nozzle type (bell or
cone) defined by the optimization variailezzleand on the divergent anglg,, which may by default take values
from 8 to 20 deg. The following corrective factor is ierpented as taken frof@a7]:
0.992 if Nozzle= 1 (bell’

Maw = 1+ cos(yy ) if Nozzle= 2 (cone
Presence of condensed phases, which may have a eatieeeffect on the specific impulse for SP engingscayly
from 1% to 5% according §®86]. The percentage of Al powder in the SP is the main blari@affecting such loss, is
taken as 18% in the default formulation but can be manuallide® by the user in the range 10-22%. A linear
variation of congenseqin the range 1-2.5% is therefore assumed following thiéradibn procedure, again less
conservatively with respect to SuttdB€]).
Boundary layer losses, due to viscous effects at tHetatdn as a constang=0.986from [97].
Finite rate chemistry contributes to reducing the themrespecific impulse computed with chemical equilibrium
expansion in the nozzle. However, this effect is alreahservatively taken into account with the frozen mixture
hypothesis after the throat, henggemica=1.0is assumed.
Nozzle erosion, especially in the throat region, mayse shape variations towards the end of the burn period f
ablatively cooled nozzles, resulting in an additional lfsperformance. This effect is relatively significamd is
taken as ¢rosi0=0.993([86]) for storable LP and SP and.sixi=1 otherwise (under the assumption of regenerative
cooling).

From the above constituents, the overall nozzleieffiy is written ash . = heompustioh realgall  contractic: F€SUIting in a

largely variable factor ranging from a worst-case ¢£0.914for a 22% Al-powder SP with 20 deg conical nozzle to & bes
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case of ct=0.978for a cryogenic LP with bell-shaped nozzle. This matchery well with the approximate range from 92
% to 98% indicated by ESA propulsion expert as typical ctenation values for CEA. Note also that the overagjiee
efficiency may be further corrected by a factor congidethe class of engine, i.e. high performance ordost engine as
defined by the optimization variabl€CE, but this was not modelled within V1 propulsion analysis

A final note on empirical corrections of the thearati performance is related to the altitude effectger@nder
expansion of the nozzle is already translated withinTtiagectory models in a lower/higher theoretical penfance (thrust
and specific impulse). Hence, it is assumed that altieffcy factors described above do not depend on the eiterna
pressure conditions, so that the same efficiencyections are applied at all altitudes. This way, bothctiieulation of the
instantaneous performance at each trajectory timeastgfhe engines’ performance data structure are simplified.

However, an assessment of the minimum operational altforde given engine must be introduced in the propulsion
system analysis even at the conceptual level of V1 moklfefact, if no information on the minimum altitude isdable,
optimizers will most likely push for the highest possieigansion ratio in new designs, without considering |ditueé
operability: if over-expansion is excessive (too low adie for the given nozzle's expansion ratio and shapmy f
separation occurs and a normal shock wave is generaifeid Wie nozzle, resulting in an unacceptable performbosse
and possibly in a catastrophic failure of the engine dureduced stresses.

In order to identify such inadequate conditions, a simple medsl developed to estimate the maximum operational
ambient pressur@.max Which is then used within the trajectory integrationconstraint the ignition altitude of each
stage/booster. Different approximate methods, bothytheeil and empirical, were proposed in the past to determinax
of rocket nozzles (sg88] for a good review). However, a simple criterion takem Sutton was implemented and shown
to provide reliable information with limited input dataaking it adequate for use within the MDA. This estimateased
on the empirical value of.gp, resulting in flow separation and/or normal shock wavéériozzle, which is expressed in
Figure 18 - taken directly fron86] - as a function of the expansion ratio. This functioregesented by the dotted lower
curve, assuming a ratio of specific heat4.3 Similar graphs are reported [86] for other values of, hence simple bi-
dimensional linear interpolation can be used to determif@ max = fuininerpeo( , ), Which is then used to compytgmax
from the known chamber pressysg. The maximum ambient pressure is finally used to deheenzzle’s minimum

H( Pamax)- 3km if Nozzle 1(bell)
H( Pa,max) if Nozzle= 2 (cone

where the correction of 3 km to account for anti-sdjarabell shapes was tuned within the calibration edoce
mentioned above for specific impulse losses.
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Figure 18: Theoretical thrust coefficient CT versus nezle area ratio for =1.3, including flow separation/shock wave region, as
directly taken from [86]. According to Sutton’s convention, subscripts 12 and 3 indicate respectively the combustion chamber,
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4.2.5.Engine’s scaling and propulsion system dimensions

At this point in the propulsion system analysis, the eicgily corrected nominal values @ andCr (hencelgy), as
well as the area ratio&/A;, Ac/A: and Ay/A; (SP only) and the pressumgs, p:, P andpa max are available. However, the
engine still needs to be scaled to its nominal thrust levhich is obtained from the total required stage/lwsthrustT”
asT*engFT*/Neng (always referred to nominal — i.e. optimal altitude —dittons). Engine’s scaling determines the areas of
the characteristic nozzle sections (chamber, thrghgust), which are then used to estimate the length afdimbdustion
chamber and nozzle. Finally, the overall propulsigsteam dimensions including tanks, solid grain and additional
subsystems (e.g. SP igniter, LP pressurization, n.peaderived from the propellant mass and geometric desistics of
the stage/booster. These three steps are presentedlmiddtee next subparagraphs.

4.2.5.1.Engine’s scaling

Engine scaling is extremely simple, only involving the miéifins of L, C. and G. First, the engine’s specific impulse
and required mass flow per each engine in the nomindlitcams are computed as:

. T,
CG& andm=—2"9

Isp

do (CGr)
Then, the throat area can be determined as:
C'm
At =
Pec

and all other sections’ areas are obtained fromatka ratiosA,, A.c andA; are only used for the propulsion system’s
dimensions estimation, wheredsis also passed to the Trajectory module to defineasses due to non-nominal external
pressure conditions.

4.2.5.2. Engine’s dimensions estimation

The engine’s dimensions need to be estimated instefrmaximum length and diametér,{; andDe,g), to be then used
in the Geometry module to build-up the overall stage/boostiimensions and verify interference constraintse T
maximum diameteDeqq is simply computed from the exhaust afgawhereas its length is computed summing up the feed
system and combustion chamber (for LP only) to the em@nt and divergent sections of the nozzle.

A common geometry model is used for LP and SP nozzigstaetal length given by:

_ _ (Dge- Dy) (De DY)

I-nozzle_ L convt L div™ 2><tan( QOnv ) + shap 2 *an( E‘v )

Here, the convergent section is assumed to be a citheaveonstant angle.,,~45 degand initial/final diameters
defined byA.. andA:. In case of SP, although the whole solid grain actuahstitutes the combustion chamber, the area
A still represents the nozzle inlet section area atfieiefore used for the evaluation of the convergentsektngth. The
divergent section’s length is instead computed consideringnble defined by the optimization variablg. Moreover, for
bell nozzles (i.eNozzle=), a corrective factor dfsnap0.8is applied to take into account the reduced length, whereas fo
cone nozzlegpape1.0

As for the combustion chamber of LP systems, a simplerather effective method to estimate the length iscas

the definition of the characteristic Iengt@}"’lr :%, where the chamber’s volumg. includes also the convergent section

of the nozzleL ™", represents the length that a chamber of the same volooid have if it were a straight tube of akga

without convergent nozzle section, and is a charatiervalue which remains approximately constant fe #ame
propellants combinationin fact, values from 0.5 and 2.0 m are reporte[86j, with variations mostly due to propellants
reactivity. Hence, values shown Table 7 are assumed within V1 propulsion models and are used to a@mp@itom A,
andV..

Propellants combination Lchar
LP cryogenic (LQ-LH,) 0.89
LP cryogenic-storable (LERP1) 1.15
LP storable (NO,-MMH) 0.74

Table 7: Assumed values of combustion chamber’s characistic length for different propellant combinations, adapted from [86].

Finally, LP systems also include a feed system (isopumps, tubing and valves) and an assembly of injectors.
Although these items are arranges as much as possilifeecsides of the combustion chamber, some additiength

needs to be allocated. A corrective factor is thus eppBuch that reqginj = K ¢ {Lec *cony . WhereKy depends on the
engine’s type, with the numerical values reportedwhich were derived from visual inspection of existing LREs
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Feed system K

Pressure-Fed 0.6
Gas Generator turbopump 1.0
Expander Cycle turbopump 0.8
Staged Combustion turbopump 1.d

Table 8: Assumed values of feed and injector systerength as a percentage of l+L cony

Leng = L feedainjt L cctL nozzle for LP system:

From the above definitions, the total engine’s length lse written as:
Leng = Lnozzle for SP systems

4.2.5.3.LP and SP system dimensions estimation

In addition to the maximum length and diameter of eachinenghe dimensions of the other components of the
propulsion system need to be assessed. For LP systesss, dre length and diameter of the fuel and oxidizesta
whereas the volume occupied by the pressurization syisteraglected in V1 models. For SP systems instead, tlye onl
additional component is the propellant grain, sincedhier is assumed to be placed within the grain’s peit@raNote
that by summing the maximum length of the engine tdethgth of the liquid tanks or solid grain, the stage/tetslength
is almost completely determined. Only few geometricehupeters remain to be defined within the Geometry madeh
as the interstage and intertank length Seetion4.3). Moreover, although there may be diameter discont@subetween
two consecutive stages, each stage’s or booster’s diaiisetonstant throughout its entire length and is equéia LP
tanks/intertank or SP grain diameter.

For LP stages/booster, the overall propulsion systermeemsions can be described with the following geometric
parameters: the tanks’ lengths, andLg,, the intertank lengthr and the overall stage/booster diam@&eDo,=Drq.

The procedure to compute these parameters is simpleaidds two steps:

- Compute the required volume of oxidizer and fuel tanks fronvéthges of propellants mass, mixture ratio and the
fuel/oxidizer’s densities, which are reported for commoenaicals inTable 9. A 10% margin on the required
volume is conservatively assumed to account for both [popellage and unused propellants.

Compute the stage/booster’s diameter and length, eithdirdmtly imposing diameter continuity with respect to the
stage or payload fairing above (i.e. if it is a stage the boolean optimization varialilg,s=true) or starting from
the optimizable length-over-diameter ratitd and the required volumes. In both cases, oxidizer andédoks are
assumed to be cylinders with ellipsoidal domes of lengtfalkto30% of the diameter. Note that in case of common
bulkhead tanks (i.e. if the integer optimization variables1), a single cylinder is considered enclosing the sfim
both volumes.

Propellant [kg/m’]
LOy 1140.0
LH, 71.0
RP1 807.0
N,O, 1447.0
MMH 878.8
AP-HTPB-AIl SP 1770.Q

Table 9: Assumed storage densities for different ligd fuels/oxidizers and solid propellant formulations,as taken from[86].

For SP stages/boosters, solid grain’s lerigjk, and diameteD=Dy,, are sufficient - in combination witheng and
Deng - to describe the overall dimensions of the propulsgstem. The procedure to obtdign and Dguain results
extremely simplified by the choice of neglecting the daguain shape design. A const&H=0.8 is in fact assumed, which
is a typical value for star grain configurations of #xig SRMs [86]). Besides, the internal burning asacomputed from
the SP grain analysis and engine scaling is considenestard and equal to that of the final burn instant, hence
corresponding to the external stage/booster surface. Fesa tonsiderations, two geometrical equations camitierw

A, = P-DyrainLgrain
_ FF'p'Dgzyrain
prop 4'Lgrain T
from whichLgain andDgqin can be computed. With this model th® ratio defined by the related optimization variable
cannot be satisfied for SRMs. This is in general nossnd, except for stages with diameter constrained toebgathe as

the stage (or fairing) above. In this latter case Res adjusted to achieve the desired burn area with Wee giameter,
with resulting FF higher than 80% considered unfeasfuea final note, in case of feasible grain desigesviblumetric
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filling factor can be used to compute the approximate velofithe grain’s internal cavity (which will be used it the
Weights model) asvoleyiyy = p / 4-(1- FF)-Din-

4.2.6.Inert mass Weight Estimation Relationships

Besides performances and dimensions, the propulsitensyargely affects the inert weights of each stage/bonoEhe
total inert mass of the propulsion syst®ta.psysiS written according to V1 models as follows:

M PropSys: M eat M ununsed

Neng*M ey +M pressgy for LP pressure-fed M M for LP
wer ™ M Tve

with Mga = Ngng*M gng for LP pump-fed and My, = Moope+ Moye for SP

Meng +M igniter for SP

where Mg, is the mass of the engines assembly, intended asuthefsone ore more engines and of the secondary
propulsion subsystems (LP pressurization and SP igniter)Mands the mass of a single engine. This includes the TVC
system and the nozzle of SRMs or the thrust chamlzbifesd system of LREs. Note that the former two eigmare
synthesized in a common term for the main engine’sspdesignateddyer. Typically in fact, both thrust chamber and
feed system (turbopumps, gas generators, valves and tubngjcluded in the mass figures available in literafore
existing engines. Since these figures were used to devistmpical based WERS, no additional terms should hsidered
when building up the main engine’s mass.

The next subparagraphs briefly present the models implethémtestimate the weight of each of the terms included
the above weight build-up, in particular: 1) LRES’ mainieadi.e. thrust chamber and feed system), 2) SRMs’ ng2yle
unused LP and SP propellants, 4) LP pressurization syS)e@P igniter, and 6) TVC system.

4.2.6.1.LRES’ main engine mass

In order to estimate the main engine’s mass of LRE&raEWERS are available in literature, for exampbaf a recent
CDF study [99]) on a HLLV and from a large collection of WERs corefilat Georgia TecH1(00]), which will also
constitute the main WERs base for the other launshbsystems (seBection 4.5). However, none of these available
regressions allows representing the trade-off betweed different LP architectures considered in the generipufsimn
models developed for V1. For this reason, the databas®BE shown inParagraph 4.2.1 was used to develop from
scratches 9 WERs which appear well suited in termsonfracy for the architectural trade-off.

All of the developed historical WERSs are based on tlvewa thrust level, o, which is typically used for this purpose.
Confidence thrust ranges were defined for each technadogthe basis of the class of existing engines (@mgnore than
300 kN of thrust for expander engines). Note that in casesthéred thrust range is out of the confidence range, the thrust
range constraint is considered violated and hence thgndsdution unfeasible.

Mass vs. thrust data were added for few engines which m@rincluded inrable 4 due to insufficient information, so
that in total 51 LREs were employed as knowledge bas¢h&@MWERs development. Linear, quadratic, power law and
logarithmic curves were analyzed, with either a siniglevier the whole confidence range or with two- piecg flthe best
resulting regressions in terms of quadratic fit eroorelach technology were implemented within the propulsiodels.

The developed WERs are shown fréingure 19 to Figure 27, whereas the selected equations and numerical values of
the coefficients are reported Trable 1Q Finally, Figure 28 condenses all regressions in a single figure, in ordgiveoa
broader overview of the implemented mass models, mlsomparison with linear CDF-developed regressif9gj)
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Prop Feed T, [KN] |Components Nre| WER equations (Mwer in [Kg], Tyacin [N])
Pre-combustor(s) & turbopump(s) a=-1.17899¢ 008
Cryogeniqd SC | [500; 500(] I\rff‘;g%sr ‘;‘fj ?éf]'i’t‘gr 5 | Mygr=aXTyaf + b =-7.380845e 0OC
Thrust chamber ¢ =+6.09805e- 003
Turbopump_(s_) a=-9.76421e+00:
Cryogenid EC | [50; 300 IX?;Z'?(JSr 2?1?1 %f]'i?gr 5 | Mygr=aX Tyl ¢ b = 4.27622e-001
Thrust chamber c = +8.97980e+00z
Gas-generator(s) & turbopump(s) a=7.54354e-003
Cryogenid GG | [0; 8000 IX?;Z'?(JSr 2?1?1 %f]'i?gr 6 | Myer=aXTya ¢ b -8.85635e-00
Thrust chamber ¢ =2.02881e+00:
Pre-combustor(s) Mwer=ax Tyacf ¢
Crvo- Turbopump(s) (ag.by,q) for Tac< DSOKN
St oryable SC | [0; 1000Q] Vfalves and pipi_ng 8 a; =8.51852e-003 a, =+ 1.65368e+0(
Injector and igniter b, =8.52826e-001 b, =+ 5.69842e 0
Thrust chamber ¢, =1.06632e¢002  c, = - 4.37849e+03
Gas-generator(s) & turbopump(s) a = +3.75407e+003
Cryo- . Valves and piping _ b _ )
Storabje | GG |[200; 2000] Injector and igniter 5 | Myer=aXTyad’ 4 b_— ¥.05627e - 02
Thrust chamber ¢ =-8.84790e+003
Crvo- Valves and piping a=-2.13325e 00¢
Storyable PF [0; 400 Injector and igniter 5 | Myer=aXTyaf +b ctCc b =1#70870e 0O
Thrust chamber ¢ = +6.38629e+000
Pre-combustor(s) & turbopump(s) a=+4.74445¢ 00:
Storable| SC|  [0; 5000] IX;}'ZE; 2?]% %ﬂ'i';'gr 5 | Mygr=aXTyd® 4 b = 5.35755¢ 001
Thrust chamber ¢=-7.7%81e+000
Gas-generator(s) & turbopump(s) a = +6.37913e+00(
Storable| GG|  [0; 3000] IX;}'ZE; 2?]% %ﬂ'i';'gr 6 | Myer=aXT, ¢ b =8.53665¢- 01
Thrust chamber ¢=-1.48832e+002
Valves and piping a=-3.36532e 00¢
Storable| PF [0; 150] Injector and igniter 6 | Myer=aXTyf +b KctC b =474402e 0O
Thrust chamber c=-1.93920e+001

Table 10: WERs for the main engine’s mass of differentypes of LRE, including also the thrust confidence rage, components
included in the mass figure, and number of data pointssed for the fit.
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Figure 19: WERs for cryogenic SC LREs
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Figure 20: WERs for grogenic EC LREs

Sea Level Thrust [kN]

Figure 21: WERs for cryogenic GG LREs
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Figure 28: Summarizing view of all WERs developed for dferent types of LREs. Simplified linear regressiondrom HLLV's
CDF study[99] are also reported for visual comparison
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4.2.6.2.SRMs’ nozzle mass

The main engine’s mass of SRMs is intended as the afidke nozzle alone, since TVC mass is given ségigrand
no other propulsive components of relevant weight constP systems. As an initial attempt, a databaSPoéngines
from web sources was exploited to fit regression cususslar to those of LREs. However, most of the avddadata
represent the total dry mass of the whole SRMuhinlg case, TVC, igniter, TPS, etc, whereas limitéormation could be
found for the mass of the nozzles alone. Moreowata dcattering and obtained regression error are tatiger (R~0.95),
as shown irFigure 29.
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Figure 29: WERs developed to fit the total SRM’s inertmass as a function of the vacuum thrust. Data are t&k from a large
database of existing SP systems collected wmww.astronautix.com

For these reasons, a very simple alternative modeldeasloped and implemented for V1, computing the nozzle's
external surface area and assuming a surface dendiky which is a linear function of the nozzle’s expansiatio.
Calibrating the coefficients of the linear functiorntiwavailable data for Ariane 5 and VEGA SRMs, theahgs density
and resulting nozzle’s mass are:

Miozzie™ Anozzi& T nozzle

I nozzie= 200 fore< 11
I hozzie= 200- 2.88%9e for 1k e < 5¢
I nozzie= 70 fore > 56

4.2.6.3.Unused propellants

In any rocket engine system, some of the propellant loadé tanks/case cannot be used to produce effective, thrust
but is “wasted” due to several causes. Although the quanitiyused propellants is usually small in terms of pergenté
the total propellant mass, this cannot be neglectedibectoften constitutes a relevant fraction of tlages/boosters total
inert weights. To keep the model as simple as possitée,uhused propellants mabkseq iS taken as a constant
percentage of the usable propellant mdgs,:

Munused: K unusedM pro
whereKuseq i function only of the propulsion system type as regabih Table 11 Numerical data were adapted from
reference$86] and[101], taking into account the following considerations:
For LP systems, unused propellants include as most itiligarms: a) propellant trapped in pipes, valves, or
wetting tank walls and b) propellant flight reserves. Adtay to the survey of launch vehicles presented in
referencg101], these are is in the range 0.16-0.49 % of the tot@atiemt mass. In case of pump-fed systems, an
additional fraction is to be typically allocated for fressurization gas, which is in the range 0.23-0.35%.
For SP systems, unused propellant is constituted by poréibns of unburned propellant, knows as slivensiciv
remain at the periphery of the grain after the pressrtops below the deflagration limit. Although percentages of
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sliver up to 5-7% were common in old SRMs, more recesigds are extremely efficient for this aspect, witts les
than 1% of sliver.

Propulsion system type | Kynused
LP pump-fed 0.0061
LP pressure-fed 0.0032
SP 0.0050

Table 11: Assumed values of unused propellants (trappé&dserve LP or sliver SP), adapted fronj86] and[101].

4.2.6.4 Pressurization system

In all LP rockets, fuel and oxidizer tanks need to beguézed to a predefined pressure limit in order to alemding
propellants to the engine’s combustion chamber. In chgeessure-fed engines, the mass of the pressorizsystem is
particularly relevant, since much larger tank pressuresnacessary in absence of a turbopump system tcasectbe
chamber pressure. For this reason, in V1 models ttssyization system mass is added to the other compaoorgts
case of pressure-fed LP systems. Simple analyticalaméatan be used to estimate the required mass of peeggurigas
(always considering Helium) and to size its tank, sottitotal mass of the systemNip, esssy M prest M pregank

In particular, assuming an adiabatic process with ideahgdsa negligibly small initial mass of gas in the piping and
propellant tank, the required pressurization gas masseastimated on the basis of the conservation ofggneith a
10% margin, as:

M press=1.1 pte;\r;lil'_\/()ltank : g

"lpress 2 plank/ pprese

where Vol is the sum of the volumes of the oxidizer and fuel taRk2077 J/(KgK) and =1.667 are He's gas
constant and ratio of specific heats, gngs=286 barsand T,.s<293 K are typical values of initial pressure and
temperature in the pressurization gas tank as taken[&@m

Once the mass of pressurization mass is availal®etatik required to contain it can be sized according hergal
pressure vessel relations. Specifically, the stressspherical pressure vessel can be approximated wittbraee theory,
in absence of external accelerations. Under thesengisns and with a structural margin of 2.0 to consevetiaccount
for external accelerations, the required thickneshetdnk becomes:

=20 ppress'R press tank
t press,tank™ <- 2
S yield Ti

and thus its mass can be computed as:

M press,tank: 4'p'R2press,tanII press,taﬂk
where only Titanium alloy 6Al4V is considered as possiafiktmaterial within V1 models =830 MPa =4510
kg/m?®) and the radius of the spherical tank is directhaisted from the pressurization gas mass and density.

4.2.6.5.Igniter

Whereas for LREs the ignition system’s mass is ndgégiSP igniters can reach up to several hundreds of layge |
motors, covering up to 1-2% of the motor’s total imaass. Though this does not constitute a relevant mtages simple
historical based regressions were developed to accautitefagniter’s mass based on the available datth®ISRMs of
Ariane 5 and VEGA, shown ifable 12 The free volume of the internal perforation of thedsgliain was selected as the
independent variable of the regression, as suggested toy §86]). Data on in the internal volume were computed on the
basis of available geometric information, whereagtéy's masses were taken from freely available veelyces.

SRM | Application Internal volume [m? | Igniter's mass [kg]
P241 | Ariane 5 boosters 40.98 315/0
P80 | VEGA 1% stage 10.23 130.p
723 | VEGA 2" stage 3.38 34.3
79 | VEGA 37 stage 0.9 14.7

Table 12: Available data for internal volume and ignitenass of the SRMs of Ariane 5 and VEGA launchers.

Linear, quadratic and power law regressions of théadla data are presentedfigure 30. The following power law
curve best fits Ariane 5 and VEGA's data, and was tbesamplemented in V1 Propulsion models:

— 0.7368
M igniter — 20-62'\/0&&1vity

An alternative formulation is reported [86], but this is referred to small igniters for orbitalkimotors, hence results
in a largely underestimated mass for booster applications
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Figure 30: Linear, quadratic and power law fits of the ® Figure 31: linear regressions ofMc(Tvad for hydraulic and
igniter’'s mass as function of the motor’s internal fee volume.  electro-mechanical TVC, as taken from{99]. Plain: tvcmax=6
deg. Dotted lines: upper/lower bound for +vcmax=3 and 12 deg.

4.2.6.6.TVC system

The mass of the TVC systelhrc is typically not included in the mass figures providedh®y manufacturers or other
web sources, hence has to be estimated separatelytfeomain engine’s masklr,c depends on the type of actuation,
which is determined by the integer optimization varidbl€ as follows:

- TVC=0 no TVC system, which is possible only for boostetgch can be strapped on the core without need of
thrust vectoring. Although this is in theory always plolssifor parallel launcher configurations, it is oftanot
advantageous in terms of controllability.

TVC=1 TVC system with hydraulic actuation, which was theno@mn choice in most small and large rocket engines
in the past.

TVC=2 TVC system with electro-mechanic actuation, which igenily preferred over hydraulic actuation in
several new engine applications. For example, all $tages of VEGA employ newly developed electro-mechanic
systems, which result in significant mass saving.

In both cases of TVC=1 and TVC=¥;,c may be approximately considered to be dependant only orathwem thrust

of the engine and on the maximum actuation angle. He¢hedpllowing linear WERs for the two different techogies
were directly taken from:
Mpyc =0.1976 T,on+ 20.922 if TVG

Mrye =0.1078 o+ 43.702  if TVG

These are applicable to both LP and SP engines. As fobearthe graphical representation in Figure 31, aletr
actuation is always favourable except for very small tHavstls, although the trade-off also involves cost issigeshown
in Paragraph 4.7.1 The maximum actuation angle,c defines the controllability margin and has to beec#d in the
TVC mass to ensure a fair trade-off. This is achidwedhifting the values obtained with the HLLV referemegressions
by a percentage that depends . A linear variation is assumed, considering 6 deg asefleeence value and varying
the TVC mass from 90% to 120% from 3 to 12 deg, with riesplower and upper bounds also shown in Figure 31.

4.3. Geometry

Even at the conceptual level, an analysis of the extgeametry of the launch vehicle is necessary, aslatval
generating the geometric model for the aerodynamic sisaénd is useful for user visualization of the desiduatisas.
Internal geometry issues however mostly do not need aadldessed, except for the verification of basic comigauch as
engines fitting within the external diameter. The Getsgndiscipline therefore has three main purposes withimodels:

1. Complementing the geometric information coming from ygayyload), optimization variables (architecture) and
propulsion analysis (engine and tanks/grain) with the irénmg components to build-up the overall external
geometry of the launch vehicle, to be used as input éAgrodynamics discipline.

2. Verifying the launcher’s geometric constraints, batated to external and internal geometry.

3. Visualizing the launcher’s external geometry for the tisénspect the output design solutions.
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Figure 32: Geometry analysis flow for a generic launch vétle, including geometry visualization.

The analysis flow is schematically representedrigure 32, showing a first layer of geometry models estimatimg
dimensions of the payload and boosters nose fairintheofnterstages and intertanks per each stage/boosteof #mel
upper stage’s equipment bay for avionics and EPS. Themwrall launcher’s external geometry can be generaigd a
passed to the Aerodynamics module. Finally, engines’atlearas well as other geometric interferences cavdlaated,
computing the values of the constraints violations.

When the Geometry analysis is executed within a MDO pspdlere is no need of visualizing the geometry, dimee
user cannot inspect all the investigated design solut@mghe contrary, at the end of an optimization run t@raf given
number of iterations, geometry visualization is par#idyl useful to analyze the currently optimal design. Herece
geometry description file in the LaWGS format is geteztdrom the external geometry information, whichhisrt used by
the general purpose 3-View and Silhouette tools for tiensional visualization.

4.3.1.Components geometry models
Payload fairing:
The payload fairing is modelled with a power law nosdi@@c plus a cylindrical section containing payload an
adapter, plus a conical interface if the upper stage Hdfeeent diameter.

n
The power law employed for the nose section has thmniolg equation:/RO o= }/L ~, wherer is the radius at
give ogive

a distancex from the nose tipRygive iS the radius at the base angi. is the ogive’s length. Constant values of the power
law exponent and of thel ogvdRogive Fatio are assumed, with numerical values obtained froanatysis of existing PLFs:
Ariane-5 short and long, VEGA, Delta IV Type 1, 2, 8da4, Soyuz Type-ST and Type-5, Falcon 1 and Falcon 9.
Excluding VEGA’s PLF which is significantly more slendére t,g.dRogive ratio is always in the range [2.23; 2.37]. The
average qqidRogive=2.313andn=1/2.3were therefore selected, resulting in the adimensgeahetry oFigure 33

It is assumed that the payload envelope consisteyfrader of length equal to the cylindrical section lé fairing and
of diameter reduced to allow for tolerances and dynamiidlaigms. A ratio of external diameter to payload elope
diameter equal t&pp =1.12is taken, as the average of the values of Ariane &A/Eand other 5 Russian and 6 American
launchers, all with ratios ranging from 0.85 and 0.92.

Finally, an additional lengthp a=Kp a'Dp. Needs to be added to the cylindrical section for tiyedzal Adapter (PLA),
with Kp 2a=0.15from an average of Ariane-5 and VEGA adapters. If uptagresand fairing have different diameters, the
PLA is assumed to start at the bottom of the cylzadrsection and continue downwards inside the conicalembimm with
the upper stage. The remaining length of the conical caonastassumed to be part of the upper stage. In sumgisey
the payload diameter and length as mission requireni@ntsandLp r are computed as:
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Dpir = kppr-DpL

_ —o&. Logi
Lpir =Ly pir +LpL +LpLa=0.5- 97 Rogie Dp +Lpp *+ KpLa Do

Boosters nose ogive: | : ‘ :
The boosters’ nose ogive is represented with the samergaw Y APt N B

geometry of the fairing but a lowérg.dRogive=1.0, as represented e : :

in Figure 33 This results in a boosters nose lenbthss=Des;. Y I EEE S SRR

Power law nose geometry, employed for example in Delta IV ;’ ; ; AT

Heavy or Falcon 9 Heavy, was chosen instead of an éalike J : P

truncated cone configuration because the aerodynamic déidere 33: Adlmensmnal geometry of the nose ogive of
Missile DATCOM only allows axi-symmetric shapes. payload fairing and boosters

Stages/Boosters intertank:

An intertank section needs to be added to the length of exidim fuel tanks only in case of LP systems with sépara
bulkhead tanks, which is identified by the integer varidflel. In this case, the intertank’s length is taken equaléo th
length of the ellipsoidal domes of the Ox/Fuel tarlkg<0.3), in order to provide sufficient margin. For any j-tage or

Lir,j =KrD; if (Prop;* 4 and TT= 1

boosters, total tanks length is thus written [@g;ys j= Loy, j* L fuer,j+L ir,j With Ly =0 otherwise
Interstages:

Interstages between each stage and the following are ntbdsli®y/lindrical or conical segments depending on the value
of the boolean variablB.onst; Note that j-th interstage is assumed to connectudh(jar 1)-th stages (the interstage between
the upper stage and the payload fairing is the VEB, wigesenetry is described below) and to be entirely jetédo
together with j-th stage. The interstage starts at fheftthe upper tank or solid grain and extends up texhaust section
of the nozzle of the stage above. It has the functibnerdaining separation mechanisms and other auxsiabgystems as
well as of providing sufficient margin for interferences, & total length assumed to Ibg j=Ks-D;, with Kis=0.2Q

If D; Dji1, a constant cone angle is assumed, equal respediive|y;=16.4 degand s,=12.4 degfor D;;<D; and
Dj:1>D;, as directly taken from VEGA. Within this model, thadéh of the conical section does not in general correspon
to the length of the interstage. The conical sectingtleis thus referred to a®se lengttor j-th stage, and is determined
by the difference betwedd, andD;.1. The part of conical section exceeding the interstaugthes considered to be part of
(j+1)-th stage, not being jettisoned with the interstage.

Equipment bay:

For conceptual design purposes, avionics, EPS and afogngents included in lower stages and boosters can be
neglected both in terms of mass and volume. However,sstirealistic for upper stages, since a relevant peerge of
their volume and mass is usually allocated for the stibgys compartment, or VEB. Since accurate breakdoveadif
subsystem is not within the scope of a conceptual anadys@nstant length-to-diameter ratio is assumed &W&#EB equal
to Kveg=0.287from Ariane 5. As for lower stages, the upper stage®e length is computed with a constant cone angle

ves=30 degif the upper stage has a different diameter with respethédPLF, and is instead taken equal tesL
otherwise. In summary, interstage and nose length fotgwier stage as well as for the VEB are written as:

Lis,j = KisD; Lvee = KvegDus
Lis,j it Dj=Dju Lves it Dys=Dprr
- 0.5¢D; - Djﬂ)/ar](dlSl) 1 D, >0y Loven= 0.5 Dpip - %%n(dvm ) i Dys<Dp
{0 D%I(cnsz) if Dj<Djy ooAfs DPL%n(dVEB) ' Dus >Devr

4.3.2.Launcher’s geometry build-up

All the assumptions defined in the previous paragraptgeaphically shown ifrigure 34, which reports a sketch of a
generic launcher including 3 LP stages (the first wgparate tanks, the other two with common bulkhead tamsPL
fairing with different diameters as well as one 8@ boosters.
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Flgure 34 Sketch of a generic launch vehicle’s geometrghowing the Figure 35: Examples of 2D/3D geometry for
main geometrical parameters and related assumptions. different launchers visualized by 3-View/Silhouette.

As already mentioned, the objective of the Geometryiglise within a MDA is to provide a complete descriptioh
the external geometry to be passed to the Aerodynamiaplais. For this purpose, boosters and cores with comtsu
diameters only require three parameters: the diametetotaidength of the cylindrical section, and the lengthhef nose
ogive (assuming that the power law exponenis kept constant). These are all already availalden fthe previous
paragraph, except for the total length of the core anddispsthich can be derived for generic launcher configuratas:

>
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Nslages 1 L = Le + (L or L . +L
_ . LS; ng,LS tan ks,L$ grain,L$ IS .S
Loore = Lisg ) +Llys +LpLp with J
j=1 Lus= I-eng,US + (Ltan ks,usOr I-grain, B) + Lyes

Les, = Lengas +(Ltanks,Bjsor L graigs )+|- NBS

In case the diameter of the core is instead not aohsthe diameter variation along the longitudinal adeds to be
provided in terms of radiu’, and coordinat&, of N stations distributed along the total length @ tore. Note that th#
coordinate is intended as the distance computed downwardtifre PLF’s nose tip. This holds throughout the wihtilA
cycle, so that all gravity, aerodynamic and thrust mameill be referred to the same point in the weightspdygamic
and controllability analyses. The vector of geontettata (X,R() for variable diameter cores is computed within the
geometry build-up block, starting from diameErtotal lengthL, interstage length,s and nose lengthy of each of the
LS, of the US and of the PLF.

Finally, the aerodynamic reference area and lengtbefieed by the diameters of the core and boosters as:

Lret = Dcore =max(Dyg,DuysD pLp)
D2 -D3 -D?
At = Aet core™ Aref boostrs = P D:ore + Nopset,lp% + Nbpet,zp%

4.3.3.Launcher’s geometric constraints

With all geometric information available, severakifiérence constraints can be checked:

- Engines clearancahe diameter of the engines asseniliy must be lower than the stage/booster diameter. In case
of multiple engines, the total diametga defined byNeng €ngines each with diametBg,q needs to be computed.
The configurations shown iRigure 36 were assumed, deriving the maximum engine radius ftage sinit radius
and the surface filling efficiency as reportedliable 13 Note that the gimbal requirement(c) is not considered
in the engine clearance constraint, because whemdiees need to be oriented during the firing they are atldw
protrude out of the stage length.

Boosters’ lengthfor each set of boosters, the total length musbwer than the first stage length.

Boosters’ interferencehere must be no interference between boosters imtiecential configuration. For laterally
arranged boosters, attachment points must be located viltdeg of angular distance from each other

Diameter discontinuitieghere must not be more than two diameter disconig@sutiong the core, with a maximum
difference in diameter between consecutive stagesxneeding 50% of the larger diameter.

Neng 1 2 3 4 5 6 7 8 9
Max Reng | 1.00 0.50 0.47 0.41 0.33 0.33 0.33 0.24 0.26
<urface 1.00 0.50 0.65 0.69 0.56 0.67 0.78 0.61 0.61

Table 13: Maximum engine radius for unitary external radius and surface filling efficiency for engine configurabns in Figure 36.

4.3.4.L.aWGS file generation and geometry visualization

For generic MDA processes, it is useful to define amom geometry description standard which can be used by as
many disciplinary analyses as possible. Langley Wiredr@eometry Standard (LaWGS) was selected for this purgose
to its simplicity and generality of the shapes it isatde of describing. Moreover, several open sourcelegades for both
geometry visualization and aerodynamic analysis requii@®GS compliant input file, such as the tools distributétdimv
the Public Domain Aeronautical Software (PDX%pllection.

A C++ script was therefore developed, which transldteggeometric information to the LaWGS format, writeagvgs
file afterwards read by two visualization tools included®DAS and called by SVAG@-View andSilhouette Although
LaWGS file generation and geometry plotting with 3-Vi8ilouette is not required for the MDA execution, it usébr
the user to visualize the design solutions to betteraataevith the optimization process. Although Missile DANG

%0 Available atwww.pdas.com
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aerodynamic code has its own input file format Baeagraph 4.4), .wgs files may be reused for future developments of
the MDA, for example following the introduction of paneldes such as PDAS’ PANAIR, which does indeed require a
LaWGS input file.

NASA TM 85767 [102]) defined in 1985 the LaWGS format ‘as a format for describing configuration geometry
with discrete points. These points are coordinates of the locus msdor contour lines over the configuration. In the
LaWGS context, a contour line can be thought of as a set of pointahbatconnected by straight lines will follow the
contour of the object. Additionally, when respective points on gt#liradg contour lines of the object are similarly
connected, the mesh or wireframe object is created. Thus a &dilé@onsists of coordinates of the sets of contour points
that are the nodes for this wireframe structure.”

All details of LaWGS standard are available in refeedtt62], hence only few considerations relevant to the geagmet
description developed for ELVs are reported here:

- Any number of objects can be created within the salmedflowing the definition of arbitrary configurationboth

linear and parallel ELVs, covering all architecturefindel by the set of variable€gnf, CCB, Nstages Nbooster3-

The number of contours and points per contour may be chystre user, but must be consistent throughout each
object, so that all contours have the same number ofspohdditionally, consistency must be maintained atso i
such a way that all contours are defined in the same, @derclockwise.

In order to allow use of panelling methods for future dguelents of the Aerodynamics discipline, all panehrads
must be consistently pointing either inwards or outwards.

Recommendations reported[it02] for “fusiform” objects must be followed due to the ayirsnetric nature of the
cylindrical stages and boosters: objects are definéd esntain contour lines starting at the nose and eratirtige

rear of each component, with the first point on e@oh the one with lowest z-location and successive p@en

in a clockwise manner when viewed from the front.

Translation, local and global symmetry conventionfuided in the standard are exploited to more compactly define
the boosters geometries in all configurations.

Introduction in the LaWGS file of the internal configueati(e.g. engines, tanks, grain) was also conceivedt but i
was not deemed a priority to enhance user-softwanautiens and was thus left as a future development.

PDAS geometry visualization tools, taking as input.tingsfile, generate botlpsfiles for offline visualization andgnu
files for online GNUPLOT" plotting. Specifically, GNUPLOT is called after 3-Wieand Silhouette within the analysis
cycle when required by the user, allowing the followingws (sed-igure 35for some examples):

3-View** plan view, side view and rear or front view. Thispaticularly useful for objects with many hidden
lines, for which three orthogonal views are generaltglconfusing than isometric views.

Silhouetté® static perspective views. No real time rotatiorthaf object can be performed, because Silhouette
only writes a 2D representation of a 3D object givenview angles and view point distance.

4.4. Aerodynamics

The aerodynamics disciplinary analysis, represent&iimre 37, is extremely simple. It is constituted by the calthe
external code Missile DATCOM, two scripts for DATCONODIfiles writing/reading and a synthesis operator tondefhe
interference between stages and boosters. In altexnatier-defined aerodynamic coefficients can be speaifeng the
same format as that generated by DATCOM, so that ahenrwith fixed aerodynamic properties can be designed. T
three subparagraphs below give an overview of the assuragighind the aerodynamic analysis, of Missile DATC@M i
general and as applied for ELVs’ aerodynamic coeffisi@ssessment, and of the boosters-core interfeneodel.

pmsssnss sy g :; N |
\ User defined & » (M) |
i aerody ics? & M, (M,a) I
i aeroaynamics: N s s s 1 G (M) I
:?ﬁulflﬁsj‘ L:\-_B'% E_ > Input file Missile | Output file 1 Core-boosters -
Ef;ﬂ}lf ‘_)”"‘ ‘ll:l..-w; : parser DACTOM reader synthesis
2l Ak Nplcores Arefs Loref 1
[ ——
Legend- Input | Analysis | Output |

i Data Block Data |
-

Figure 37: Aerodynamic analysis flow, including selectiometween user-defined and DATCOM aerodynamics.

31 www.gnuplot.info
32 \www.pdas.com/3view.html

33 www.pdas.com/hlp.html
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4.4.1.Aerodynamic assumptions

Several assumptions lay at the basis of the aerodgnamdels developed for V1, some of which may seem rather
rough but were considered acceptable in light of thmitéid” influence of the launcher’s aerodynamics on dherall
performance within conceptual design. The goal is to mlataproximate values of,CC. and G, coefficients as a function
of Mach and total angle of attack, to be used in the Trajedtscipline for the calculation of the aerodynamicés (drag
and lift, for EoM integration) and moments (latevaly, for static controllability verification). As posteriori verified (see
Chapter 5), very limited errors on the launcher’s performanaaiterom poor aerodynamic coefficients accuracy (ager
errors in the order of 20 %, with instantaneous valuelsyoffis much as 100% for certain flight conditions).

Two main assumptions are worth mentioning:

- Aerodynamic forces are included in the EoMs only up tditisejettison event, either of the boosters orhaf first
stage, so that only one aerodynamic configuration hde toonsidered. This simplifies the analysis and largely
reduces the computational times. This assumption waifigdsthrough a quantitative analysis of the drag-over-
thrust O/T) ratio following the first jettison event for existitgunchers, assuming thrust, diameter, staging altitude
and velocity reported in the respective user manualsaacahservative valueg€0.5. Calculations for Ariane 5
(GTO), VEGA (LEO), Taurus Il (LEO), Soyuz (LEO), Ze@SL (GTO), Proton M (LEO), Delta IV (LEO), Delta
IV Heavy (LEO) and Atlas V 401 (GTO) showed a maximDfii~0.017for both Taurus Il and Delta IV. Since this
value decreases rapidly as the launcher increasdstiildey neglecting the aerodynamic forces after itst jettison
event does not sensibly affect the global performances.

A null** roll angle is always assumed in case of non-axisynierisoster configurations. This largely simplifies the
model for four different reasons: 1) the vehicle’s dgnamics can be approximated as a function only of Mach
numberM and total angle of attack,; 2) the side force can be neglected in the EoM; 33t controllability can

be verified considering only a single lateral momeset pitch=yaw); and 4) the control variables to be opthare
reduced from three to two (pitch and yaw). Classical aasymmetric launchers such as Ariane 5 usually fly null
roll trajectories, hence this assumption is fully jisti for ELVS. Note however that for lifting configuras this is

in general not true for various reasons (e.g. Spacel&hait program), hence roll should be introduced i thodel

in order to tackle more complex configurations.

4.4.2.Missile DATCOM

Missile DATCOM is a Fortran computer program initialgveloped between September 1981 and December 1985 for
the USAF by McDonnell Douglas. The goal was the implemtén of a large collection of analytical and sempeioal
methods encompassing a wide range of configurations, geesnatrd flight conditions, and allowing fast estiroatof
missiles aerodynamics. The final report of the @gtif103], 1988) contains the detailed description and referenced for a
the methods implemented within the first version of¢bde, whereas the version available for integratibhitvSVAGO
is Version 7/97 (distributed witfl04]). Converted from Fortran 1977 to Fortran 1990 and detailedtlimoagh User’s
Manual (105], 1998), Version 7/97 includes additional algorithms to caspects not previously modelled. Note that
Version 8/08 was also released in 2008, but is not availalthe public domain.

The methods implemented within Missile DATCOM wer@sn according to their range of applicability, easesef
and automation, accuracy and computational time, wéhnthin applicability requirements shown in Figure 38. Geaes
which can be tackled with DATCOM include much more commenfigurations with respect to what is needed for the
conceptual design of classical ELVs, including for exarmpléo 4 sets of fins/wings and nacelles for air-breathingneag
The applicability in terms of flight conditions also apzeaell suited, covering with the highest priority amgeM=[0;
6]**and =[0; 20] deg which include the initial ascent phase of axi-symmeshiapes (boosters are analyzed separately
and contributions added to that of the core).

Components build-up approach with analytical and semi-etapimethods was preferred for Missile DATCOM over
panel methods, mainly due to the excessive computatiomes tequired for such codes to be run (in particular isaib
conditions).Figure 39 shows an overview of the main advantages and weaknedseath @fpproaches.

The only functionalities of Missile DATCOM used forettassessment of the aerodynamic characteristics \6$ Bte
the body-alone methods for circular cross sectionsingarized in Table 14. Specifically, methods used withid@GO
cover the following physical phenomena: 1) skin frictthag; 2) subsonic pressure drag; 3) transonic presswe/drag;

4) supersonic wave drag; 5) boat tail pressure/wave @)agpse shape pressure/wave drag; 7) base drag; 8) et plu
interaction effects on drag; 9) angle-of-attack effesrt drag; 10) potential normal force and pitching montjtyviscous
normal force and pitching moment.

34 For axi-symmetric launchers, the roll angle loses sigmite. For other configurations (e.g. Ariane 5), nullisofeferred to an attitude
and velocity such that the total angle of attack plane d#saiith the vehicle’s symmetry plane.
% Taurus Il shows the highest Mach at tRigettison (M=6.7) among the existing launchers, with tilecs well below Mach 6.
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Figure 38: Missile DATCOM applicability to different geometric Figure 39: Comparison of components build-up
configurations and flight conditions (103]) approach (DATCOM) and panels codes[{03]).

Table 14: Missile DATCOM methods for axi-symmetric bog-alone aerodynamics, as taken directly fronj103]

For all details, geometry/flight regime applicabilitynltations and typical accuracies of these methodsSeetion 3.1
of reference[103], whereas refer t¢105] for their practical implementation. Finally, for repentative examples of
independent validations of Missile DATCOM spE&6] and[107], where average errors lower than 20% (10% for axial
force) are reported. As for CEA, integration of MisddATCOM in the MDA was realized through input/output dile
Although calling DATCOM binary with an interface based ppe files leads to higher computational times due to hard
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drive access, the simplicity of this approach outweigb<fficiency disadvantage, also in light of the smatiehsions of
both input and output file. DATCOM requires a single inpw @ibntaining the flight conditions and geometry descriptio
for an arbitrary number of cases, and prints up to puddiles depending on the user’s requests. The Fortran 90naxie
however madified to write to file the minimum requiregtput - i.e. the database@®, 1), CL(M, ), Cu(M, 1) ON a
grid by default composed ofsh maci=21 Mach points and MNa, to=4 AOA points.

A parsing routine was implemented to write the input fide005.dat according to DATCOM syntax. For parallel
configurations, one DATCOM case is defined for eackthefcore and booster sets separately, since DATCOM gsome
options do not encompass laterally arranged booster®a€br case, the following namelists are written to fox¥i5see
DATCOM'’s manual105] for details on the format):

FLTCON containing the Mach and AoA values defining the asislgrid. Besides, default approximate altitude

values are provided for each Mach number to allow interaaputation of the Reynolds number of each flight

condition. Although the altitude vs. Mach profile shobklfed back from the trajectory, the effect of changés

respect to the assumed profile is negligible.

REFQ including boundary layer information (conservativelguased to be turbulent with a Roughness Height

Rating of 250.0, common for aerospace surfaces) andp@si@on, which is used only as the reference pointhier

determination of the pitching moment coefficient. Ekgnin order to compute the Centre of Pressure (CoR)goos

directly as distance from the nose tip, a null CoGtjmsis given to DATCOM.

AXIBOD, defining the geometry of axi-symmetric bodies, with pessibilities allowed within DATCOM:

o Option 1, for boosters or core with constant diameter: only titose shape type (power law) and related
parametersl{D, n), length and diameter of the cylindrical sectioa jarovided.

o Option 2 for core with discontinuous diameter (e.g.: VEGA,cBal9 with large fairing): the set of stations
coordinategXy, R is provided, together with a vector defining slope ditinaities of such coordinates.

In addition to the above namelists, a number of contmalscare set up to provide more control on the aerodigsa
analysis (a quantitative justification of these assumpfalowing preliminary testing is reported in SVAGO V1
Verification and Validation Documef9]):

- DIM M, to obtain results in Sl units.

NO LAT, to avoid computation of lateral-directional derivatif@ssignificant computational time savings.
SOSEandBNOSE=(Q to select the Second Order Shock Exapansion methodueldefor the supersonic (M > 1.2)
wave drag estimation, assuming a sharp nose front.

SAVE and NEXT CASE, to save FLTCON and REFQ input dathstiart the definition of the boosters cases.

As all these options affect the behaviour of MissilRTEOM, a complete sensitivity analysis with respexthree
validation test cases (DNEPR, VEGA and Ariane-5) wasuged and is reported ifA9]. Two examples of typical
DATCOM input files, in particular for VEGA and Ariane 5CB, are reported ifrigure 40 for more information on the
type of analysis being requested.

Figure 40: Examples of DATCOM input file for VEGA (left) and Ariane 5 ECA (right). Two analysis cases are defiefor Ariane
(core and boosters) both with geometry option 1, wheas a single case with geometry option 2 is definéal VEGA.
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4.4.3.Boosters-core interference model

Having been conceived for the analysis of missile igondtions, Missile DATCOM is not capable of analyzing
launcher geometries with laterally arranged boostess. Work-around solutions would exist within Missile DAT®Qo0
simulate the presence of boosters, but present drawiégis led to discard them:

- Use ofair-breathing propulsion inletsthe implemented methods consider a given air mass fobetpassing
through the inlets, hence not providing realistic redattthe boosters case. Besides, only up to 4 inlets caddaela
whereas up to 9 boosters are foreseen, and the meitntsonly the supersonic range.

Use ofprotuberancesthis functionality covers small items such as sesjsglectrical connections, launch shoes or
similar, and is therefore not suited to large boostesides, the only contribution added is that of axialefat
zero-lift, neglecting the effect of lift and non zemgle of attack flight.
In light of these weaknesses, none of these two rdetbgies was implemented. Alternatively, separate caisesun for
the core and for each boosters set, obtaining 1/2/3radepaerodynamic databases depending on the architecture.
Accounting for the interference effects between the @nd the boosters remains however a complex tadkrrped
through the introduction of arbitrary interference factbeg multiply each aerodynamic coefficient beforartlgnthesis in
a single database. The interference equation, outlineg| fout formally identical for € and Gy, is the following:

_CLe(Ma) A ct Kg -CLpi(Ma )-Agt gt Kg CLpAMa )-Aps .

CL(Ma)=
Avet ¢+ Avef 1t Aref B2

where the subscripts C, B1 and B2 refer to the coagés + fairing), first and second set of boosters.vehees of the
interference coefficients were calibrated on Ari&ECA aerodynamics, taking the following valu&g; =1.2, Kcp=0.9
and Kcy=1.1 Note that obtaining the interference factors fromsirggle data point may be questionable, as well as the
method of the interference coefficients itself, ohging able to provide very rough approximations ofahtial launch
vehicle’s aerodynamic properties. However, this isistiline with the expectable accuracy of the methodki Missile
DATCOM and no reasonable alternative methods exist witlaogely increasing the fidelity of the models, hence was
considered acceptable.

4.5.Weights estimation

Weights analysis has the main purpose of assessing #ianttt mass of all launch vehicle’s componentagss,
fairing, boosters) through the WBS shown in Figure 48sides, the longitudinal position of the CoG of each compte
inert masses is derived from the detailed WBS. Notettieapropellant’'s CoG will be computed and added at eawh t
instant during the trajectory simulation, in order toadbtthe instantaneous CoG position for static colatodity
verification. The WBS for generic ELVs is rather coeylincluding propulsion system, structural componentsramd
structural components. WERs were implemented for eatieafass items in Figure 41, excluding those comingtbirec
from the user (PL mass) or from the Propulsion disuiplThe resulting analysis flow is straightforward jvatl estimation
blocks sequentially executed and a final assembly of bottrtheveights and the CoG positions, as showfigure 42
Note how three main types of inputs are required for B#€R or sizing relation:

Propulsion and geometry disciplinary outputs: diameters, lengtiesal surfaces and volumes of the components
Trajectory loads, in terms of encountered dynamic presanial acceleration, and heat flux.
Technological trade-offs discrete optimization varialdesh as tanks type and arrangement, structural maggdal,

The implemented WERs were mainly taken from a compréhesst collected from various sources by Georgia Tech
in reference(100]. Other WERSs developed in the 70’s by NASA for the Weighalgsis of Advanced Transportation
Systems (WAATS) progran{1(08]) are also applied, with corrective factors occadlgriacluded to account for specific
requirements of the developed multidisciplinary model. Aiaitsizing relations based on pressure vesseldackling
theory were also investigated for the structural camepts, especially from the classical Bruhn’s text focrafts (109])
and its extension to rocket vehicld410]). Although this approach ensures physics based massatsti and should
provide more accurate mass estimates, it has few inmpalisadvantages with respect to WERSs:

- Modelling complexity: to take into account all possiblarieher architectures and structural concepts, a complex

model with several different analytical sizing relatareed to be implemented.

Load cases definition: a realistic evaluation of thestmmelevant load cases in flight and on the grounditdee
performed to obtain reliable weight information, furteemplicating the model.

Introduction of iterative cycle: since loads for theustural sizing directly come from the trajectory, igarative
cycle needs to be set up of the Trajectory and Weightiptines, requiring much larger computational efforts.

In light of these considerations, WERS were selectethfaconceptual level models of V1, with no mass margjimse
a constant scaling would not affect the optimizatiorcgse. Technology Reduction Factors (TRF) are neveshelpplied
as suggested if100], for those subsystems for which recent technologicadramhs have sensibly reduced weights with
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respect to those used for the WERs development. Th@amdraphs detail all WERs and sizing relations impleted for
V1 models, as well as the hypotheses at the batie airy CoG definition.

Figure 41: Developed WBS for a generic ELV. Weights praded by the propulsion analysis and by the user arecied.

4.5.1.Payload fairing and payload adapter

The PL fairing mass is obtained through a linear WER AW3, [108]) of its total external surfac®, g, which was
selected against other 3 available alternatives dietitsr accuracy demonstrated on a set of 30 existingawhyhirings:
Mpp =aKy Ko Kr St £
where Mp ¢ is the total mass of the PLF in kg, including structanel TPS. To represent the external loads and
structural concept, corrective factors are added acaptdithe following variables:
Kq, non-linear function of the maximum dynamic pressureountered along the traject@gyn max (S€€Figure 43).
Kr, non-linear function of the maximum external wall parature (se€igure 43). The temperature is computed
with the Boltzmann law from the maximum heat flux encoleteriong the trajectomyeat max
Kwm, depending on the structural materi&i=1 for state-of-art composite fairingSN1=2) andKy=1.591for older
Al-alloy based structureSM=1).
As regards to the PL adapter instead, its influencéemlobal performance is very limited. Hence, simpleaggions
of the PLA’s mass as a function of the supported paylaasswere developed, obtaining that a power law curve itgest f
the experimental data, constituted of 10 PLAs from ArBnéEGA, Soyuz and Atlas families, as showrFigure 44
a=4.77536e 00

Mp x=a*(Mp )° with
pLa=a*(Mpy) b=1.01317e-000
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Figure 42: Weights analysis flow, including component WERand WBS build-up.

Figure 43: Effect of the dynamic pressure (left) and exrnal wall temperature Figure 44: Developed payload adapter mass
at stagnation point (right) on the fairing mass, as takerfrom [108] regression as a function of the supported PL mass.

4.5.2.LP tanks

In case of LP systems, fuel and oxidizer tanks usuallytitotesthe largest part of the structural mass. Aaratdomplex
WER was synthesized frofRef.6 of [100] and from[108], which allows for sensibly better accuracy with respe other
available regressions. Its basic form is linearesgion of the tank volume for fuels and a slightly fioear power law
regression of the tank volume for oxidizers:

8 k= f1(SM)
Mer = (O kj(V -35.315)0.4856  800)-0.4536 ko= fo(TT)
=1 ks = f3(LPM)
with
L 04 K4 =f4(Qayn)
Moxr = (_)l k(Vox35.3159%* 1.0850 00)0.4536 ks = f(SSM, i rm x
J:
ks = f6( Pranis )

where K to ks are coefficients used to account for relevant loadnpaters and discrete optimization variables:
Dynamic pressurethe max @ encountered along the trajectory is reflected in a fégte q?j'yln6,ma>/ K 4 rer taken
from [108] and represented Figure 45, with K4 ~=5.7669arbitrarily tuned on Ariane- 5’s maxy{ of 57000 Pa.
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Axial accelerationthe maximum axial g load is also reflected in a fa&tor (SSM min(B max Axmax.pL D™/ Ksye

taken from[108], with ks «=1.3724tuned for Ariane-5’s 5.5 g of axial acceleratidiglre 45).

Structural materialif SM=2, use of advanced Al-Li alloy is assumed, involving a TRkght correctiork;=0.9.

Tanks typeif TT=2 (common bulkhead), the masses of fuel and oxidizdsstare still computed separately, but a
coefficientk, = Sy - 1.5:§om¢d & IS introduced to consider the mass saving due to reduct@emes mass.

Horizontal/vertical processingf LPM=1 (horizontal integration), a coefficiekt which linearly varies in the range
[1-1.3] for length-over-diameter ratios in the rarjjel 0] is applied.

Tank’s pressurea higher tanks pressupgns is reflected in heavier tanks through a corrective fagavhich is a
linear function of the tanks pressuig:=1.3012+ 1.4359e 6¢fys/ et With K re=2.7862

Besides the structural mass obtained with the above \WHEiRgrmal insulation layer must be added in case ofyenic
systems, for which its mass may reach considerabtepiges of the total tank’s mass (typically up to 5%).TIA® mass
is therefore computed through a WER taken fioah 6 of [100], as a linear function of the tank external surface:

Mtps oxt/ET= K insoxr /1T

with ki,s=0.9765for LOx tanks andi,s=1.2695for LH, tanks. A null thermal insulation mass is assumed tfmable
propellants.

Figure 45: LP tanks corrective factors l for dynamic pressure (left) and k for axial acceleration (right), as taken from[108]

4.5.3.SP case

For SP cases, it was found that the classical cytiabpressure vessels relation allows for a betteuracy with respect
to WERSs. This is equivalent to the assumption that thie steuctural mass is entirely determined by the champiessure.
All other flight loads are therefore neglected, implythat compression stresses due to flight loads can teradby the
case sized for internal pressure. Conservativelynaissgy spherical domes for the solid grain, simple amalyscylindrical
pressure vessels leads to the definition of the SR gagie’s mass as:

MS;I: = 2'p'%rain ( %rain + I-grain )-SSM -R(I’-/S (SM

where / is determined by the material’s properties, consideaimgAl-7075 alloy forSM=1 ( =2730 kg/mi, =505
MPa) and a high strengtBarbon Fibre Reinforced Plasf€FRP) forSM=2 ( =1600 kg/mi, =800 MPaassuming a 54.7
degrees winding angle which is optimal for composite presassels according fb11]).

Due to the limited impact of the thermal insulation loa total SP stage/booster mass, an insulation layercosthtant
thickness is assumed. Quantitative data are taken freameA\5 P-241 boosters, which use a 3 mm thick layerliobrsi
rubber.

4.5.4.Intertanks, interstages and pad interface structures

Other flight structures which need to withstand thenpr flight loads - such as axial and lateral acceterat- are the
intertank, interstage and pad interface structure$ioAih their location and function in the launch vehale different,
these structures are similar in construction, beingestdyl to the same type of loads and usually failingcéonpression
loads. Hence, the same type of WER was used for al t@aponents, modifying the parameters to account fiereft
conditions, as for example depending on the stage number.
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The WER used for intertank, interstages and pad integaiwictures is a bidimensional linear function of Hteral
surface and the diameter, as taken fRoah 6 of [100], in the form:

Mt /is/p1 = KsmkeStisspi +(Dir s i -3.28089
whereksy is a corrective factor for the structural materégain taken fronikef.6 of [100] asksy=1 for classical Al-alloy
based structureSM=1) andksy=0.7 for advanced composite-based struct@e<£2).

Note that the surface of the intertank is computed frasimple cylinder of length equal to lengths of the ellipsoidal
domes plus the lengthLdefined inParagraph 4.3.1, assuming that the whole intertank section coverswioetanks
domes plus some tolerance for systems. Moreover, iagestare jettisoned together with the lower of thestages up to
the exhaust section of the above stage’s engine. Firtadlynterface between the launch pad and the launslassumed to
be only with the first stage, for a total length equa2%% of the engine’s length.

The parameterk; andk;, initially taken from referencfl00], were further tuned on available mass data for Arane
and VEGA, so that the final values implemented aredhieported iTable 15 As an example of the bi-dimensional mass
surface originating from this WERjgure 46 andFigure 47 show the estimated interstage mass for lower and ufggerss
as a function of the body maximum diameter and tatall surface, highlighting larger masses for lower stdge to the
higher loads they have to withstand.

Structure Component kq ko

Intertank Lower stages 5.4015 0.5169
Intertank Upper stages and boostefs  3.8664 0.6025
Interstage Lower stages 7.7165 0.4856
Interstage Upper stages 5.5234 0.5210
Pad interface | First stage only 25.763 0.5498

Table 15: WER parameters for the assessment of the madsmtertank, interstage and pad interface structures

Figure 46: Interstage WER for lower stages with kSM=1, Figure 47: Interstage WER for upper stages with kSM=1,
adapted from Ref.6 0f{100] adapted from Ref.6 0f{100]

4.5.5.Thrust frame, boosters attachment systems, boosters noseniasiand EPS

Besides the primary structures described in the prevsnlparagraphs, few more structural and non structural
components need to be considered to determine théntetbinass of stages and boosters, as described here.

Thrust frame:

Several WERs are available frd00] allowing to estimate the mass of a thrust frame stractvhich is assumed to be
necessary for all LP stages and boosteigure 48shows a comparison of these WERSs, with the total &tagster thrust in
vacuum as independent variable. The thrust structure of@B& Vulcain engine is also reported, being very acdyrate
matched by the WER d@®ef. 5 Although a single data point is hardly sufficient todale a weight estimation model, no
other data were found in public literature. Thereftre,following WER fromRef. 5was implemented:

Mre = (0.013 N5 ° (224.81F,c 9°"%+ 0.01Bhg (Mng /0.48Y'" )B{4.5:SSM Ny maxgo K s

where the thrust frame’s mass is written as a funaifcthe number, mass and vacuum thrust of engines, assaafl a
the structural materiak§y=0.62for composite structures frofh00]), safety margin and maximum axial acceleration.
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Figure 48: Thrust frame structure WERs from various refeences of[100], with and without TRF for advanced material
(composites based). The two WERs from Ref.5 were setied for implementation in the V1 weights models.

Boosters attachment system:

The boosters attachment system is assumed to bansphb main partSMgapooster FfemMaining on the booster after
separation an¥ga core Femaining instead on the core. These are estimdtkedavtierm proportional to the total mass of the
booster calibrated on the only available data point (&rfals P-241 attachment, from internal ESA data), as fellow

M A pooster= 0:00055421:- M phooste

M BAcore — 0.00145-Mq booster
Both masses are further split in two parts, one fonaadlone aft, for CoG computation only (see next subpaphyr

Boosters nose ogive:

The nose ogive of boosters is assumed to be composedaaradynamic skirt and a reinforced structure designed to
transfer the structural loads to the core. For ttasor the WER, taken frofh00], is divided in two components which add
to each other,: an aerodynamic skirt function ofsilvéace, max dynamic pressure and diameter, and &ustiuelement.

MgN aero=4.8825* Sy5s(3.6245€  8:gyn mak  1.7008 (5.3591e Qg riax  3253)-D 32808

MEN struct= 0.011Kk gy M 4 booster

Avionics and EPS:

Avionics and power systems are assumed to be locatgdwathiin the VEB of the upper stage, and their mass is
estimated through two linear WERs taken frfd0]. Avionics includes communication subsystem, navigationossrasd
on-board data handling electronics. Besides, batter@slmatrical power conversion and distribution systeorsstitute
the EPS required to run the above systems (in casedafiehl TVC, the power required by each unit is includethe
TVC mass obtained in the propulsion SSM). Even summogpetiier, these subsystems do not considerably conttibtie
total dry mass for ELV, but their influence on the upgiage’s mass and therefore on the payload’s mass megligible.

For avionics, the linear WER froRef. 6 of [100] assumes as independent variable the total launcix¢eimal surface,
considered an index of the dimensions of the vehicle andehof the requirements in terms of “smart” systems:

M avionics = KRL*(246-76+ 1.3183* $ot,launcher )*(® TRFyionics

where TRF,,i0nics=0.75is a large reduction factor accounting for the advantemiboard electronics since the Shuttle’s
technologyRef. 6is based on, anHg ={0.7;1.0;1.3}for RL={1;2;3} accounts for a different redundancy approach: no
redundanciesRL=1), critical components onl\RL=2) or full redundancyRL=3).

For EPS, a linear regression of the estimated awanass is instead implemented frBaf. 1 of [100]:

Meps = KrL*0.405* M avionics (1 - TRF epg

with a much lower technology reduction factdfFeps0.18

4.5.6.Centre of Gravity calculation

CoG computation procedure is rather simple, only innghthe definition of the weights distribution on the longitadl
axis of the launcher. Coherently with Geometry and@gnamics disciplines, all distances are measured themose tip
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downwardsXcog pLr Xcos,pLa 8NdXcogjNeed to be estimated, with j including all stages arodters, to derive the overall
Xcog, inertlaunch Which will be then combined with the propellants CoGthiwithe Trajectory discipline for verification of
the static controllability during atmospheric fligiitie following assumptions were taken to define the weidistsbution:
- Mwer Or Mpozzeare uniformly distributed on the entire length of thgiea for both LP and SP systems.

Mty is concentrated at the beginning of the engine’s length.

M+g is concentrated at the engine’s upper section.

MeresssydS concentrated above the oxidizer/fuel tanks, at ardistequal to the radius of the pressurizer tank.

Migniter IS CcONcentrated at the top section of the SP grain.

Munused IS Uniformly distributed along the oxidizer and fuel tardtsalong the SP grain.

Mp,_ is located at a user defined distance from the adasection.

Mp_a IS concentrated at the lowest section of the PLF.

Mavionics aNdMepsare concentrated at half the length of the upper stageB.

The mass of PLF, oxidizer and fuel tanks, SP grain d¢asggstages and intertanks are assumed to be uniformly

distributed on their entirateral surface

TPS mass is also considered to be uniformly distributatefateral surface of tanks or grain.

20% of the boosters attachment mass is assumed localedcabtdinate of the core’s fore interstage sectiontand t

remaining 80% at the coordinate of the core’s aft skirt.

For SP systems, the propellant mass is considerechrpass constantly positioned at 50% of the solid deaigth

(assuming circumferential burning).

For LP systems, the fuel and oxidizer masses are e@wrdichs two separate point masses whose position is

evaluated instant-by-instant in the Trajectory disciplassuming they are always located at the bottomeotatitik.

4.6. Trajectory, guidance and control

The trajectory, or performance, analysis is oftencttre of any MDA process, with other disciplines beingstructed
around it. The multi-disciplinary models described irs tBhD dissertation are no exception, having been develgrédgt
from a trajectory simulation and optimization model whigdis already available from a previous MSc researchtti®
reason, although a wide overview of the trajectory n®degiven in this section, the reader should ref¢88h [112] and
[113] for more details.

The main tasks of the Trajectory discipline are reladeboth the simulation of the ascent trajectory aredghidance
and control of the launch vehicle throughout such asdéntigation is not included in the developed models, since full
knowledge of both position and attitude is assumed. The nerigstbsystem has in fact a very limited impact on the
system level design of the launch vehicle in terms dbp@ance, with only a fraction of the avionics messcribed in the
previous section being due to position and attitude sengbesfollowing tasks are therefore defined for theetjry,
guidance and control models:

Simulation of the ascent trajectory of a launch veHrdm lift-off to burn-out, assessing the final orbparameters.
Evaluation of a series of path constraints relatetrtwtsiral loads, heat loads and controllability.

Optimization of the trajectory to assess the maximuytopd which can be achieved while satisfying all finddior
and path constraints. Predefined guidance laws with d somaber of optimizable control parameters.

The analysis flow for the Trajectory discipline is vestyaightforward. In order to compute all forces actingttoe
launcher at each time instant during the ascent, inpots &l the previous disciplinary analyses are collettefibre
starting the EoMs integration. Specifically, propulsgystem performance indexdgp*(, P, Ag), @aerodynamic coefficients
(CL,Co,Cu(M, 1)) and pitch, yaw and thrust parameters are necessaityell as targets and thresholds for path and final
constraints. One of the available integrators isthalled for the trajectory simulation, requiring compuotatof the
derivatives of the flight-path state variables at d#le instant through the repeated evaluation of enviratehand force
models, guidance laws, and path constraints equations.

The next paragraphs present the main models congiitiwnTrajectory analysis:

Dynamic, environmental and force models, includingslumptions, EoMs definition and integration methods.
Guidance reference profiles and trajectory optimizapiablem.

Auxiliary models for non perfect nozzle expansion effects tduexternal pressure conditions, static controllgbili
verification, structural and heat loads assessment.

4.6.1.Dynamic, environmental and force models

The objective of the trajectory simulation model isatthieve a good accuracy on the final orbital parameiihs
limited computational times. The following assumptiorese introduced to simplify the model as much as possilttleout
sacrificing too much accuracy:
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The launcher is considered a point mass in a rotatfegeree frame subject to gravitational, aerodynamictiamncst
forces. Rotational dynamics is not considered, assyithat the launcher’s attitude (yaw, pitch and roll) can b
ensured by the attitude control system, which is not tremtid-urther simplifications such as bi-dimensionatioro

or non rotating Earth were however further discardewjit bf the large associated errors.

The gravitational model includes as default only theat$f of the main gravitational field harmonic (i.e. sz
planet), but it is given the possibility to increase #rcuracy up to the derm, in order to allow more precise
computations for celestial bodies with irregular grafigids (Moon, asteroids).

Aerodynamic forces are subject to the assumptions idedcin Paragraph 4.4.1 drag and lift are considered
functions of Mach and of total AoA, acting on therlaluer only until the first jettison event.

Earth US '76 atmosphere with no wind is assumed by defaitiit,the possibility to switch to exponential (akdga
implemented for Earth and Mars) or user defined atmosphiege that wind does not have a considerable effect o
the overall trajectory, but may be critical for cotiability as well as for structural considerationsr fhese reason,
wind is not modelled for V1 but should be introduced if ptgiiased structural analysis is performed instead of an
historical based weight assessment (see V2 mod€lsdpter 6).

Propellant burnt on the launch pad before the lifioffeglected.

Jettison events are assumed to have constant durdtion @oes not depend on the launcher’s design, with a tefaul
delay of 5 s (modifiable by the user) between cut-offignition of the engines of successive stages.

Within these model assumptions, the EoMs can be solvedch time step with the knowledge of the instantaneous
values of mass, thrust, pitch and yaw angles, drag andatifl gravitational acceleration. Defining conventiemsl
coordinate systems according to the Aerospace Stah8@d511 [114]) and the ANSI Recommended PractifELp)),
the following complete 3D EoMs for a rigid body's motieith respect to a rotating planet can be written:

R=Vsing
/ = V cosgsin ¢

Rcosd
d= V cosgcosc

R
V = X + W2 Rcosd(cosdsing- sindcosgcosc )
g=- z +V cosg +2W, cosdsinc+W2 Rcosd (cosa’cosg- sma’smgcosc)
\% R \%
Y sindsinc

c= +V0705gtana’sin(:+2WE (sind- cosdtangcosc)+W2 Rcosd

V cosg R V cosg

where the flight-path velocity state variableslable 16are used, g is the planet’s rotational velocity and X, Y, Z are
the external forces components along the trajectory @x@sX along velocity, Y starboard in the horizdnpéane, Z
downward in the vertical plane). Integration of the Eaexecuted starting from the lift-off instant and teraing at the
burn-out of the last stage, at the impact on the grourdse the trajectory leads to a crash, or when tharesl orbital
energy is reached. A variable step sife5% order Runge-Kutta-Fehlberg (RKF) method was selectechfsrpurpose,
since it ensures the highest computational efficieamopng several integrators from ESA’s Ordinary Dififeiad Equations
(EODE) library. In particular, preliminary testing shemvhow the RKF45 largely outperforms fixed step size integrator
(Adams-Bashforth, RK4 and RKS5) in terms of simulation tiargg provides slightly better performance even with reéspec
to a higher order RKF78. The same testing phase atseeallidentifying a tolerance of @s a good compromise between
accuracy and computational effort.

Variable Definition

RI [0¥ ] Radius distance from the planet’s centre

M pp ] Longitude angle between reference meridian (Greenwich) amdnteridian of the current position,
positive east of the reference meridian.

di [ 06 ;05 ] | Declination angle between equatorial plane and current positiortjygosi the northern hemisphere.

VT [0;¥] Flight-path velocity magnitude of the vehicle’s velocity relative to aartB-fixed observer.

cl [0;D ] Flight-path headingAngle between North direction and the flight-path véljocomponent projected
onto the horizontal plane, measured clockwise fraenNbrth.

gl [- 0.p ;0.5 ] | Flight-path angle Angle between flight-path velocity and local horizomtiaine, positive for ascent.

Table 16: Definition of flight-path velocity state varialdes.
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4.6.2.Guidance and trajectory optimization problem formulation

With the above assumptions, three continuous control Vesiate available to steer a 3-DoF trajectory toward:
the pitch and yaw attitude angleft) and (t), defining the thrust direction, as well as the thrust |88l Besides, the
ignition instant of the different stages and boostens also be varied to gain payload advantages or sais®gific
constraints. To define the time history of the contraliables, standard guidance laws are implemented, whishdp
reference profiles to be adjusted through the applicaifom limited number of optimizable parameters. Speclfical
generic ascent trajectory is divided in the followinight phases and guidance profiles for pitch and yaw angle

summ
1.
2.

3.

4,

5.

(g- o) [deg]

Figure

arized imMable 17

Vertical take-off up to an altitude given by the user or assumed by dedalét equal téH geq=2.0-Legre

Pitch-Over (PO) constituted of a pitch-down phaskEidure 49) of durationtpo, with the angle( - ) linearly

increasing up to a maximum po=max( - ), followed by an exponential decay f ) to match gravity turn
conditions, which are assumed to be reached after tinmeeconstantsecay A constant yaw po= i (to)+ poiS

assumed through the entire phase, wherg, is an optimizable deviation with respect to the azimuth computed

with the target inclination lawy  (t)= sin™*(coq i(t)/ cogd (t)).

Optimizable Gravity Turn (OGTpr pitch andOptimized Target Inclination (OTfpr yaw: for the whole flight from
the end of phase 2 to the ignition of the upper stage,tgravn pitch conditions are maintained, with a yavgla
constrained to follow the yaw profile defined by theg@rinclination law. A deviation in both pitch and yaw with
respect to these conditions is allowed through a piece-Wisar interpolation of optimizable nodal valueg and

j» Which are referred to theth interpolation node within thieth stage’s flight. Phase 3 is further divided by the
atmospheric interface altitud€,m, (or correspondent jettison event) in atmospheric andimazpheric sub-phases,
for which different boundaries for and can be defined. Moreover, Lower Stage Coast (LSC) plasede
activated through the boolean user parameB&, adding a coast period of optimizable durafigg; in excess of
the default 5 seconds required for the jettison. This neaydeful in particular cases, such as for VEGA’s Z23/79
separation, for which Z9 is ignited after more than omauta, allowing for safer payload fairing separation.

Bilinear Tangent LawBTL) for pitch andOT]I for yaw: for the upper stage’s flight, a BTL is assumedpiitch:
a‘tan(gpy )+ (tan@pLy, » & tan@py Xt
a¥+(1- & )xt'
grLe are the pitch angles at the beginning and end of the phasean arbitrary constant andis a parameter
defining the shape of the BTIFiQure 49). The BTL was chosen instead of the OGT for the ugfsge since it

ensures much finer control over the pitch profile withy@® optimizable parameters: grii= grii- (trs), srr and .
Upper Stage’s Coast (US@ndCircularization Burn (CB)if the upper stage engine is restartaBR8C=trug and
the CB option is activeGB=true, mandatory for high LEO or MEO/GEO targets), theieags deactivated when
the orbit’s apocentre matches the target apocentre.pfrbpellant mass required to circularize the orbihent
computed assuming a 2% gravity loss, and a referenceoigmittant is derived. The real ignition instant is teen
by an additional optimization variablecg, corresponding to the difference with respect to #ference ignition
instant given in percentage of the CB duration. The finat Is finally simulated assuming tangential thrust.

tan(q)= wheret’ is the normalized time within the phaseyr; and

Pitch Over for IPO:5 s, t

decay:5 s Bilinear Tangent Law for qBTL,i:45 deg, qBTU:O deg, a=100

q[deg]

49: Pitch profiles for the initial pitch-over manoeuvre (left) and the upper stage’s bilinear tangenglw (right)
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Phasg Pitch Yaw Fixed parameters Optimization variables

1 |Verticall None | Hieasz =90° None

pol [1;5] deg, kol [1;10] S, tiecay [1;5] S
2 PO ConstantNone ol [-10:10] deg

Hatmo tot,max max,atme jk]- t max,atom for H<Hatmo jk]- t max,exo for H>Hatmo
3 OGT oTI max,atme max,exo max,exo jk]- t max,atomfOr H<Hatmo jk]- t max,exo for H>Hatmo
Nnodes, o Nnodes,,j' LSCj tLSCj]- [0;1]
4 BTL OTI e BTLI ] ['60,60] deg, BTLf | ['10,90] deg, ] ['1,1]
' ikl £ maxexo
5 | Tangential thrus{ CB tegl [-0.1;0.1]

Table 17: Pitch/yaw/coast guidance profiles for the diffent flight phases, including fixed parameters and opthization variables.

In addition to the optimization variablesTiable 17, the following are related to the j-th stage/booster tidesnition:
- For SP systems, the thrust profile can be tuned Wwetoptimization variablesspj, Tminj 8Ndtsyircnj according to one
of the three thrust profiles definedRaragraph 4.2.2( sp =1: constant, sp =2: two-level, sp=3: linear).
For LP systems, the thrust level is instead eithastamt or, for LREs with throttle capabilityt{{C=true), can be
adjusted through an optimizable piece-wise linear throtti#l@ i, (With Nnodes,inj interpolation nodes).
For complex booster configurations, it is also possibketectively ignite part of the available enginegdrticular,

c and g, boolean optimization variables respectively activatair ignition of the core and of the second set of
boosters, in both cases assuming that the first sgtited on the ground. The continuous variableg and tg are
then used to define the ignition delay time, normalizet thie first boosters set burn time.

All of the above variables are added to the PLSF, whéestds to be varied to maximize the payload performance, to
build up the optimization variables vect¥rp, of the trajectory optimization problem. The MDO gdesh defined in
Section4.1 includesXpy, Which can be treated as describedParagraph 3.1 either at the same level of the launcher’s
design by a single optimizer (BBO architecture) or in detgiesptimization process (NOL architecture). For betterity,
the trajectory optimization problem is described hera atand-alone process, mathematically definedlas/$o

max
PLSF

TDV

with Xrpy ={ PLSEDgpo o tho deDY pd & ¥ erl® srid B1L# d sp¥min, 4§ switghDer Doi Dy Osr  Bsc . Rep}
subject to LBE GE£ UB EL.., Noc

In case of stand-alone trajectory optimization, for eplanfor the evaluation of the performance of an exidtigcher,
the PLSF is to be maximized. However, in case of MD@gsses for which the payload needs to be fixed (i.eviiarh
PLSF is not an objective), the scaling factor is fromel.0 and the trajectory optimization problem is reducedhéosearch
for a feasible solution. With this respect, the follogvtrajectory constraints are defined for V1, as sanwed inTable 18

- Final orbit constraints: the final semiaxis, ecceityrignd inclination must match the target orbital part@nmsewithin

predefined tolerances, which are also used to normalkzeaiues, so that the feasibility region is [-1;1]. eNtbtat
although the trajectory models are fully general and ldngl of orbit could in theory be reached, RAAN and
argument of pericentre targeting as well as orbitaigolzhanges are not addressed.

Path constraints: structural{ncuy.), thermal (ges) and controllability (1o, Mrvc-aerg requirements must be satisfied
at each time instant during the trajectory simulation.

Nozzle minimum altitude K, for each stage/booster, resulting in a minimum ignitlotuee.

Geographic heading, for which launch azimuth must bieinvpredefined corridors.

Constraint Type Applicability LB UB
Target semiaxis Double|  Final conditions -1l 1
Target eccentricity Double| Final conditions -1 1
Target inclination Double| Final conditions -1 1
Maximum axial acceleration| Doublé Each time instant 0 amfd
Maximum heat flux Double| Each time instant (atmosphdghtfonly) 0 Gheat, max
Maximum dynamic pressurg  Double¢  Each time instant (gpmeric flight only) 0 Bn.max
Maximum angle of attack Doublg  Each time instant (atmesplilight only) 0 tot,max
Static controllability Double | Each time instant (aspheric flight only) - 0
Nozzle minimum altitude Double| Each stage/booster’giam 0
Geographic heading Double  Allowed launch site azimuthdmws min,j max;

Table 18: List of trajectory optimization constraints, including type, applicability and feasibility’s lower and upper bounds.
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4.6.3.Auxiliary models

4.6.3.1 Altitude effects on thrust and Isp

Since the propulsion system is designed at the nomomlle conditions, a corrective term needs to beudted in the
EoMs to take into account the variation of the thrustl(aence d) due to different exhaust and ambient pressures. The

standard equatiom(t)=T (t)+(p - p,(t))-A is used for this purpose, whefe = my, corresponds to the nominal thrust
value defined as optimization variable and used to skalerigine in the propulsion analysis. The instantaneaypeitant

consumption is therefore computed as: T (t}/ [0} -Tsp and the resulting specific impulse ag;(h) = |*S‘F)+M‘9
m-gy

4.6.3.2.Structural and heat loads

The structural and heat loads defined as path constraiatcomputed during the trajectory simulation with stahdar
equations. The dynamic pressure is obtainedyas0.5- V2, the axial acceleration,, from the time derivative of the
velocities, and the convective stagnation point heat filomn Detra-Kamp-Riddel formuld1(16]), whereas radiative heat
flux is neglected due to its negligible influence in rockeinch scenarios.

4.6.3.3.Static controllability

A classical approach to the verification of the célgsiof the launch vehicle to follow a nominal trajecy is to include
the rotational dynamics in a 6-DoF model, implementingrdarol strategy to define the TVC anglesc and r,. at each
time instant. Further increasing fidelity, multipledibes can be modelled, for example a movable nozzle famangin
launcher, possibly including the flexible dynamics whidhlde large relevance in case of thin configurations fagh
VEGA. However, these approaches require both a compleeliimy and computational times incompatible with the MDA
loop CPU time requirement, and were thus discarded. A statitrollability verification was instead implemented,
consisting in the comparison of the aerodynamic torgselting from the instantaneous flight conditions anthefcontrol
torque achievable by steering the nozzles at the maxidafiection angle ryc.

The CoG/CoP computation and static controllability figation, not requiring large resources, are performeehah
integration time step during the atmospheric flightithwthe aerodynamic and TVC torque computed as:

trve=dcsin@vg )& (t)F dgy-sindrvg, )R (ty g2 sidtvg, sk (1)
taero= N'(Xcog Xcop):  With Xoo= - (Goleer )/ Gyand Gy G c@s(g+) ESIE o)

In case the vehicle is designed to be staticallylstélvhich is usually not feasible in multistage launshethe
aerodynamic torque becomes negative and is thus surorttesl TVC torque, automatically assuring controligbil

4.7.Cost and reliability assessment

This section aims at providing a brief outlook on the dgved cost and reliability analysis models, which have the
purpose of estimating the overall CpL and MSP of the lawebicle, to be used as MDO objectives. A detailedvoser
of these models, including all Cost Estimation RelationsiRiSR) and assumed failure rates as well as a thorough
verification on existing European and American launcheas be found in the separate “Cost and Reliability Mode
Technical Note D2b[A4]) prepared by MSc student Paolo Martfhand is therefore not reported here.

4.7.1.Enhanced TRANSCOST model for Life Cycle Cost determination
The cost model implemented for the estimation of t&8€lof a launch vehicle program (and hence the sptgddl is
mostly based on the TRANSCOST mod@l0{), resulting in the Cost Breakdown Structura~afure 50. TRANSCOST
model was selected for several reasons:
It allows estimation of the total LCC of a launchhicle program only on the basis of system levelrmédion,
without requiring specific design data for any subsysteoe for propulsion, which is by far the most relevarst co
driver. TRANSCOST defines in fact the LCC as sumhaf tevelopment, production and operation costs, as in
Figure 50. Both development and production costs are &plitach stage/booster, in propulsion and system cost.
CERs in the generic formg; = f(technobgy; ) -eMJ-b are then defined for each cost element j, originatiogsamodel

which is mostly mass based, though influenced by the tbmfiinal trade-offs of the discrete optimization variable
It is the only publicly available cost model for labnehicles with complete transparency of all CER data.

% The work on cost and reliability was carried out undersigien of the author by a MSc student, Paolo Martino, pfepared the
applicable documeri®4], including all details on the modelling and verificattiof cost and reliability estimation disciplines.
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If used coherently with its basic assumptions, it wasnvs to provide accuracies in the order of 20% on the,LCC
which is exceptionally good for a conceptual cost estimate.

It defines all costs in Man-Hours, hence neglectingiaformation related to the year or country of development.
table of FY and in country conversion then allows taveéethe cost in current Mfor better interpretation.

Figure 50: CBS for LCC estimation, including developmat, production and operations branches. Program level @rective
factors fj (defined in 0) are applied where indicated, as well as the desiganables influencing each branch (within arrows).

Several modifications to the TRANSCOST models werenéhiced with technical support by ESA cost engineering
section, with the twofold goal of overcoming certain tations of TRANSCOST, such as the inability to actalygpredict
the cost of small SP stages/boosters or the lack offFRIA CERs, and of representing the effects of additional
technological trade-offs included in the developed multigi;ary model. Specifically, the effect on LCC of atdgsign
change which results in a performance advantage (or digadedrwas modelled, attempting to ensure fair multi-oijec
trade-offs. Note however that, as will be showrChmapter 8, this is a particularly critical point in multi-objees multi-
disciplinary, since the optimal solutions returned by Miafgely depend on the tuning of the introduced CER parasneter
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4.7.2.Time-based reliability estimation

The purpose of the reliability assessment is to comalgmgle mission success probability index on the haidise
launcher architecture, technological trade-offs andgdeparameters. Following a common approach in concephdl
preliminary design, the reliability of a launcher is g@uted as a function of mission time, so that successieats
contribute to increase the failure probability, uttié final MSP is obtained as cumulative reliabilityttae end of flight.
This generally results in a lower overall reliabifity higher number of stages.

Figure 51: RBS for MSP estimation, including all possle failure chains Figure 52: Example of cumulative reliability profile
for both safety (not included in MDO objectives) andmission success from lift-off to orbit insertion for VEGA's ascent

The cumulative reliability profile over time in eachssion phase is computed from the multiplication of sever
exponential functions for each component contributintheosuccess of that phase, with the failure ratésfining their
decay rate. A typical reliability curve resulting frohist type of analysis is shown kigure 52, for VEGA 4-stage inline
launcher. Each of the exponential branches corresponddifferent mission phase, including ground storage, ake-
boosters and stages flights with separation events, Plisojetand finally PL release. In each phase, differterhents
contribute to the overall failure rate as summarized in the Risks Breakdown Structure (RBS)rsimoFigure 51 Note
that also a mission safety index is computed on the Ilpddise mission success and the self-destruct deviasessic
probabilities, but does not represent an additional opttioizabjective since the self-destruct device is sinmpbdelled
with a constant failure rate value. Again, §&¢4] for all details on the reliability assessment pssce
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It seldom works the way we think it works... in fact, it neoes.

CHAPTER5

CONCEPTUAL MODELS VALIDATION

5.1.Validation philosophy

One of the many challenges presented by MDO is thiécation and validation of the developed multi-disciplipar
models. Verification requires the execution of all brascbf the engineering analysis, first stand-alone and taeed;
together, to identify bugs and provide evidence thab#aviour of the models corresponds to the one origimdéyded.
Then, optimization needs to be linked and the coupled balraaigo has to be verified for possible errors. Thoughis a
particularly time consuming process when dealing with apbexniMDA such as that described in the previous Chaptr, it
not critical. In fact, the real challenge lays in tladidation, intended as the quantitative assessmehediuitability of the
MDA to represent the design of actual ELVs, and ofdhagability of the MDO to bring an improvement in the gesn
terms of the desired objective(s). Moreover in this fjgecase, the validation procedure also had the additigoals of
identifying the most relevant weaknesses of the develoyeltl, in order to improve the analysis cycle in thd step.

In light of this critical role, particular attention wasid to the development of a suitable validation procedunech
was defined in four successive steps (without considerilidptian of the optimization algorithms, assumed todi@ble):

Disciplinary models stand-alone validati@gainst existing subsystems with known data (e.g. esgstructures,
...), which allows to determine the errors that candpe&ed on each of the main outputs from each discipline.
Global performance Sensitivity Analysis (Sé9ing disciplinary errors information to both identifetmost critical
disciplines (i.e. causing the largest global error) arstdtistically estimate the expectable error. Maxichigayload
mass is used as performance measure, with existing&mdaunchers (Ariane-5 ECA and VEGA) as test cases.
MDA processeor Ariane 5 ECA and VEGA, aimed at verifying the cajsgbof the multi-disciplinary models to
correctly assess performance, cost and reliabttityeal-world scenarios.

Simple MDO processder Ariane 5 ECA and VEGA, targeted at understandiregdptimization capabilities on a
simplified (i.e. kept small) MDO problem.

The key points of these four steps are shown in theseexibns, and a full report of all validation results ba found
in the Verification and Validation Document (VVD]A9]. Only the last step involves the full MDO, but tragegt
optimization is used in sensitivity analyses and MDAhvilie purpose of assessing the payload performance g€ gi
launcher. In this case, the NOL architecture describ&ction3.1is employed without any SLO algorithm (no MDO).

5.2. Stand-alone disciplines validation

To assess the accuracy of the engineering models, ésaiplidary analysis was executed stand-alone on a set of
existing components (e.g. engines for propulsion, whaledaer for aerodynamics, ... ) whose input/output daéa
available in a collected database, in order to deterthmenean, maximum and standard deviation of the erra@ach
relevant output parameter. During this phase, severaigupsarameters specific to each disciplinary model wése a
calibrated, as already hinted in the modelling chapterekample, parameters as the specific impulse lodfiaerts due
to specific physical effects were varied with respedhe original values taken from literature, in ordebétter match the
available experimental data points.

The complete validation procedure and results for eaciptilee cannot be shown here. However, the calibraifadhe
parameters and the assessment of the accuracy fepdedic impulse in vacuum are reported to exemplify thergéne
methodology. For the validation of Propulsion discipijnanalysis, the database of OTS LREs describeSeirtion 4.2
was reused, with the addition of few other LREs of olatggin and of several SRMs, for a total of 38 LP and $@&fems.
This is the largest available experimental base whinhbeacollected from free sources, whereas more linmitedmation
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exists on other disciplines. Specifically, only Arigiis-and VEGA's approximat€_andCp databases were used for the
validation of Aerodynamics discipline, whereas theltotart masses of 30 PLFs, 7 SP boosters, 11 SP stageB, lader
stages and 9 LP upper stages were collected for the Weigititsvery limited information on specific components.
Moreover, all these experimental data are subject tgpdfssibility of error, hence caution was used in thasstatl
analyses, for example by eliminating few clearly incdesisdata points.
In addition to the vacuum specific impulse, the nozzle'sagsh areaA. was considered as the second propulsive
performance parameter, in order to evaluate the eorothe specific impulse in non-vacuum conditions. Howeveore
on A have an impact on global performance which is one afderagnitude lower thahy, acfor first stages and boosters
and becomes negligible in thinner atmospheres. Heaselts forA. as well as for the other propulsion output parameters
(minimum nozzle's operational altitude, engine’s inert snasd dimensions) are not presented Hegpire 53 shows the
actual vs. computed values of vacuum specific impulse, inguatith theoretical (CEA) and corrected performance. Two
sets of engines are represented:
- Calibration set 16 LP engines, two per each of the 9 modelled archieestand 5 SP engines, used to calibrate the
model tuning parameters, especially (but not only) thels¢ed to the specific impulse losses evaluation.
Validation set22 LP and 4 SP engines, used to further validate thegdsuévaluating the output parameters for a
set of engines the models have not been calibratedti form of cross-validation increases the confidemcéhe
models accuracy’s assessment and supports their extintibother and new liquid and solid rocket engines.

Figure 53: Propulsion performance model results: actusind computed L 4. for both calibration and validation sets of engines.

Table 19reports the same results in tabular form, showing®tower than 1% for most calibration set’s engines and a
small degradation of the accuracy from the calibratiotingé validation set. Results obtained with the coroiaksoftware
REDTOP [117]), developed by Spaceworks Engineetfrand whose academic version employs engineering methods of
comparable fidelity, are also shown in the table. Askioward overestimatinig, oc with REDTOP can be highlighted,
especially for cryogenic engines. After the calibrafoacedure, the values of vacuum specific impulse obtairidtie
developed models are instead generally adequate for batbptaal and early preliminary level design, with a maximum
errorM=3.1%, a mean error of=-0.6% (slightly conservative calibration) and standard dewiaof =1.3% over the entire
database of LP and SP engines.

These statistical figures are summarized for the madsvant outputs of each disciplineTiable 20 Several important
design variables are not included (e.g. propellant massinabthrust, ...) because they are treated as input pteeme
given by the user or by the optimization algorithm, aredtlaerefore not obtained as outputs of the disciplinasgels. It is
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clear that the vacuum specific impulse is the only paremvétich can be accurately assessed with the developbdes)a
while masses and dimensions show maximum errors u#(% and aerodynamic coefficients up to ~100% (only foreso
specific flight conditions).

Table 19: Propulsion performance models results: actuand computedl g, yocfor the calibration (left) and validation (right) sets of
engines. For the calibration set, a comparison witthe commercial tool of similar fidelity REDTOP is al® reported.

Discipline Parameter | Description E [%] M [%0] [%0] [%0]
Propulsion dovac[S] Vacuum specific impulse 1.02 3.09 -0.59 1.27
Propulsion A[m7] Nozzle exhaust area (foy(h)) 14.03 31.19 -0.85 15.03
Aerodynamics Cp Drag coefficient 9.35 81.80 4.28 9.27
Aerodynamics C. Lift coefficient 10.40 98.47 9.10 14.27
\Weights Mhert.sp.edKg] | SP boosters total inert mass 10.64 21.09 -0.04 13.650
\Weights Mhertsp..dkg] | SP lower stages total inert mass 22.4p 36.06 8.31 16.07
\Weights MhertLps[Kg] | LP lower stages total inert mass 10.06 37.6D 5.683 13.47
\Weights Mhertpuslkg] | LP upper stages total inert mass 10.0p 21.24 -3.30 14,18
\Weights Mbir [ka] Payload fairing mass 15.04 33.62 -8.68 16.40

Table 20: Summary of disciplinary level validation procedre: statistical figures of the errors in the estimaton of the most
relevant output parameters for each discipline:E = mear(| ﬁ . M= ma(*el) m= mefe), s=stdey

5.3. Sensitivity analyses

In order to evaluate the suitability of the enginegnmodels for the conceptual design of ELV, the discipiavel
accuracy results shown in the previous section arsuffitient. The different errors combine in factle MDA process to
determine the overall error on the global performari¢eevehicle. For this reason, a detailed analysth@fsensitivity of
the global performance to the disciplinary errorthesnext logical validation step. Only global performarvdeich can be
measured in terms of payload performance for a givergrmeis considered in the sensitivity analyses, sinceealistic
terms of comparison for cost and reliability of lalieis exist. Local trajectory optimizations with WORWEre therefore
executed for Ariane 5 ECA and VE®A perturbing the main disciplinary output parameters wépect to the actual
launcher design by percentages reflecting the disciplieaors inTable 2Q Note that, in order for all sensitivity analyses
to be fair, the robustness of the payload performarssesament must be proven. This was the subject of a large
investigation, aimed at improving efficiency and rdbess of local trajectory optimization with WORHP, whiich
described in a separate docum¢afl]). Through enhancements in the model's smoothness andaiotsshrandling, very

3 All data from this point are referred to the refereBueopean missions from Kourou: a standard GTO (a=24383.63n7,292, i=7
deg) for Ariane 5 ECA and a polar LEO at 700 km for VEGA7@78 km, e=0, i=90 deg).
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good robustness properties were obtained Aseex 1 of [A11]). To further ensure fairness to the sensitivity psed
presented here, each trajectory optimization was compoghteefWORHP processes, each starting from a diff@ngiai
guess computed with a short (100 function evaluations) PSxiDrwo types of SA were then considered:

One-variable-at-a-timeanalysis: only one parameter is

perturbed, while keeping all others equal to the actual

design values, by a percentage equal to plus and minus the

average of the absolute erratkE (worst-case approach).

This is repeated for each parameter, assessing theagay

performance. The goal of this analysis is to identifg th

critical discipline(s) which is (are) most likely totdamine

the largest errors in global performance, on the bé&ieth

the parameters’ relevance and modelling accuracy.

Monte-Carloanalysis: all parameters are randomly varyied

at the same time according to a Gaussian distribution,

obtained with the mean and standard deviation of the errors

and . Since the distribution of perturbations is based on

realistic error probabilities, such as 1gfvacin Figure 54

repeated Montecarlo runs should allow determining tealis

global performance distributions. From these, the plessib

bias toward higher or lower payloads can be determifdgure 54: Example of input parameter distribution

( pL). And, even more important in a MDO contektp, or (I'spvacin this case) for Montecarlo sensitivity analyses.

3 pL payload ranges can be obtained, representing the desiatiperformance which can be expected to be due to

modelling errors rather than to actual design changes.

Component‘ Parameter ‘ Parameter ‘ MpL ‘ Mp / TParam
Ariane 5 ECA:
ESC-A MuertLp.us +652 kg +10.0% -649 kg -6.4%]|  -0.995 kg/kg
Ariane PLF|  MipenpiLe +402kg  +15.0% -29kg -0.3% -0.071 kg/kg
EPC Mnert.Lp.Ls +1740kg +10.1% -679kg -6.7% -0.390 kg/kg
EAP Miert.sp.Bs +3415kg +10.6% -409kg -4.0% -0.120 kg/kg
ESC-A kp.vac +4.4s  +1.0% +130kg +1.3% +29.5 kg/$
EPC kpac +4.3s  +1.0% +283 kg +2.8% +66.5 kg/$
EAP lspvac +26s +1.0% +93kg +0.9% +35.8 kg/$
ESC-A A +0.11nf  +14.0% +51kg +0.5 % +470.4 kg/fm
EPC A +0.49nf  +14.0% +124kg +1.2% +255.5 kg/Mm
EAP A +0.98nT  +14.0% +291kg +2.9% +296.4 kg/Mm
Ariane G +0.09 +9.4% -70kg -0.7% -746.5 kg
Ariane G +0.10 +10.6% +5kg +0.0% +46.0 kg
VEGA:
AVUM M inert.Lp.Us +72kg  +10.0% -73kg  -4.6% -1.016 kg/kg
VEGAPLF| Mienpir +80 kg +15.0% -11kg -0.7% -0.143 kg/kg
P80 Mhert.sp.Ls +1908 kg  +22.5% -77kg -4.8% -0.040 kg/kg
723 Miert.sp.Ls +612kg  +22.5% -87kg -5.4% -0.142 kg/kg
Z9 Minert.sp.Ls +318kg +22.5% -92kg -6.1% -0.289 kg/kg
AVUM | spuvac +3.1s +1.0% +6kg +0.4 % +1.9 kg/s
P80 kpac +26s +1.0% +24kg +1.5% +9.0 kg/$
723 lspvac +27s +1.0% +32kg +2.0% +11.7 kg/$
Z9 lsp.vac +2.8s +1.0% +42kg +2.6 % +14.7 kg/$
AVUM A, +0.01nf  +14.0% +2kg +0.1% +183.3 kg/Mm
P80 A +0.43nf  +14.0% +41kg +2.6 % +94.1 kg/m
723 A +0.24nf  +14.0% +42kg +2.6 % +174.5 kg/fm
79 Ac +0.17 nf  +14.0% +42kg +2.6 % +250.4 kg/m
Ariane G +0.09 +9.4% -15kg -0.9% -157.2 kg
Ariane G +0.10 +10.6% +1kg +0.0% +11.4 kg

Table 21: Results of one-variable-at-a-time sensitivitgnalysis for +E parameter perturbation.
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From the results of thene-variable-at-a-tim@nalyses, shown ifiable 21for a variation of the parameters equatE
significant considerations can be drawn. First, thetroatical discipline is by far the Weights analysesulting in errors
up to+10% on the payload due to varying the mass of the upper stageemuakE. The large payload sensitivity to the
upper stage’s mass, in fact equattpsuggests an increase in the modelling effort for uppgesteights, which are also
the most difficult to evaluate with statistical histebased methods since very different structural rat&s be found in
existing vehicle¥. Generic improvements in structural and non structaesses estimation of all launcher components are
anyway necessary for the second modelling step, #wvargh sensitivity to other stages/boosters is morgddniFor
instance, Ariane 5’s boosters and core were fouméte sensitivities of approximatedy3 to 1and2.6 to ] that is 830 kg
saved on each booster or 260 kg saved on the core corraspird 00 kg payload upgrade. Similar figures were obtained
also for VEGA SP stages, with respectivefy0 to 17.0 to 1land3.5 to 1for P80, Z23 and Z9.

On the contrary, Propulsion discipline seems accurateigen@or the purpose of conceptual and possibly early
preliminary design, at least as regards to the pure pexfaren The vacuum specific impulse of stages and boosters,
although having a large sensitivity on the PL perforreaic particular Ariane’s EPC and VEGA's Z23 and Z9), i
modelled with so much higher accuracy with respect tombights that the resulting payload error is not crit{e@%).
Moreover, errors in the order ©6% on the exhaust area seem to have a similar perceintpget on the PL mass3%)
with respect to errors in the order 16 on the specific impulse. The inaccurate evaluation optbpulsion inert masses
instead contributes to the large global error resultinogfthe stages/boosters weights, and improvements straukfdre
be taken under consideration. Finally, a possibly surgrigsult is that Aerodynamics, even though very badiynesed
by DATCOM, does not sensibly affect the design soltgiguality, with a 1% influence limited toCp and basically no
influence ofC, .

Back to Montecarlo analyses, results are visually predenfigure 55 which shows the payload mass distribution for
Ariane and VEGA after 100 Montecarlo runs. The numenedues p and p_. are compared imable 22 with the
reference payload mass from manual and with the estimp#eformance with all launcher data (i.e. propulsion
performances, inert masses, aerodynamics databass#y wbuld normally be computed within the MDA) fixed to the
actual design. These show a sensible bias of theapeekltrajectory models towards overestimating the pedoce of
ELVs, with +9% for Ariane and+14% for VEGA which were confirmed by further testing onalternative configuration
(Russian launcher DNEPR). Although the stand-alose@plinary validation proved the trajectory integrationdels to be
correct (negligible errors were highlighted in a comguariwith the commercial tool ASTOS), the coupling ofignice and
optimization algorithms results in optimistic estimateshef payload. Several reasons can be identified ferlibaviour,
mainly ascribable to lacking modelling features (réialiSP thrust profiles and relatgd, andls, variations, wind and
manoeuvres steering losses, specific impulse degradatortime due to throat erosion) and to possible inactsan the
launchers’ design data.

Figure 55: Montecarlo analysis results: Ariane 5 ECA’s @ft) and VEGA's (right) payload performance distributions.

Taking into account the performance assessment eMargecarlo results provide important clues on the engimge
models’ representation of existing launchers and on Xpectable payload errors. Specifically, a tendency towards
overestimating/underestimating the performances din&i5 ECA/VEGA is evident, with1217.0 kgand 1487.6 kgof
mean payload over 100 Montecarlo runs. This different hetaecan be again traced back mainly to the weight models,
and in particular to the different mean errors fa dny masses of stages and boosters: Ariane 5's liquid stgue shows

%9 e.9.SR=Msei/Mio; ranges from 0.085 of Falcon 1’s upper stage to 0.457 of VEGAUM, even though most figures are in [0.1-0.2].
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in fact a negative mean error, therefore resulting@gher mean payload mass, whereas all VEGA solid stagsses have

a positive mean error, that more than offsets therlomsss of the small storable upper stage. As regartie tetandard
deviations, p =8% for Ariane 5 and p . =16% for VEGA are reasonable figures for expectedalincher performance error
in a conceptual-level design environment employing simeplifengineering models. This is an extremely important
parameter in a MDO context, since it defines the confiddevel that a given optimized design solution is agtumtter
with respect to the discarded options. Finally, and p_ combine in the payload distribution ranges for Arianen8 a
VEGA, with a maximum expectable (Lerror of+19%in the case of Ariane 5.

Ariane 5 ECA VEGA
Payload mass from manual 10050 kg - 1500 kg -
Payload mass for fixed actual design 10944 kg +8.9% 1715 kg +14.3%
Payload mass distribution mean value p_ 11217 kg +11.6% 1488 kg -0.2%
Payload mass distribution stdev p. 762 kg 7.6% 239 kg +15.9%
Payload mass expectable (}.) range [10455; 11979] ki [+4.0; +19.2]9 [1249; 1727] kg[-15.7; +16.1]%

Table 22: Ariane 5 ECA’s and VEGA's payload performancedrom manual, fixed design and Montecarlo distributions.

5.4. Multi-Disciplinary Analysis for existing launchers

This section presents results for the stand-alone MDBuropean launchers, for which the payload performarase
maximized through nested trajectory optimization forréfference mission and for which all discrete andicanus design
variables were frozen to the actual design. Note ifierehce with respect to the fixed design approach ofptieeious
section: here, thimputvariables of the MDA are frozen (e.g. propellant rmasshamber pressures, ...), whereasupluts
required for the trajectory optimization are computed @Etyulwithin the technical analyses (Propulsion, Geometry,
Aerodynamics, Weights). By employing 3 optimization rgtarted with PSO-1D and continued with WORHP, payload
performance is then estimated with good confidence, thghaim of understanding the errors committed with rédpec
that and other global performance metrics such asothkwet mass. Finally, execution of the non-technicstidiines
closes the MDA loop, providing cost per launch and missiuccess probability to be additionally compared with re
world figures.

5.4.1.Ariane 5 ECA

Ariane-5 ECA’s reference mission is to put a maximdrh®50 kg of payload to a standard, 7 deg, GTO from Kourou,
assuming the following path constraimg; = 4.55 g; @y, = 57000 Pa; ghatmax= 40 MW/NT; QheatmaxpL= 1035 W/,

The overall results of the MDA are presented in sevataés and figuresfable 23 summarizes all numerical outputs
of the technical disciplines, including mass propergesmetric parameters and propulsion performances,|lsndeports
an overview of the global ELV'’s design figures, namély GTOW, CpL, MSP and the optimized payload mass. Ad da
are compared with the actual values, whose referamgeesis mentioned for fairness. Théfigure 56 and Figure 57
show the drag coefficient, CoG and CoP profiles, tvtdre also used for the Trajectory discipline, whosstmelevant
outputs are presented kigure 58 to Figure 63. Finally, Table 24 andFigure 64 deal with the non technical disciplines,
laying out the CBS and reliability over time.

Parameter MDA Actual Actual data source

Mass properties

Payload fairing mass [kg] 2718 2675 M: Ariane 5 User’s Manual, [118]
Payload adapter mass [kg] 542 400 M: Cone 3936: 200 kg + Payload Adapter System 1666S: 200 kg
Upper stage inert mass [kq] 3261 6504 ESC-A + VEB: 6000/KgH Mynuse&504 kg (assumed 3.5%)
Lower stage inert mass [kq] 17413 17300 EPC + JAVE: 1470Mig (Munuse 2600 kg (assumed 1.5%)
Boosters inert mass [kg] (each) 31446 32098 From sum of awaitdabinal component data angMeqd
Geometry

Payload fairing ogive length [m] 6.25 5.%5 M
Payload fairing total length [m] 17.00 17.00 M
VEB length [m] 1.55 1.5 Geometry Inspection(through graph digitizer softwar® — Gl
Upper stage length [m] 5.22 4.71 M
Lower stage length [m] 25.4p 30.52 Lower stage plus JAMEA protruding nozzle fronsl
Boosters length [m] 32.76 3359 Top to lower skirt: 31.6 m\M) + protruding nozzle frorsl

9 www.getdata-graph-digitizer.com
“! Including nozze extending from the case (31.61 m case only)
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Total launcher length [m] 49.19 53.79

Reference aerodynamic area]m 37.51 37.51]

Propulsion performance

Upper stage nominal thrust [kN] 62|9 - Actual ddtat Available (NA)
Upper stage exhaust pressure [Pa] 23%8.9 - NA
Upper stage nozzle exit diameter [m] 0.77 0.99 Snecma weli
Upper stage nominaljl[s] 433.5 - NA
Upper stage vacuung[s] 444.7 446.0 Snecma weh
Upper stage minimum altitude [km]| 9|8 - NA
Lower stage nominal thrust [KN] 1291(9 - NA
Lower stage exhaust pressure [Pa] 12692.5 - NA
Lower stage nozzle exit diameter [m] 2.19 2.10 Snecma web
Lower stage nominald[s] 416.8 - NA
Lower stage vacuumyl[s] 430.2 431 Snecma weh
Lower stage minimum altitude [km| D 0 -
Boosters nominal thrust (each) [kN] 5796.0 - NA
Boosters exhaust pressure [Pa] 85088.3 - NA
Boosters nozzle exit diameter [m] 3.05 3/06 Fiat-Avio welf”
Boosters nominakj [s] 248.3 - NA
Boosters minimum altitude [km] D - NA
Boosters vacuumy|s] 275.0 275.3 Fiat-Avio web
Global design objectives

Gross Take-Off Weight [kg] 764835| 766383 Sum of all masses, includirig050 kgnominal payload
Payload mass to reference GTO [kg] 12472| 10050 M
Total Cost per Launch [M 171.6 173.00 FAA-AST’s Semi-Annual Launch Report"(2011): 220 M$
Mission Success Probability 0.927 0.970 32 successes in 33 ECA launches, updated to end 2011

Table 23: Ariane-5 ECA long fairing output design parameters, results from the MDA compared withte actual values. Allinput
design variables (e.g. propellant mass, ...) and user pameters (e.g. fairing diameter) are not reported here.

Several considerations can be drawn from the outcédrgane 5 ECA’s MDA, in particular:
- The external geometry calculations are rather approxirttegediameters coincide with the actual valugg,~5.40

m, Bpseti=3.05 1), but the lengths are sensibly underestimated. Althoughmegic parameters do not directly affect

the vehicle’s EoMs (except @), lengths errors are propagated through the inert maateulation.

Although the total wet mass at launch matches velly tve real value, the WBS shows significant inaccigsc
confirming the impression from the sensitivity arsaly that weights models should be improved. In particilar

upper stage’s inert mass is underestimated by als®stwhich is indeed critical considering the high sensitiuit
the global performance to this value. The main causetharunderestimation of the stage’s length and tleite
the modelling of aft and forward skirts, which in case 8CEA play a prominent role in the total structural saas

As already mentioned, propulsion performance indexes ageclese to reality. Moreover, exploiting the OTS

engines functionality, values reported in the MDA colunam [fP only) are substituted at the end of the Propul

sio

analysis with the actual figures, so that the engieeormance can be considered “exact”, within data inac&s.ac
The payload performance of Ariane 5 ECA assessed watHuth MDA with nested trajectory optimization is of

12472 kg a sensibl4.1% overestimation with respect to the user manual’s vdluis.represents a furth&rb tons
payload mass increase with respect tolid@44 kgobtained with frozen launcheutputparameters, as reported

in

the sensitivity analysis section. The main causerislysthe3.2 tonserror in the upper stage’s inert mass, which is

only partially offset by the higher mass of the cane lower performance of the boosters.
Actual CBS and reliability data are not availablendeean exhaustive validation of the non-performance disei

is impossible. However, the total cost per launch-5f2 FY2009 M is comparable to the reported 220 M$ of
current Ariane 5 ECA’s launch price (FAA AST), and ®BS inTable 24 appears reasonable, with approximately
3/5 of the LCC allocated to production, as typical in EL¥sd the remaining equally split in development and
operations. The vehicle’s assessed reliability irstises not do justice to the impressive launch recoAtiane 5
ECA. The final MSP is driven by the cryogenic propaiés high failure rate, which comes from historical
evaluations, determining a Ic®2.7% probability of mission success. This is definitelygaesstic if compared to the
proven 32 successes out of 33 ECA version launches, dpeoissidering that the failure occurred on the maiden

42 http://www.Snecma.com/-space-engines-.html
43 http://www.aviogroup.com/en/catalog/space/propulsione _sphxiatkicts

80



flight which is by definition very risk. Although a betteatoh can easily be obtained by tuning the failure y#ités
is in not in line with the goal of ensuring fair tradésoof different architectures on the basis of the tagcal

reliability of the design, which should indeed be lowehw#spect to Ariane 5’s actual mission success record.

e T St St nlttd Rl it -
e = | | | | | |
| =3 | | | | | |
\\\\\\\\\\\\\\\\\\\\\\\\\\\\ S ,MM | | 18 | | |
£ | | | EE 4 ! L1 ! ! -
+ Sea S T vre | | 18 | | |
i [ = ES
o e A L1 | A
| | | R | | '
& s 20 0 i
= \ = | | | g2 | |
5 ! ! ! ! | ° I I I | I I
(@] | | | | | N
s | I I I N g & Lo aboa L __ g
o i Bt e e i\ ittt = SN« I I | | | [ | I =
o | | | | | Y A o | | | | | | | |
— O | | | | | s ]me, | | | | ] | |
oo | , , : , RN = N | U R =
o -—— -7 === — = 3--4% o ES =
m.m ,ﬁ J, ” 4, ” ,ﬂm 8ma,m”,\\\\,\\\\,\\\\, \\ﬂwwwﬂ\\\,\\\\,\\\\mm
F © | | | | | Lor TOm, | | | | | | |
o | | | | | P o K ! | | | | | | |
S f__ 18 | | | | | | | |
Q ,7 i, ” L,ﬂ ” ,T.ﬂ 3 O I | | | | | | | <
O | | | | | ,\._ 1 2 e e e (L e I
- | | | | | | | |
< , | , , ! i g < | | | | | | |
S ___48
@) ,T L, ” J,f ” ,J. S0 | | | | | |
w | | | | I w | | | | | I I _
g | | | | Y BT S i At e Al il ettt it
e e e e
N,
N N
A Y
M. ” ,V ” ,V ” ” ) N ,T\\\”\\\\”\\\L,\\\J,r\\\f\\\”\\\\”\\\\m
(=] (=] (=] (=] (=] (=] o
0 & 8 8 3 S & m | | | | | [ | |
o - = | | | | | | | |
= [wiy] apniny m | | | | | | | |
> S v
i _mu h h B [6ap] salbue aveid jEwwozuoH v
T A A & N © g
= 1~ - -~ - - - -~ - - -~ LI =
| | 1 | | |
| 2 | W25 | | I
| -2 B3 | | |
| © T T T | . EE | | |
| o o | | D HEE - ---- === -
e - L S R o e o S I|EE I I
| Q8T g 5|88 I I
| S22 o ,_7 | | |
| 20009 = | | |
L L LK © L ________3
| TS S S| | = f - | I
! rononoun| ! - - | | | £
[R— e A S < c | | | | E
| [ m, | | | 3
| ‘O | | | |
I = 0O +----9----- R --=-
| O (S I | | |
| o - | | |
| 5 o O, | | |
[ e Bl Rl Bl el i Attty SWQ mm, | | i3
| © B — - — - == == - == — = - — == - - = .
| 5 okl | | s
| "~ =7 | | 5¢
” g g ” ”
N B < N S N S, ~ o ot | I
| | | |
| Lo n | |
| [} o ! | |
| c c | |
I ®© o I |
| g = = | |
r—- T e il 7 il il Bl — < < | |
| | | | | S .. i | |
| | | | | | % %, | |
| | | | | | L | I
| | | | | | <] Qo | |
| | | | | | =} S |
L | L L | ! o ()] D |
@ o o~ © w ¥ @ o oL i
<] <] <) o <) o <) <] <) L
8

pPD [Bap] sajbue aueyd [earuap

Figure 61: Ariane 5 ECA to GTO, horizontal guidance profies.
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Figure 60: Ariane 5 ECA to GTO, vertical guidance profiles.
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Figure 62: Ariane 5 ECA to GTO, semiaxis profile. Figure 63Ariane 5 ECA to GTO, eccentricity profile.
1
Dev.Sys.| Dev.Eng] Prod.Sys** | Prod.Eng.
PLF 33.5 0 6.0 0 o8
EPC 267.5 456.1 23.3 18 < bo
ESC-A 154.5 1522.7 38.1 88 z
EAP (each)  506.1 0 15.6 q £...
Operations| Ground |Propellant| Flight Other® g
(per flight) 30.5 0.2 1.9 3.7 g .02
LCC Develop. | Product. | Operations Total
total 4428.3 11831.6 4331.8 20592.1 00
per flight 36.9 98.6 36.1 171.6
k /kg 3.7 9.8 3.6 17.]

Mission time [s]

Table 24: CBS from Ariane-5 ECA MDA (all costs in FY200M Figure 64: Ariane 5 ECA to GTO, cumulative reliability over
if not otherwise stated), assuming 120 launches in 20 years elapsed mission time, originating the final MSP.

5.4.2.VEGA

VEGA’s MDA results presentation retraces that of As& ECA's, for a reference mission consisting in 150@fkg
payload to a 700 km polar LEO from Kourou, assuming similtr panstraintsn., = 5.5 g; @yn = 57 KP&; §eaymax= 40
MW/M?, OheatmaxpL= 1035 W/rA. Table 25 summarizes mass, geometry, propulsion and global desigresiFigure 65
andFigure 66 show G, CoG and CoPFigure 67 to Figure 72 describe the optimal trajectory, and finallgble 26 and
Figure 73 outline CBS and reliability over time.

Parameter MDA Actual Actual data source

Mass properties

Payload fairing mass [kg] 606 529 M: VEGA User’s Manual, [119]
Payload adapter mass [kg] 79 60 M
1% stage inert mass [kg] 10131 8497 I: Internal ESA data
2" stage inert mass [kg] 3425 275 [
37 stage inert mass [kg] 1340 1416 [
Upper stage inert mass [kq] 846 715 I
Geometry

Payload fairing total length [m] 7.88 7.88 M

4 Production costs are intended as averaged over thatataer of items produced for 120 launches (total cost isngtstéhrough the
application of learning curves to the Theoretical First JfFU) cost, which is directly derived from the prodoctiCERS).
5 Other operations costs include transport, launch site rearey, insurance and fees.
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1% stage length [m] 12.32 10.80 Geometry Inspection(through graph digitizer software)Gl
2" stage length [m] 8.74 7.55 Gl
37 stage length [m] 5.21 3.63 Gl
Upper stage length [m], outside PLF - 1.21 Gl
Upper stage length [m], total 2.28 2.04 Gl
Total launcher length [m] 36.63 31.07|

Reference aerodynamic area]m 7.21 7.21

Propulsion performance

1% stage nominal thrust [kN] 20606 - Actual dbkat Available (NA)
1% stage exhaust pressure [Pa] 78961 - NA
1% stage nozzle exit diameter [m] 1.95 1.98

1% stage nominak} [s] 255.9 - NA
1% stage vacuumy[s] 280.1| 280.1

1% stage minimum altitude [km] D D

2" stage nominal thrust [kN] 8031 - NA
2" stage exhaust pressure [Pa] 50%65 - NA
2" stage nozzle exit diameter [m] 1.47 1.47

2" stage nominalk} [s] 266.4 - NA
2" stage vacuumy[s] 288.1| 287.5

2" stage minimum altitude [km] D - NA
37 stage nominal thrust [kN] 279.8 - NA
37 stage exhaust pressure [Pa] 13288 - NA
37 stage nozzle exit diameter [m] 1.24 1.23

3“ stage nominal} [s] 282.1 - NA
3“ stage vacuumy[s] 300.3| 294.4

3 stage minimum altitude [km] 5.8 - NA
Upper stage nominal thrust [kN] 2|4 - NA
Upper stage exhaust pressure [Pa] 1190 - NA
Upper stage nozzle exit diameter [m] 0.27 0.30

Upper stage nominaljl[s] 307.0 - NA
Upper stage vacuung[s] 314.7 318.4

Upper stage minimum altitude [km]| 138 - NA
Global design objectives

Gross Take-Off Weight [kg] 139402| 138089 Sum of all masses, includirigg00kg nominal payload
Payload mass to reference GTO [kg] 1403 1500 M
Total Cost per Launch [M 34.8 32 Advertised VEGA launch prié&
Mission Success Probability 0.975 0.980 Projected ESA MSH

Table 25: VEGA output design parameters, results from the MDA compared witlthe actual values. Allinput design variables
(e.g. propellant mass, ...) and user parameters (e.g.rfag diameter) are not reported here.

From the analysis of the results of VEGA’'s MDA, tloidwing considerations can be added:

- The error in lengths estimation is more relevant #GA, since all assessments contribute to an overall
overestimation 06.6 mof the total launcher’s length. This is mainly duehte computed lengths of the SP nozzles
(no nozzle submersion in the grain is considered) anitheofupper stage (lack of “under fairing” configuration
modelling). The length excess results in@20% increase in drag coefficient over the flight enpelevhich
however should not cause large payload deviations.

As for Ariane, the GTOW is close to the real valugt, with sensible errors on the single elements. Spaityf, inert
mass evaluation for P80 and Z23 SRMs is largely pessimiista minor part due to the cases and more relgvantl
due to the nozzles. In fact, VEGA SRMs’ nozzles empleyw materials, allowing for very low mass, which ¢ n
captured by the models. AVUM'’s mass is also overestichby more tha30 kg translating to 30% PL error.

For VEGA, the full MDA with nested trajectory optimiian sets the payload mass1t403 kg 6.5% less than the
reference by manual. This is a drastic reduct®ib (kg with respect to the fixed design payload, which again can
be explained with the errors in the inert masses, parifiset by a sensible overestimation of Z&s

8 hitp://spacenews.com/launch/012312-vega-expected-price-compeiitiveussian-rockets. html
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major role in light of the lower development and produrctcosts of SP systems. The MSP is also very well

represented, with 87.5% launch success probability which matches ESA’s 0.98bikty design target and is

The total cost per launch e85 FY2009 M is reasonably close to the asses¥2d/ , with operations assuming a
almost entirely due to the ignition and jettison seqeenc
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Figure 65: VEGA, drag coefficient.

Vettical guidance

Figure 67: VEGA to polar LEO, 3D ECI trajectory.

Figure 70: VEGA to polar LEO, thrust profile and coast phases.
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Figure 69: VEGA to polar LEO, vertical guidance profiles.



8000

) e e e e S
8000 - - 2 - oo bo b
8000 - b b i
£ o 1 1 1 1 1 1 1
PSS N S R S S N
2 S | | | | l l l
B a000[ " b
H : : : : ----- Semiaxis :
2000777,:77:77777:77777:7777:777 Apocentre L
! : : : : ----- Pericentre :
loooﬁ7:.'77‘77777‘77777‘7777‘777 Semiaxis Target |
i : : : : mrm- Semiaxis Tolerances :
Oo' 500 1000 1500 2000 2500 3000 3500 4000
Time [s]
Figure 71: VEGA to polar LEO, semiaxis profile.
Dev.Sys.| Dev.Eng| Prod.Sys. | Prod.Eng.
PLF 25.8 0 0.7
P80 177.1 0 8.1
723 34.8 0 3.1
Z9 26.9 0 2.2
AVUM 113.9 114.8 3.6
Operations| Ground |Propellant Flight Other
per flight 8.1 0.1 1.6 1.1
LCC Develop. | Product. | Operations Total
total 740.0 2132.6 1300.9 4173.5
per flight 6.2 17.7 10.8 34.8
k /kg 4.1 11.8 7.2 23.2

Table 26: CBS from VEGA MDA (all costs in FY2009 M if not
otherwise stated), assuming 120 launches in 20 years.
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Figure 72:VEGA to polar LEO, eccentricity profile.
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Figure 73: VEGA to polar LEO, cumulative reliability over
elapsed mission time, originating the final MSP.

5.5.Single-Objective MDO for existing launchers

As last validation step, the full MDO process wagesin order to verify the capability of the coupled mation
algorithms and engineering models to produce an improvem#éme design. To both simplify the task of the optimeaed
allow a more straightforward interpretation of thaiaged design solutions, the investigated problems wereskegdt and
the minimization of the GTOW was considered as sioffjective for PSO-1D. Complete MDO runs were executed for
Ariane 5 ECA and VEGA, by freezing all technologicadaarchitectural trade-off variables as well as thepplsion
systems design, and allowing a £30% range for stages/boqgatepgllant masses and length over diameters and for the
trajectory load parameters. This results in the falhgwMDO problems:

Minimize the GTOW of an Ariane 5 ECA-like launcher 80050 kg of fixed performance to 7 deg GTO from
KOUFOU, VaryingX:{Mprop,EPG Mprop,ESC—A Mprop,EAH (L/D)EAP' Odyn,max cheat,max nax,max}-

Minimize the GTOW of a VEGA-like launcher for 1500 kg fofed performance to 700 km polar LEO from
KOUFOU, VafyingX={ Ivlprop,PBO Ivlprop,ZZ:«L Mprop,Zga Ivlprop,AVUM' (L/D)PSO' (L/D)ZQ' qdyn,maxy cheat,max nax,max}.

RespectivelylO and 14 trajectory optimization variables complement thend 9 design optimization variables for
Ariane and VEGA. With these settings, the final optisautions should prove the capability of the MDO to liaye in
terms of launch mass the real world designs, whicle lreot been optimized for sheer performance. Thisesgmts a
gualitative validation, with the objective of achievingngparable but improved solutions with respect to the actual
launchers and of correctly reproducing physics-based tisle-

A preliminary step for the MDO validation was the d#fon of a standard setting for all PSO parameterser@év

attempts were executed with various sets of parameters;,(c,,

, Vmax» S€€Section 3.2) which had shown good

behaviour in previous works both by the autlj6B]) and other literature sources tackling the proble®RSD set-up (see
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for example[78], [120], [121], [122]). The chosen configuration, which was afterwards wusedistently throughout all
optimization runs of both the single-objective PSO-1D e multi-objective DG-MOPSO, is the following:

w=1.2 0.4 (linearly decreasing from the first to the lastaten),c;=1.0, ¢,=2.0, =1.0 Vya=1.0.

Swarm size is also critical for texploration vs. exploitatioproperties of the algorithm, but was selected on alogse-
case basis depending on the size of the problem belweds For the single-objective MDO described in thigieac 100
particles were found to be a good compromise (fasterecgence was highlighted with respect to 50 and 200cje=Y}i
Results are presented in the next paragraphs, shovéngitiimum mass solutions obtained out of 3 PSO-1D ruif@d
iterations each, and a subsequent WORHP local refingmecgss. Multiple PSO runs account for stochastictstfevith
convergence histories for Ariane and VEGA showrrigure 74 andFigure 75. Full convergence is not reached in 1000
iterations, even though a maximum difference amonghttee truns of less than 3% is achieved for both MDOlgnaof

0.85— — —

Normalized launch mass
Normalized launch mass

0 100 200 300 400 500 600 700 800 900 1000
Iterations Iterations

Figure 74: PSO-1D convergence history for Ariane 5 ECA Fige 75: PSO-1D convergence history for VEGA

As shown above, MDO is capable of sensibly reducindah@W of existing launchers with respect to the realtdvo
figures. Nonetheless, it is important to point out hdws treduction is only partially corresponding to a real gfesi
improvement, due to the error in performance assesddmginighted by the MDAs, described in the previousisactin
order to assess the real design improvement brought ly,Ntiz derivativePL/fGTOW needs to be evaluated. In fact, the
764.8 tons and 139.4 tons GTOWSs obtained from the MDAsri@h& and VEGA correspond to an estimated PL mass of
12472 kg and 1403 kg. In order to be compared with the GTOWstfremDO processes, for which the payload is fixed
to the real performances of 10050 kg and 1500 kg, the GTOW4limiMDAS need to be scaled to the approximate values
that the launchers would have — according to the implexdet¢sign models —for these real performances. To démve t
influence of PL on GTOW, multi-objective MDO for minT®W and max PL can be exploited, with the purpose of
obtaining Pareto fronts from which a linear regressim be considered an estimatefpt/1GTOW.

Although more examples of multi-objective optimizatiofl ae given inChapter 8, Figure 76reports the min GTOW
vs. max PL Pareto fronts for Ariane 5 ECA and VEGgu(all” MDO problem), with the purpose of highlighting the effe
on the total launch mass of varying payload requiremdiite Pareto solutions show an almost linear coroelatvith
17.0 kg /ton for Ariane
18.8 kg /ton fo VEGA

to assess the design improvements brought by MDO.

TIPL/IGTON = obtained from linear regression, justifying the uSdhe derivative as a constant

5.5.1.Ariane 5 ECA

MDO results are presented Trable 27, where the values of the optimization variables andctisgs obtained with
PSO and WORHP are compared to the actual design and feifddts. Moreoverf-igure 77 gives a visual impression of
the optimal solutions achieved, since the external gegne meaningful of the overall dimensions and heregisg
characteristics. As for the MDAs, considerationsiegd from the critical analysis of the results are setreally outlined:

- A minimum launch mass &?22 tonsis achieved with PSO-1D which is further loweredb0® tonsby WORHP, a
sensible2.1% reduction contributed by the local refinement. Note énwv that three different design solutions are
obtained starting WORHP from the three global solutiorghlighting how the MDO model is very sensitive to the
first guess, likely showing many local minima.

The 506 tons design solution represent34d@% reduction in GTOW with respect to the actual Ariane 5 ECA
Assuming the partial derivativiPL/IGTOW =17.0kg / ton as derived above, this corresponds to an improvement in
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GTOW of 20.5% brought by the MDO process. This very relevant designrer@maent is mainly obtained through
the re-allocation of the propellant masses and thecten of the trajectory loads, which affect the imedsses.

From a mass-optimal perspective, the MDO shows howastidrreduction in the size of the SP boosters allows
improving the design, due to the higher specific impofsihe core’s cryogenic systems. Moreover, high ptapel
mass is assigned to the upper stage with respect tovike $tage, since its structural ratio is underestichay the
weight models, hence favouring higher propellant loads.

The maximum allowed trajectory loadgyn mas Oheat,max 8N0 Ny max are all decreased in the optimization process,
since this reduces the inert mass while still meetiregpgath constraints. As a consequence, the dynamisupees
constraint becomes active, although the optimal solyti@sents a steeper trajectory with respect to thanad
ascent from the MDA, flying a highep,, profile. Note how this is a rather synthetic result, because no actual
structural analysis is performed to validate the mass reduetssociated to the lower trajectory loads

The visual comparison of the launcher external geonsetoafirms the decrease in volume of the boosters and a
shortening of the core, with tife/D) ratio of the EAPs not significantly affected by thygimization.

Although the MDO'’s objective is GTOW minimization, tBgL is also reduced due to the mass-based nature of the
CERs, with a20.6%lower total cost. The ELV'’s reliability is insteatly marginally affected by the MDO process,
since architecture, technologies and flight phasesrasiganged and continuous variables have a limited impact.

Actual MDA PSO optimal WORHP optimal

Mprop.epc[tons] 173.3 173.3 138.6 -20.0% 1359 -21.2%
Mprop.Esc-atons] 14.4 14.4 - 16.8 +16.7% 17.2 +19.4%
Mprop,p241[tONS] (each 240.1 240.1 1 147.9 -38.4% 144.1  -40.0%
(L/D)p2as] 11.01 10.74 -2.49 10.44 -5.20 9.67 -12.2%
Quyn.max [KPa] 57.0 57.0 - 50.6 -11.2% 50.4 -11.6%
Oheat.max[MW/M?] 40.0 40.0 - 28.0 -30.0% 28.0 -30.0%
Nax.max [0] 4.55 4.55 - 3.79 -16.7% 3.77  -17.1%
PL to GTO [kq] 10050 12472 +24.1% 10050 - 10050 -

GTOW [tons] 766.4 764.8 -0.3% 522.4  -31.8% 505.8 -34.0%
CpL [M ] 173.0 171.6 -0.8% 142.0 -17.9% 137.4 -20.6%
MSP [] 0.970 0.927 -4.4% 0.926 -4.5% 0.926 -4.5%

Table 27: Optimization variables and objectives resultingrom the global and local, minimum mass, MDO of Ariane5 ECA
problem, in comparison with the actual launcher’s deign and the outputs resulting from the MDA.
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Figure 76: Min GTOW vs max PL Pareto fronts for Ariane 5 ECA Figure 77: Geometry of Ariane 5 ECA, comparison of MDA Igft),
and VEGA, including linear regression defining PL/1GTOW. best solution from PSO-1D (centre) and WORHP refinemnt (right).
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5.5.2.VEGA
As for Ariane, MDO results are presentedlimble 28 andFigure 78 for the numerical values and external geometry.

The foIIowmg remarks add to those of the previous paphgra

The minimum launch mass for the mass-optimized VEG#f i$32 tons with a very limited0.3% improvement
obtained through local refinement of PSO-1D design. This 4e@fdction in GTOW with respect to the real VEGA
actually corresponds to &9% improvement in GTOW, assumingfaL/I1GTOW =18.8kg / ton as derived above.

As for Ariane, both re-allocation of the propellantss@s and reduction of trajectory loads contribute tadisisit.

As expectable, the optimized AVUM contains much more plapewith respect to the original 550 kg, with the
upper bound set to 30% always being hit. This testifies theM_ P upper stage should be definitely enlarged to
improve VEGA's performance, which is of course reasanaunsidering that the main purpose of the current
AVUM is only to provide flexibility on the range ofrget orbits. With respect to the SRMs, the optimizagioshes

for smaller first and third stages, in favour of aykarZ23.

The maximum allowed trajectory loadgnmax Gheat,max 8Nd Nax max &re again decreased, but in case of VEGA the
axial acceleration results to be the active congtrditihough the dynamic pressure constraint is not aciige
maximum value is only reduced by ~1% in the final solutioayipg the MDO is not fully converged.

Regarding the external geometry, the optimized launchtiinner than the actual VEGA, with an increase in the
(L/D) ratio of both the first and third stage, both pushe the upper limit for aerodynamic reasons. Thecstati
controllability constraint in a gravity turn atmosplteaiscent without wind is in fact not sufficient to couaterthe
aerodynamic push towards thinner launchers, since thgndesodels or V1 lack of any consideration about
launcher’s flexibility and structural sizing of thin flsges.

Considerations regarding CpL and MSP are the sanue asiéne.

Actual MDA PSO optimal WORHP optimal

M prop.pso[tons] 87.8 87.8 83.0 -5.5% 81.8 -6.8%
Mprop.z23[tONns] 23.8 23.8 - 23.6 -0.8% 26.9 +13.0%
Mprop.ze [tONS] 10.6 10.6 - 10.0 -5.7% 8.9 -16.0%
Mprop.avum [K] 550 550 - 715  +30.0% 715  +30.0%
(L/D)pgo [] 3.56 4.07 +14.39 488 +37.1% 488 +37.1%
(L/D)zo ] 1.91 274  +43.59 3.29 +72.3W 3.29 +72.3%
Quyn.max [KPa] 57.0 57.0 - 55.9 -2.0% 56.4 -1.1%
Oheat.max[MW/M?] 40.0 40.0 - 28.0 -30.0% 28.0 -30.0%
Nax.max [0] 5.50 5.50 - 4.44 -19.3% 4.38 -20.4%
PL to GTO [kq] 1500 1403 -6.5% 1500 - 1500 -

GTOW [tons] 138.1 139.4 +0.9% 132.0 -4.4% 131.7 -4.6%
CpL [M ] 32.0 34.8 +8.8% 33.3 +4.1% 33.2 +3.8%
MSP [] 0.980 0.975 -0.5% 0.975 -0.5% 0.975 -0.5%

Table 28: Optimization variables and objectives resultig from the global and local, minimum mass, MDO of VE@ problem, in
comparison with the actual launcher’s design and the oputs resulting from the MDA.
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Figure 78: Geometry of VEGA, comparison of MDA (left),best sol
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5.6.Summary of conceptual level modelling

The first modelling step for ELVS, presented through@bépters 4 and5, allowed to collect a large number of lessons

learned on several significant aspects of ELVs dedigese were all incorporated in the second engineeripg giténg

birth to the multidisciplinary models for V2 (s€@hapters 6 and7). The key remarks originated from the modelling and

validation process are summarized here for bettatyclar

- The assessment of LP and SP rocket engines’ performatic€EA and empirical corrections is particularly goo

Specifically, the accuracy on the specific impulssuigable to both conceptual and early preliminary desigrisleve
Other important features are lacking in the Propulsiociglise. In particular, an analysis of the correlati@tween
pressurization system, tanks pressure, chamber preasdréurbopumps system for LP as well as realistic
representation of thrust profiles for SP are misditgreover, an improvement in the estimation of the oVvaratt
masses of the propulsion system is necessary, in catidsirwith a generic improvement of all weight models.
External geometry definition and visualization is suffitiéor the purpose of conceptual/early preliminary MDO of
ELVs. However, additional features should be modelledhprove the lengths assessment of specific launcher
configurations, such as “under fairing” upper stages, muldplé enclosed tanks, submerged SP nozzles and
extendable LP nozzles, better definition of interstagarsdion planes and forward/aft skirts.
In spite of the low fidelity of the DATCOM-based anatysherodynamics discipline seems adequate in light of a
very low sensitivity of the global performance to changedrag and lift. Besides, accuracy improvementsledab
by linear aerodynamics panel methods are not nedgsgary large, at the price of a consistent inteigratand
computation effort, and CFD is for the time being exges®r conceptual MDO of launchers.
Weights analysis through WERSs is the most critical pdith® developed multidisciplinary model, as evinced from
SA, MDAs and MDOs. A more accurate representatiothefphysics behind the evaluation of the structurakesas
is mandatory in order to entrust the MDO design solutibtost of the errors in SA, MDA and MDO testing wenme i
fact ascribed to low fidelity of the weight models, d@hd dependence of the structural masses on the trajdéohd
parameters determines a synthetic reduction in iness@saand therefore overall GTOW of the system.
Although environmental and 3 DoF trajectory simulation mode¢ accurate, the assessment of the payload mass of
a given launch vehicle through trajectory optimizationgsmoistic +9% for Ariane,+14% for VEGA). Two main
causes of the performance overestimation were identtiiedack of several modelling aspects playing an impbrta
role in the performance of ELVs (realistic thrust desfj wind and manoeuvre steering losses, specific impulse
degradation over time) and the inaccuracy of the laustcimgput data, which is intrinsic to the validation aggoch.
In terms of overall accuracy, Montecarlo SA runs st8% and 16% 1 variability for Ariane 5 and VEGA
performances, with a worst case éxpectable error due to,() ~19%, which is reasonable for this level of fidelity.
MDA of existing launchers provide performance erromgimy consistent with the SAs, with €24% and -6%
over/underestimation of the payload mass for AriarleCA and VEGA. The main cause for these errors can be
identified in poor modelling of the inert masses, in paldictor ESC-A (3.2 tonsdue to length errors and lack of
skirts modelling), VEGA’s SRMg[{1.6, +0.7, -0.1] tonslue to inadequate representation of advanced technologies
in casing and mostly SP nozzle), and AVUM B0 kgdue to lack of under fairing configuration).
Small MDO problems for minimum launch mass can be ss@aky solved through PSO-1D global runs and
successive WORHP local refinements, producing consistgambvements in the mass performance of Ariane and
VEGA, respectively~20% and~9% with respect to the GTOW from MDA corrected for PLfpamance errors.
Although part of this advantage is synthetically intratidhrough the reduction of the trajectory loads, the
propellant masses are also rearranged with well represphysical trade-offs (e.g. push towards lower bound for
EAP’s low k, SP mass and towards the upper bound for the highleP Imass of AVUM). Moreover, according to
the developed models, VEGA'’s actual design seems mo@/dptimized with respect to Ariane 5's.
Costs estimation within the MDA is sufficiently accieran terms of overall CpL figure as well as of approxanat
breakdown of production, development and operation c88ks {/5, 1/5for Ariane and3/6, 1/6, 2/6for VEGA
whose SP technology allows for lower development/praoiluaosts with respect to Ariane 5’s cryogenic systems).
Moreover, the LCC of the system is reduced in min-GTOWQVprocesses, due to the mass-based nature of the
CERs, which does also however complicate the identiificatf mass vs. cost Pareto fronts in multi-objectivie®/
Finally, reliability assessment results in reasonabtamates of the MSP for VEGA but highly underestim#tas of
Ariane 5, due to the high theoretical failure rates @ased with cryogenic systems, which have been disreddorge
the exceptional launch success record of the ECA veBesides, reliability is shown to be entirely detered by
the architecture and technologies employed in the lauelsitle, with the size and other continuous charactesisti
of the system being basically uninfluential.
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There are a thousand things that can happen when you go light a rockat,engi
and only one of them is good.

CHAPTER6

EARLY PRELIMINARY DESIGN MODELS

The upgraded multidisciplinary models for the early prelimyirtesign of ELVs directly stem from the critical aysa
of the validation of the conceptual level models, whasepoints are synthetically summarizedSection5.6. In addition
to these remarks, an internal ESA review of the documentédr V1 highlighted a number of weaknesses, classkiin
Review Item Discrepancies (RIDs). Several RIDs dd@avith the inaccuracies evinced by the validation gssc but
others represent lacking modelling features, espedcieliyed to industrial requirements in ELVs design, wiviene also
incorporated in the model enhancements for V2.

Following the descriptive approach of the conceptual lenaglels inChapter 4, the early preliminary MDA cycle and
the related disciplinary analyses are thoroughly document#uds chapter (a more comprehensive definition @mgiin
[A3]). Note that for several aspects, the description oétiggneering models for V2 retraces that of V1, with |graes in
common. Redundant information is therefore only recallech Chapter 4 - avoiding repetitions - so that most of the
disciplinary analysis sections below basically consista collection of model enhancements over the concepeuel
version.

6.1. Multidisciplinary design cycle and optimization problem

6.1.1.Design Structure Matrix

The DSM inFigure 79, describing the enhanced MDA cycle, is not widelyad#ht from that of the original models. In
fact, despite the large set of improvements in all gies which is reflected in most of the vect®sX;, X andY;
including a larger number of parameters, the basic structuhe MDA remains unchanged. The only major diffeeclays
in the introduction of the structural sizing disciplimeéhich is iterated with the Trajectory block to achiesavergence on
the inert mass of fairing, stages and boosters, cldbmgerformance cycle. In fact, loads from the ttajgcare used as
inputs to size the structural components of the laundherefore changing its inert masses which artuin used to
simulate/optimize the trajectory.

This iterative procedure is well suited to the appiccaof two different problem formulations, as reedllfrom the
current state-of-art in MDOSgction2.2):

- MDE: for each design solution, the Trajectory-Structuremitve cycle is solved, until convergence on the inert

mass of all launcher components is achieved, with qgmedefined tolerance. This ensures physical consigteh

the design at any point during the MDO process, but redoinger computational times per design solution.

IDE: Trajectory-Structures iterations are avoided by degirthe inert mass of the fairing/stages/boosters through
optimization variables, in a given range around the actalsle from Weights assessment. These inert masses,
“guessed” by the optimizer, are first used for the intégmeof the EoMs and then compared with the actual esass
obtained from the structural sizing, imposing compatibititystraints. This therefore results in the introductbn
NstagedNosetst1 new optimization variables and constraints, enlargiegadptimization problem, but with the benefit

of avoiding the computational times associated with #ratitve cycle. The optimizer is then in charge of adjgstin
these so-calletslack” optimization variables to match the compatibility staints, so that physical consistency is
ensured only at the optimization level.

Although the IDF formulation has been reported in litgmatto be superior to the MDF formulation in several
applications, this cannot be considered a result of gematidity, being strictly dependant on the characiegstf the
problem at hand: number of iterations generally requireccdavergence, time spent in the iterative loop, difficuf
achieving interdisciplinary compatibility, and other fgass. In particular, experience with the MDA cycle depetb for

90



V2 showed that the number of iterations required in Midtle for convergence is very limited. For instar2cgerations
are generally sufficient with tolerances in the orafet% of the actual mass. An a priori evaluation @f tonvenience of
MDF or IDF approaches cannot therefore be performedshuild be assessed on a case-by-case basSeaan 8.1 for
results on this aspect).

Figure 79: DSM for the early-preliminary design (V2 modds) of classical unmanned ELVs.

Briefly going through the MDA, the bulk of Propulsion disaiel with CEA and semi-empirical models is unchanged,
but is complemented with several new analyses suclPag&n shape modelling, LP pressurization system antggu
cavitation analysis, and improved inert masses eStmaThe design cycle continues with Geometry, whiclto als
introduces new modelling capabilities such as separatioe pleiimition, under fairing upper stage configuration, mutipl
(e.g. AVUM) and enclosed tanks (e.g. ESC-A), and optaiilz nose ogive’s length. Aerodynamics analysis is idstea
identical to V1, with the only exception of allowing for mmdhan one aerodynamic configuration, depending on tleojett
status, which may only be useful in very specific conditsunsh as with extremely small strap-on boosters. Alsigiis
module is basically unchanged. However, it is only usedrfanitial guess definition of the inert masses, whichesiteer
used for the first iteration of the Trajectory simidatin MDF mode or constitute the reference valuetfier inert mass
optimization in IDF mode.

Trajectory simulation (or optimization in case of NO&)then based on the same 3-DoF modelling of V1, butded a
wide range of new functionalities. In particular, branchirgjettories are simulated for the re-entry of all sbhal
components, with the purpose of evaluating the splasim-dafety constraints. Moreover, steering losses ededdo both
wind profiles and discrete manoeuvres are added for degedfdetive V as well as for improved static controllability
verification. Following Trajectory, the Structurakisig is executed, being constituted of an entirely new moditle w
analytical engineering-level methods for the estinmatibthe mass of the main structural elements. Strdanasgerial and
layout for each element are introduced here as optimizatriables, whereas shell and frame thicknessesizae t®
withstand the flight and pressure loads. Finally,raftee (IDF) or more (MDF) executions of the TrajegtStructures
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technical disciplines, cost and reliability models conclineMDA, without any particular improvement over thgioal
models. As a final note, several extensions wereideres, the most relevant being a multi-body, 6-DoF dyoam
controllability verification of the nominal trajectorflyability, which was prototyped in an external Matlabi8link
environment but then not integrated for both time amdpegational efforts constraints.

6.1.2.User parameters, optimization variables, constraints and olbjest

Since most of the elements of the vectBysX;, Xy, Y; shown in the DSM for the early preliminary design of ELV
(Figure 79) are unchanged with respect to the conceptual level maueksble detailing each element for each vector is
reported here. However, user parameters, optimizatigables, constraints and objectives modified or added/®are
outlined here.

In particular, the user parameters describedPamagraph 4.1.2 were complemented with additional settings in
Propulsion, Trajectory, and Structures disciplines. Nlo&t in order to minimize the effort required to comveput files
from V1 to V2 models, all parameters described belowraptemented with built-in defaults, so that the useroisforced
to provide numerical figures but can straightforwardly raEs input files.

P,, Propulsion models settings (see Sectién? for details):
Custom SRM profiles: optional detailed definition of theust and specific impulse profiles in new design SRMs.
Custom propellant properties: optional user definitiornefltP or SP physical properties (€.gpwapous + Tramer ---)
End of Life strategy: optional user selection of thategy to be employed for the end of life of orbital stage
Ps, Trajectory models settings (see Sectidh4 for details):
Wind model: reference altitude and scaling factor ferdnthetic wind profile or, if necessary, full winfile.
Re-entry model: selection of re-entry analyses moaesédety constraints vs. numerical integrationKeplerian
propagation), impact ellipse settings, population densitymesgdution and threshold, user-defined population map.
Pe, Structures models settings (see Sectiérb for details):
Load cases definition: time discretization for loadesasvents, aerodynamic forces split coefficients.
Launcher beams approximation: discretization settingsaloulation of both external and internal running loads.

As regards to the trajectory and design variables, thst generic optimization problem was enlarged quite sogmifly
from the conceptual to the early preliminary model. éliph the number of trajectory variables is not changednamber
of system and component level design variables is inmldasmNsp=14 to Nsp\=22 and fromN¢py=26 to Ncpy=73. The
new variables, introduced for handling more detailed dafmiof ELVS' system and subsystems as described below,
combine with those already available for conceptuabdesi constitute the full vector of optimization vatesX:

X ={Xspw Xcpvr-- Xcov, v XD
Xspv :{Nstagesconfv CCB Npgosters SET SBT Nmaxs  Gynax  Cheaaxs» RSC SSM, RL LEM

-+ SMp g, SGLr, SMia: SELa Mack pLF:( L Dhose UFC K, PIG

Xcpv,j ={OTS OTH, By Prop, Feed Fuel M, 'T',ap,  Ber Bnks NOzZlg, (N, PressSygeRs, .-
---NOZZ|§Lbr b SRM/pe: I%egm Shape }'el \Q’ |§| B gf g ccA/ t A Lcanb‘test& e%ut , TOE
---NOZZleddiv TVC,Oﬁ—VC,ThC, DcmsvaTTrTA S'\/llnainl S(r?nainl SMec' Sgo I\Ack}

X1py ={ PLSF Dgpo too tro decDY pd ¥ i@ emd B ® md spimin, § swig Oci Do Oy Bey Plisq Peg }

Launcher architecture: No additional variables with respect to the conceptualaiso
Trajectory loads:

Although the trajectory load variabl@&y max Odynmax 8Nd Ohear,max CaN Still be used as optimization variables, their
relevance with the introduction of the structural sizgery limited. This is a consequence of the inadequadhese
variables to correctly represent loads vs inert pmgmde-offs, as highlighted within the validation of V1 n&da V2,
their effect is therefore limited to the “first guesstlue of the inert masses estimated in the Weigktspline, whereas the
final values are only dependent on the actual trajetdaids through the structural analysis.

System design features:

The following additional system design optimization vaealdre included in the early preliminary models:

SMeir, SGoLr, SMpia, SGoLa: integer variables for the structural mate® and structural configuratio8C (i.e.
stiffening lay-out) of the PLF and PLA componentsgdascribed in the Structures discipline. Seetion6.5
Msiack pLE: Slack inert mass continuous optimization variablaHlerPLF (only for IDF problem formulation).

UFC andKyg: upper stage’s under-fairing configuration option activafleooleanUFC) and percentage of upper
stage’s length contained in the PLF tifC=true (continuous variabl&yg). SeeParagraph 6.3.3
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(L/D)nose length-over-diameter ratio of the PLF's power law nogeve, which can be defined as a continuous
optimization variable in V2 models for structural vs.cgignamic trade-offs.
PIC: integer variable defining the pad interface configurafmnarchitectures including boosters, which can be
optimized with the early preliminary models because ohigker accuracy and physics-based trade-offs which are
enabled by the structural analy$t$C=1/2/3indicates a pad interface with the core, firss@rond set of boosters.
Propulsion system architecture:
Fuel: type of liquid fuel or of solid propellant formulati@eeParagraph 6.2.4.4
Propulsion system design:

LP/SP systems detailed design is the area which hadlseargest number of added variables. In particudat,P:

Panks the pressure in LP tanks is not fixed by default (oth®yuser) as in V1, but can be optimized through this

continuous variable to identify trade-offs between higherformances and lower inert weights, through the new

models for improved pressurization system mass assesanepump cavitation analysis ($&eragraph 6.2.3.

Ni: integer variable defining the number of thrust chamlmeredch LRE, from 1 to 5 (sée2.4.)

Nozzle,: boolean variable activating the extendable nozzle@otr upper stage LRES (s@£.4.3.

PressSysinteger variable defining the type of pressurizationesysts defined iParagraph 6.2.3

Peress CONtinuous variable defining the pressure in presdioizgas tank, for cold/heated He pressurization systems.
And for SP systems (s&aragraph 6.2.2for details on all these variables):
- Nozzle,; Boolean variable activating the submerged nozzl@ogtr SRMs (seé.2.4.3.

r,: SP burn rate, adjustable throughmodifiers to match web length and burn time.

SRMy,e type of SRM: end-burning, internal-burning or custom.

Nsegm NUMber of SP grain segments with different sectigatsmetric shape.

L. ratio of the length of j-th segment to the totaligis length.

Shapg, Wy, Ngj, Rgij: fgjr oj: Shape of the j-th SP grain segment and related gecradimensional parameters.

Note that the maximum number of design variables rkltdethe grain detailed design is 35, assuming at most 5
segments each defined by 7 variables (length, shape angkfimnetric parameters).

Propulsion system costs and reliability, GeometryNo new design variables.

Structural layout:
SMnain, SChainy SMseo SCeeg integer variables for the structural mate@M and structural configuratio8C of the
main components containing the propellants - i.e. OXBpCT/- and the other flight structures (Sextion6.5).
Msiacke Slack inert mass continuous optimization variabletergtage/booster (only for IDF problem formulation).

In addition to the introduction of new variables, twortes were performed in the definition of optimization vdestb
the diameter D was substituted to the length-over-dieméb for all stages with non constant diameter andémsters, in
order to provide a more physically representativenaigttion variable. For the same reason, the nazagpansion ratio

=AJA; was substituted as input optimization variable to thezleooptimal expansion altitude¢ , therefore becoming an
output of the CEA analysis.

Finally, the optimization objectives were not affectedtiy upgrades to the models, whereas a few constraames w
added in light of the new analysd&able 29 summarizes all ELV’s design and trajectory constsadtefined for V2, with
those specifically added for the upgraded models in italics

Discipline Constraint Type Applicability LB |UB
Propulsion SP filling factor Double | Each stage/booster (SP only) - 0
Propulsion Thrust range Double| Each stage/booster (OTS only) -1 1
Propulsion CEA execution failure Boolean Each stage/booster -0
Propulsion Number of engines Integer  Each stage/booster (LP only) -0
Propulsion Grain design Double | Each stage/booster (SP only) -0
Propulsion Web length matching Double  Each stage/booster (SP only) -0
Geometry Geometric interference Double  Each stage/booster -0
Geometry Gimbal clearance Double| Each stage/booster -0
Weights Dry mass slack Double| Each stage/booster and PLF (IDF only) 0
Geometry Length-over-diameter Double  Launch vehicle 0 il
Geometry Fairing geom.. interference Double  Payload fairing 0
Geometry Geometry execution failure Boolegn System analysis -0
Aerodynamics | DATCOM execution failure | Boolean System analysis 0
Weights Weights execution failure Boolegn System analysis -0
Weights Lift-off thrust-to-weight Double | Launch vehicle 0 1

93



Weights Fairing dry mass slack Double  Payload fairing (IDF pnly 0

Costs Costs execution failure Boolean System analysis -0
Risks Risks execution failure Boolean System analysis - 0
Trajectory Target semiaxis Double| Final conditions -1 N
Trajectory Target eccentricity Double| Final conditions - 1
Trajectory Target inclination Double| Final conditions -1 1
Trajectory Path axial acceleration Double  Maximum of all timdanss - 0
Trajectory Path heat flux Double| Maximum of all time instants 1 0
Trajectory Path dynamic pressure Double  Maximum of all time instant - 0
Trajectory Path static controllability Double| Maximum of all tinrestants - 0
Trajectory Angle of attack Double| Maximum of all time instants -1 0
Trajectory Total integrated heat load Double Integral over time 1 0
Trajectory Nozzle minimum altitude Double| Each stage/booster’giam 0
Trajectory Geographic heading Doublg Each allowed corridor taofff minj | maxj
Trajectory Impact population density Double  Each stage/booster’s impact -0

Table 29: List of ELVs' design and trajectory constrains, including involved discipline, type of constraintapplicability to single
components or to the whole launch vehicle, and feasiity's lower and upper bounds.In italics: constraints added for V2

6.2. Propulsion

Although the core of the performance analysis with G4 empirical 4, losses is the same as for V1, the Propulsion
discipline was widely expanded for V2, in particular includ@@S SRMs definition, SP grain geometric design and
internal ballistics analysis, LP pressurization sysend pumps cavitation assessment, new modelling optiohetorSP
and LP engines, and enhancgddsses and inert masses evaluation. The analysis fycthe propulsion system of each
stage/booster is the same as describe&gkation4.2, with the vector of input design variablésand of output parameters
X« andY; only slightly enlarged.

6.2.1.0ff-The-Shelf Solid Rocket Motors

In order to allow for a wider range of launcher ardtiiges, the OTS engines database was extended to irBRiMe of
different types, suitable for both booster applicationd apper stage kick motors. The same database structsre wa
maintained for both SP and LP engines. In addition toEtm®pean P241, P80, Z23 and Z9, the following selection of
motors from ATK'’s online catalogug1@3]) was added to the database: Shuttle’s RSRM, Orion38n&d, Orion50S,
Castor-IVA, Castor120, GEM-40, GEM- 40air, GEM-60, STAR-BI/land STAR-48A. Some examples of the currently
available SRMs are reported Trable 30 showing the most relevant design parameters. A fomatity introduced along
with the OTS SP engines is the possibility to defingt@m thrust and specific impulse profiles. An input fibataining a

list of normalized timesT andlg, can be provided by the user, or one of the availalas fdr the above mentioned motors
can be alternatively loaded.

Table 30: Examples of OTS SRMs implemented in the databador V2, including the most relevant design parameters

6.2.2.SP grain geometric design and internal ballistics analysis

The models developed for the grain analysis in V1 invaeeeral modelling and design inaccuracies, highlighted
durlng the conceptual models validation:
Approximation of the thrust profiles (constant, 2-leveigér), with errors up to 20% over some parts of the burn.
Assumption of constant burn area, chamber pressure arificsipepulse over the entire burn phase. This is a small
but still significant approximation, sinck,.ac varies due to variations in the burning area and hemegnal
pressure, typically in the order of 1-3 seconds fromimam pressure to jettison instant (low residual pregsure
Lack of matching constraint between Web Fraction (Vifigrnal pressure history and burn time (i.e. tha ltune
computed from regression rate and web length shoutdjb&l to the burn time computed from T agaiofiles).
No evaluation of the Filling Factor (FF) and Sliveaétion (SF) of the solid grain, assumed to be constant
To solve these issues, a more detailed grain geomedrialysis and internal ballistics calculations were anpnted,
defining 3 possible options for new (i.e. non OTS) S&3dign, selectable with an integer optimization vari&i®iy,e
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1.

Custom SRMthe user provides FF, SF, and normaliZ€d andlg4t) profiles (through data file) and the motor’s
thrust and dimensions (propellant mass) are allowed techked in a range specified by the user. This option is
useful for variations of existing SRMs, for which thaigrcharacteristics are assumed to be maintained constant
when varying the motor’s scaling. For this reasangaometric design nor internal ballistic analysesparéormed,
assuming the normalizéidt) andlst) profiles are always valid.

. End-burning motorsto be used for upper stage or kick motors, it is the sishglossible grain design. Burn area,

internal pressure, thrust, and specific impulse are as$umbe constant, withF=1 and SF=0. Hence, no grain
geometrical analysis is required, but the analysis ofridiehing of burn time and web length is executed.
Internal-burning motorsto be used for booster or lower stages applications,ofstion allows a rather detailed
geometrical design of the solid propellant grain. Treulteng thrust profiles are realistic representationseai
world solid grains, even though the ignition and burntansitories are neglected (thrust build-up is assumed to be
instantaneous and thrust varies according to the grain gézmhdesign until the sliver interface is reached).td5
segments with different grain cross-sections andiveldengths can be specified, with three internal perforat
types: a) tube grain, b) slot grain, or c) star gr@eometric and internal ballistics analyses then aflomiputing the
burn area, internal pressure, thrust, and specific imputdiées.

A description of the overall SP motors design procassyell as of the single geometric and internal diad§ models, is
reported in the following subparagraphs.

6.2.2.1.SRMs design process

The analysis flow for SRMs of V2 differs in part from attshown in Figure 13, and requires as input the followsign
optimization variables:

Mprop: Usable propellant mass, not include the sliver fractio

D: stage/booster diameter, assumed to be the sametls $mlid grain Dgin=D).

pec and : maximum internal pressure throughout the whole burn pra@ozzle’s expansion ra#tQ/A..

SRMy,e customend-burningor internal-burning

rp: for end-burning and internal-burning motors only, biuen rate in mm/s is given as an optimization variable
allow for matching of the WF constraint. Consideringigen burn rate exponent0.3, the constand is computed
to match the optimized,=a-p,", assuming that such value can be obtained by proper mddificat the SP
formulation with suitable quantities of burn-rate mod#iée.g. iron oxide/lithium fluoride to increase/decragge
Nsegm for internal-burning motors only, number of grain segmenth different section shapes.

Shapg: for each segment j of internal-burning motors, gsaiction shapeubg slot or star.

L.;: for each segment j except the first, relative lehgth=L/L gain.

Wy, Ngj» Rgijs Tgjr o Adimensional geometric parameters describing the gation.N;, R;;, f; only apply to slot
and star grain shapesonly applies to star shape.

With these input parameters available, the SRM’sgihegiocess is composed of the following steps:

1.

2.

Only for internal-burning motors witNs.;>1: the parametes; for all segments except the first is adjusted so that the
WEF is constant throughout all grain segments.

Only for internal-burning motors: a geometric analysis afhegrain segment is executed, depending on the grain
section’s shape. All parameters are adimensionalizgdtiae external radius of the grain, so that the outptitef
analyses is the burning perimeter per unit external r&ifi&,(t) as a function of normalized time from ignition to
burn-out in [0;1]. Additional outputs are the segment’s filiagtor FF; and sliver fractiorSF,.

Only for internal-burning motors: build up of the ovésdimensional burn are®,/( RexrLgrain) (t), FF andSF from

the data of each segmem/Rex(t), Lreij, FFj, SF).

Grain scaling for all motor types, the length of the grain can deed with respect to the propellant mass and thus
M prop

5 . The dimensional burn area vs. normalized thy) can
p-Rextt spFF(: SF

overall dimensions ad:y i, =

at this point be computed, as well as the cavity volunte sliver mass asvolyiy, =(1- FF)p -Rixt-Lgrain and
Miiver = SF-Myrop

CEA nominal performance analysis, specific impulse Bss& minimum altitude evaluation, as for V1.

Engine nozzle’s scaling: the maximum burn akga.x and chamber pressupg are used to compute the maximum
mass flow from the grain regression rate equation, fedmch the throat area and therefore all other nozzle
dimensions are obtained.

. Propulsion system masses and dimensions estimation, agaior V1 with the exception of the grain length

computation which is already available from the gramlisg step above.
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8. Only for internal-burning motors: evaluation of chambegspure, specific impulse and thrust profiles over time,
which are obtained as correction factors with respetté maximum valueg, s, andT". Two different methods
are possible, to be selected by the user, one involii@EA iterative loop for each normalized time point to
compute the chamber pressure from the instantaneousilgaand throat area, and one approximated but much less
computational intensive assuming constant chamber piegpartd isentropic expansion in the nozzle.

9. Only for end-burning and internal-burning motors: burn time aeb length matching constraint evaluation.

6.2.2.2.Tube grain geometry analysis
Tube grain sections simply consist of a cylindrical getion with linearly increasing burn perimeter. Althbuthis
type of thrust profile is seldom useful in launcher appbces, several motors combine tube and star grain sagne
obtain complex profiles which could not be obtained otisr\e.g. 2 of the 3 segments of P241 booster haveshame).
Burn perimeter analysis is simple, with only one inputapaterw=L,/Rex defining the geometry, from which the
normalized port radius can be computedRgsl-w, so that:R,(y)= 2p-(R, + y.where y is the burning coordinate that goes

from O to the normalized web length, or web fractiwf, which is equal for tube grains to the parametefve filling

factor is easily obtained a-‘szzl-RpZ, but the burn perimeter analysis does not allow deténmthe sliver fraction from
the assessment of the remaining propellant on the sails this would be null. A conservative constant v&lEe0.002
is however assumed for tube grains to account for asymese the burn and the pressure deflagration limit.

6.2.2.3.Slot grain geometry analysis
The most general type of star-like grain section carddmcribed by 7 parameters, as detailed in referfdide

However, this results in a very complex geometrical aralygth 16 different burn configurations. To simplify tmedel,
two subsets of this generic geometric were selectddwiolg the approach in referenf@], namely theruncated staor
slot geometry described in this paragraph andstaegeometry described in the next. The slot geometryaanshn Figure
80, where the region depicted with Phase 3 is that considersliver. By normalizing all geometrical parameteth the
external grain radius, the slot grain geometry can beritbes by only 4 optimization variables:

N: number of slots, by default assumed in the range [4,10].

w: normalized web length, by default in the range [0.02,0.5].

Ri: normalized internal perforation radius, by default in #mege [0.05,0.5].

f: normalized slot radius, by default in the range [0.01,0.1].

The normalized port radius can then be obtaineBya$-f-w. Note that constraints are imposed on the values of the

above parameters in order to avoid inadequate geometiids,as those with very low filling factor or excesssheer
fraction.

Figure 80: Slot grain geometry parameterization from[92] (left) and resulting burn back diagram from the geometic analysis
(right). The green line represents the switch betweeRhase | and Il burning, whereas the red line marks th sliver fraction.

The overall burn can be divided in two main burn phases$, efferent analytical expressions for the instantaseo
burn perimeter and port area as a function of the buagogdinate y, directly taken frof82] and hence not reported here.
The total normalized web length (i.e. web fractionjresponds to the sum of webs 1 and 2, and has to hmutainwith
different analytical formulas depending on the parametefsllaws:

WF=1- R- f if(- £ w) cqs( /N

WFz\/(I%-sin(D /N)§+(J: R -cop( /Nzﬁ) foif{1-f <w) eos( /)N

96



The FF and SF are obtained instead from the initiaffiwadi port areas asF =1- Ap(0)p and FF = Ay(WF )/p. Note

that the second relation above corresponds to a gramegey for which the burning segmentsa®d $ disappear before
burn-out. In this case, the computed sliver fraction tautsto be null, with the burning perimeter reaching thatfinal
instant. To avoid this, the grain burn-out is assumed¢arowhen the burn perimeter reaches the 20% of thenmaxi
value, so that the SF is recomputed at that point.

6.2.2.4.Star grain geometry analysis

The star geometry is shown kigure 81, where the sliver region is the area close to thk. s for the slot grain, all
geometrical parameters are normalized with the exteadgials, so that 5 optimization variables are sufficterunivocally
determine the adimensional geometry:

N: number of star points, with a default range in [3,15].

w: first web’s normalized length, in the default rang8,[0.7].

Ri: star point normalized internal radius, in the range [0.61

f: star’'s normalized curvature, in the range [0.01,0.15].

. corresponding to the percentage of the star intermgle aallocated for the tangential section, and maymss

values in the range [0.5,0.9].
As for slot grains, the port radius R=1-f-w, with constraints imposed to avoid inadequate configamafiin particular
large sliver fraction and flat star point geometries. Weé fraction in star grains corresponds to the paramegtand the
analytical expressions for the instantaneous burn pexinaeid port area as a function of y, again divided in bwm

phases and allowing also to compute FF and SF, can be foueferiencg92].

Figure 81: Star grain geometry parameterization from[92] (left) and resulting burn back diagram from the geonetric analysis
(right). The green line represents the switch betweeRhase | and Il burning, whereas the red line marks th sliver fraction.

6.2.2.5.Grain segments build-up and grain scaling:

The burn properties of the three-dimensional SP grairolst@ned from the sum of the properties of each segmen
weighted with its relative length. ;. The parametew of all segments is instead rescaled so W& for all segments
equals that of the first segment. This ensures a ¢ensiseb fraction throughout the different segments, lwhicids the
flame to reach the external wall before the mototimbput. The adimensional burn area profile is alsectly obtained
from the normalized burn perimeters, though an interpolaéheme is necessary to account for different burrdcwde
discretization in different segments. As soon as thel gwhin outer dimensions are scaled with the values givahey
optimizer of propellant mass and diameter, the dimensharal area profilé,(t) can finally be computed.

Two examples of possible single-segment and dual-segmemtogrEigurations are reported Kigure 82 andFigure
83, showing the burn area profile as a function of hinre, both normalized in [0; 1]. Here, the grain getiies were
optimized with a fast PSO-1D run to follow existing norzed thrust profiles from VEGA motors, in particulaetR80
thrust profile through a single-segment slot grain and@#8thrust profile, through a dual-segment, tube and slat.gra

6.2.2.6.CEA analysis, nozzle scaling and.{pT, Iy profiles:

CEA input file writing, execution and output file reading, asllvas losses and minimum altitude evaluation, are
executed exactly as for V1, except for the exploitatiothefexpansion ratio as input variable instead of thelaaptimal
expansion pressure. The CEA analysis is referred tonthémum thrust conditions, which corresponds to the maximum
internal pressure. Engine nozzle’s scaling insteadrdifiom the classical approach for liquid enginesesihe maximum
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mass flow (and hence the nominal thrust) is no londrereaparameter but is determined from the solid grgnassion rate
relation. Hence, the following equations apply, allowio@btain mass flow, nominal thrust and throat area:

T = Isp'g'mmax with M= SF’Ab,ma@'Bw
A =C' 'hc* Mnax | Pec

Figure 82: Single-segment slot grain example, optimizecdbt Figure 83: Dual-segment tube-slot grain example, optimized
match P80 thrust profile: normalized burn area profile to match Z23 thrust profile: normalized burn area profile

Figure 84: Chamber pressure profile over normalized tine for Figure 85: Chamber pressure profile over normalized tine for
the SP grain used for calibration (max pressure = 64 bar the SP grain used for verification (max pressure = 120ar)

Since the burn area of internal-burning SP motoroisconsidered constant, internal pressure, mass flousttand
specific impulse vary at each time instant. Two diffeq@otedures were implemented to determine these prdfikedirst,
more accurate, involves running CEA analysis loops dchelata point to determimg(t) andls{t) for the givenAy(t)/A;,
coupled with mass flow balance equations to ohtaf) and T(t). The second, much faster, substitutes the CEA lodp wit
the isentropic analytical relations, assuming constantbustion propertiesT{, gas Rgag and frozen nozzle expansion.
Although the CEA iterative loop is short (usually 23dterations are necessary with a tolerance of O:Jlaval the number
of burn points can be kept as low as 5, this procesgetillires repeated calls of CEA, resulting in 3 to 6 stxwmf
execution time. The approximate method was thereforeechto be used by default within the MDA, since it requires
negligible computational times at the expense of a veryl sroeuracy error. The combustion properties for thethod
were calibrated on a star grain with chamber pregs#64 bars UsingRy.<=303.4 J/(kg-K) =1.142andT.~3250 K the
error for p(t) profile with respect to the full CEA computation is véoy, as shown irFigure 84 Also when using a
completely differentA,y profile and maximunp.=120 barwith respect to the calibration case, the matchingoisd
enough for early preliminary design purposes, as highlight&igaye 85, fully justifying skipping the CEA loop.
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The approximate method does not include the analyticapuatation of the variation of specific impulse. Instead,
constant scaling for the specific impulse is assumeutivé chamber pressure as follows:

1- I*/ = K- 1 Pec with K=0.0055again calibrated on the 64 bars case above.
sp,ref P cc ref

6.2.2.7.Burn time and web length matching constraint:
As already mentioned, a constraint on the matching of bore and web length needs to be imposed. In fact,uire b

time can be computed frorng, Bnd T profiles astg _sprer9oM prop ,/ * mm-dgmm
ref 0 Trer Isp
At the same time, the chamber pressure profig) determines the regression ragét), which can be integrated over
the burn time,, to derive the total burned length. This must be equaladatal web length obtained from the geometrical
analysis in order for the grain design to be consistégrce, iterations of all steps above to reach conmesgen the web
fraction would be required. However, in order to avoid sucte ttonsuming iterations, a compatibility constraint foa t

1
web length is imposed as follows;,; =WF-R, = t5-  (a[ pc (1) dtrorm)
0

Initial designs may therefore be unfeasible, but afiiization proceeds the chamber pressure, propéliantrate
and grain parameters should be adjusted so that thesdilution shows a consistent matching (within a givéntalerance
to speed up convergence) of web length and burn time.

6.2.3.LP pressurization and feed system analyses

In the conceptual level models, the pressurization sykteirbeen modelled only for pressure-fed engines, buhetas
considered for turbopump-based propulsion architectures. Howtheevalidation process highlighted how this assumption
leads to neglect inert masses accounting for up to 5&eofotal inert mass of the stage/booster, and faileftect the
importance of the pressurization system on the dvetagje/booster design. In particular, the pressurizagystem’s
selection and characteristics are strictly relatettiédanks pressure and pumps specifications, aspects stroogly affect
the total inert masses of the stage/booster. In dodadd the tanks pressysg.s among the optimization variables of the
early preliminary level MDO problem, the impact of tia@ks pressure on the pressurization system’s in&ssmust be
modelled, as well as its influence on the requiremehtaenturbopump feed system. For these reason, a muaiede
pressurization system analysims developed, valid for both pressure-fed and pump-fed engimgether with @ump
cavitation assessment metHodked with an historical WER for boost pumps necessasyippress cavitation if occurring.

6.2.3.1.Pressurization systems sizing:

Three different pressurization methods are included imtbéel, which can be selected for both the oxidizer and the

fuel tank(s) through the optimization variaBleessSys
Evaporated propellantgart of oxidizer and/or fuel are heated up through cookinkeits in the thrust chambers or
heat exchangers at the turbines discharges, so thasihigrg gases can be routed back to the tank to piassoe
LP. This system is best suited for L #Hue to its low molecular weight and hence low masshasdeen historically
used in most LEapplications (from Saturn V to the Shuttle’s Exterfahk (ET), to Ariane 5's EPC and ESC-A
stages). It can also be applied to,ladd other propellants with some weight penalty (e.g. EDistank).
Heated Heliumas an alternative to using propellants, a separatadesof high pressure gas can be stored and
gradually provided to the LP tanks. Although nitrogen waanoitsed in the past, helium is now the preferredcehoi
due to its very low molecular weight. In this system, $lkaated through heat exchangers at the turbines’ discharge,
allowing a reduction of the required He mass and enabtorgge at very low cryogenic temperatures, which iesult
in higher density and therefore lower tank’s volume arabsnFor instance, EPC’'s He gas tank is maintained
through exceptional insulation 4tk throughout the whole flight, ensuring a very masgieffit system.
Stored Heliumin case of smaller pressure-fed systems, it magohgenient to avoid complicating the design with
the requirement of heat exchangers, and directly expanhieits tank to the LP tanks. This is the system allgwin
for maximum simplicity, but also requiring larger massklsoth pressurization gas and tank.

Two alternative models were selected for the estonatf the required mass of pressurization gas[8&end[87] for
derivations). The first consists in the ideal gas &pplied to the final ullage conditions. This approaciheasonable for
isothermal expansion of the pressurization gas, wisiéh sensible assumption when the burn time is rétngr and the
pressurization gas and liquid propellant temperaturesmailars

The resulting pressurization gas mass is:
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V, . . . N
M press= K miK me Prank Viank where K., and Ky, are margins accounting for the residual pressurizagiag
Rpress,tank'T press.tan

remaining in its tank and for the evaporated propellant npass and Vi« are the propellant tank’s ullage pressure and
volume, including ullage, and finallRpress tank @aNd Tpress tank @re the gas constant and isothermal temperature of the
pressurization gas in the propellant tank. The second ch&ttimsed on the energy conservation law, consideringaditia
expansion of the pressurization gas and resulting india&tien already mentioned for the conceptual level models

M press = K miK ma Prank Viank K with the same meaning of the symbols and the addiib the
Rpress,tank'T press,tankl' P tank P pre

pressurization gas pressure in its storage tank. Notéhtkamethod does not apply to evaporated propellants.

The two models were tested on the three different yrieasion options, calibrating the margins with avalgadata
from Saturn, Shuttle, Ariane 5 and VEGA stages. Assalt, the first method was selected $tored Heandevaporated
propellantspressurization, and the second for Heated Hepressurization. Residual pressurization gas margietisos
Kmr=1.05 for stored He an&,=1.2 for heated He K.,,=1 by definition for evaporated propellants, since therads
pressurization gas tank). The propellants evaporation mégimstead taken ak,2.3 for heated He and cryogenic
propellants (LQ or LH,), Ke=1.5 for heated He and non-cryogenic propellaKkts=1.1 for evaporated LQor LH,, and
Kme=1 for stored He. Finally, the pressurization gas tentpegas set to the ambient temperature in all casespé for
evaporated LO(Tpress tanc260 K) and LH (Tpress tanic 150 K).

The model for the estimation of the He tank’s masgused from V1. However, different gas densities of tdeuaed
depending on the pressurization type and different mitettzaracteristics are applied, in order to bettercmate
available data for He tanks masses of Ariane 5's HRS, ESC-A and of Vega's AVUM. Specifically, the densityHe is
obtained from the ideal gas law, with the presgyigstaken from the optimization variables vector and émeperature set
to the ambient temperature (298.15 K). A limit valud.®#.6 kg/ni for cryogenic liquid helium is defined, and employed
in case of heated He pressurization. Different nadteare assumed to be used in case of ambient temgekdeu(for
stored gas systems) and cryogenic He (for heatedygémms). For ambient temperature, titanium liner withr-wrapped
carbon composite is considered, assuming 1.5 mm of Tédérinsurance and the composite alone supporting thgupees
loads, as suggested in a paper by ATK4]). For cryogenic He instead, Al 7075 integral tanks are asduwmith a very
large margin needed for insulation (k=2.8 calibrated o6’'&BSHeL and reasonably matching also Saturn’s datiddo
bottles) and an additional 5 mm minimum gage.

6.2.3.2.Pump cavitation analysis and boost turbomachinery sizing:

As mentioned above, turbomachinery design in pump-fed eagmstrictly connected with the pressurization system
and the tanks and chamber pressure requirements. A compete eycle’s analysis and turbomachinery design isostil
of the scope of the early preliminary MDA. In fact, altigh it is possible to assess with relatively simpleeall of the
most relevant turbopump and gas generator paramittirshen not straightforward to determine the relateert masses,
which would be the main objective of such analysis. I, fact enough data regarding the detailed WBS of propulsion
systems are available to allow for reasonable aaiogis of the turbomachinery's weight with respedhir basic design
parameters (mass flow, pressure head, dimensions). plurtgpsystems information is available from a NASA puatbion
dating back to 1974125]), allowing to develop only a system level regressibthe total turbomachinery's weight as a
function of the engine’s thrust, described below. Besitiéstype of component-level engine’s mass estimatioaladveed
to be complemented by models of similar accuracy fonthss of the thrust chamber, lines and valves, and WMCh are
not presently available. Such level of detail is ferse reasons left for a future modelling step.

However, tanks pressure, chamber pressure and enginkgepoesent optimization variables in the MDO probtdm
the upgraded models, which strongly affect the inert rob#te engine, the propellant tanks and the pressianizaystem.
Hence, it is necessary to introduce a model beingtablerify the cavitation of the oxidizer and fuel pumptheowise
optimization would simply push the propellants tanks pressuthe lower bound, in order to minimize the tanksssn#
simple procedure was developed for this purpose, combiningtiaahand empirical relations fror86], [87] and in
particular[125]. In case pumps cavitation is detected, the implementafi@ propulsion system architecture including
boost turbopumps is assumed necessary, and an additior@h&atinery mass obtained through the above mentioned
historical regression is summed to the main enginessriaure 86 shows the main TurboPump Assembly (TPA)’'s mass
(main oxidizer + fuel turbopumps, excluding boost turbopungasjelating well with the engine’s vacuum thrust according

to the quadratic fitM1pa main=-8.734e 006+ 0.2694J+ 5.3¢ From this regression, the boost TPA mass is oldaine
as: M1pa poost= K TPAratiM TPAmai Where a constant ratiGpa raic=0.4127is taken from the SSME.
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Figure 86: Historical regressions of the main turbopurp assembly’s mass (oxidizer + fuel turbopumps) versuengine’s vacuum
thrust from data extracted from [125].

The methodology for the pumps cavitation analysis @summarized in 6 steps, repeated for both the oxidizeuahd

1.

2.

3.
4,

Compute friction losses from tank to pump BBiicion = f0.5¢ V2 -knes/ Dines» Where Darcy’s turbulent friction

factorf is obtained by solving Colebrook’s equation under seassumptions related to the propellant lines.
Sum the head rise due to tank’s elevation to obtaisubton pressure a®ycion= Pank®™ 94" ‘LiinezD P frictior

Compute the Net Pump Suction Head (NPSH), definedR&H = Rycion- Rapo/l @) -
Compute the pump’s discharge pressure, which is obtaingdtfre chamber pressure Bgscnarge= K fiow P Where

different loss coefficientkyo, are assumed depending on the engine’s cycle and theeragee vs. ablative cooling
of the thrust chamber, which determine the path of oxiciret fuel from pump outlet to chamber pressure. In
particular:

kaow=1.33for the oxidizer in GG engines and the fuel in GG engiittsablative cooling (from Vulcain data)
kaow=1.53for the fuel in GG engines with regenerative coolimgr({f Vulcain engine data).

kaow=1.49for the oxidizer in EC engines (RL-10).

kaow=2.47for the fuel in EC engines (RL-10).

kaow=1.59for the oxidizer in SC engines (SSME).

kaow=2.16for the fuel in SC engines with regenerative coolingEp

kaow=1.88for the fuel in SC engines with ablative cooling (addfitem SSME and Vulcain data).

Compute the Pump Head Rise (PHR), definedPR = Ryscharge- Psuctiof/[ 99
Fixing the pump’s specific spe@ii=450 rpmfor oxidizers andNs=400for fuels (calibrated from data available on

Space Shuttle, Saturn V and Ariane 5) and the pumpt®sewEpecific spee®=20000from [R56], cavitation can be
verified using the following formulas (note that allwe$ must be in British units [ftfs, rom]):

_ Ng-PHR®
21.2* sqrt(V)
4/3
21.2-N-sqgrt(V)
S

RPSH=

where RPSH is the Required Pump Suction Headvamsl the volumetric flow of oxidizer or fuel. The pump is
assumed to cavitate when the RPSH exceeds the Cavikégi@in CM=0.8 corresponding to ensuring a net suction
head 20% higher than that causing cavitation.

6.2.4.New modelling functionalities

In addition to the improved grain and pressurization/fegglyaes, several minor functionalities were added to the
Propulsion disciplinary models, which are briefly descrilpetthis paragraph.
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6.2.4.1.Multiple LP thrust chambers

Multiple thrust chambers design was introduced, with selectib the number of thrust chambers through the
optimization variableN,, which is allowed to vary by default from 1 to 5. Multileambers design, typical of Russian
engines, has the purpose of sensibly reducing the engimgjthland thus the structural mass of the interstagee grice
of a higher engine mass for equal thrust. In the develapedkls, the thrust chamber’s diameter and length aretlgirec
obtained from the required exhaust area divided by the nushbbambers. A margin of 10% on the chamber’s dianeter
assumed to be required between the chambers to avoigérietere during operations, and this allows derivingotrezall
engine’s diameter. Note that all engine’s parameterstill computed and saved per engine, except for thAentength
and diameter which correspond to the single thrust chanftieally, the engine’s mass obtained with the WERS i
multiplied by a corrective factdf,. which reflects the higher inert mass in case of meltghlamber engines, calibrated on
available multiple chamber Russian engines data (RD-10DALG8A, RD-171M, RD-180).

6.2.4.2.Extendable LP nozzles

Again to take advantage of the mass savings related tshtiteening of the interstage structures, extendable eszz|
option was introduced, particularly useful for large expansioio nsacuum LREs. This approach has recently been
followed for upper stage engines in the US (Rocketdyne’d RB), Russia (KBKhA's RD-0146) and Europe (Snecma’s
Vinci). As for the number of thrust chambers, the f@zxtension is selected through an additional booleamizatiion
variable,Nozzle,. For extendable nozzles, the following modificatiapply for length, expansion ratio and dry mass:

Leng ext™ L eng stowell ext LWith K 45 1.828
ext= ‘K with K g = 3.294
Meng ext— M engK ext,M with K ext NT 1.797

ext,

whereKex andKey, are taken as average of the values of Vinci, RL-10-BRID&146, whereakex v is the ratio of
the masses of RL-10-A and RL-10-B models, which share the dasign without and with the extendable nozzle section.

6.2.4.3.Submerged SP nozzles

As for LP systems, it is often advantageous to redueevbrall length of SRMs, in this case by submerging fadheo
nozzle in the solid grain, at the cost of a smalfgrarance loss. This design option can again be activatedbmplean
optimization variableNozzle,, and results in length saving angllbsses equal to:

Leng,sub™ L eng totaK sub With K g,p70.284
lsp.sub=! s suny with K g =0.9975
whereKgp, is taken as average of P241, P80, Z23 and Z9 motorssane, from the Shuttle’s RSRM (Suttof86]).

6.2.4.4. Detailed propellants definition

In order to allow for the additional analyses of the mewdels, several physical properties of the propeliae¢s to be
defined. In particular, temperature, density, vapour presand dynamic viscosity of LP in the tanks, as welkhes
minimum and maximum allowed mixture ratios and the chariet temperatures are stored in V2 database, with all
assumed values shown Trable 31 Similarly, default values for the grain density, flatemperature, gas constant, molar
mass, burn rate exponent, burn rate constant, and Alumioamtent are provided for SP systems. Moreover, ageante
optimization variabld-uel was added for automatic selection of the propellant cwatibn. For cryogenic systems, J-O
LH, is still the only available option, but the choiceviEen Kerosene and RP1, MMH and UDMH, or Avio and Kblio
SP formulations can be optimized. Kerosene/RP1 dattleea from a comparative study published in 1996]f, which
highlighted three main differences: Kerosen@8%sdenser than RP1, has lower heat of combustid%) and higher heat
capacity, which causes a lower temperature increagssacooling jackets. MMH shows a slightly higher denaityl
theoretical performance with respect to UDMH, whetbagwo SP formulations differ in Al percentage arbtyf binder.

Propellant | [10” kg/(ms)] | papour [0a] | tank [KG/M?] | Tiank [K] [T cein [K]

LO, 1.906 1.013 90.04 114( 30D
LH, 0.143 1.013 20.43 71 91
RP1 24.341 0.002 298.15 806 30D
Kerosene 33.363 0.002 298.15 832 250
N,O, 4.392 0.765 298.15 1447 30D
MMH 10.273 0.011 298.15 878.8 300
UDMH 5.805 0.126 298.15 793 30D
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6.2.5.Enhanced specific impulse losses estimation

In light of the larger database of SRMs collected far $econd modelling step, the models for the evaluafidche
specific impulse losses for SP systems were re-evdluatth the purpose of further increasing the accuracpatticular,
a significant effect of the nozzle’'s expansion ratiothe losses was identified, as clear fieigure 87. This effect is well
represented by the linear fity, =1, cg{1.01275- 0.001063 . I, is not the final corrected specific impulsg since the

other corrections related to the physical effectscdbed inSection4.2need to be applied. Nevertheless, the faidl s, is
no longer dependent on the expansion ratio, hence theatppis of such other corrections allows to obtairy \ggrod
matching of the real specific impulse for all the tds3® engines.

Figure 87: Linear correlation of specific impulse vs. epansion Figure 88: Thrust profile with and without nozzle eroson
ratio for Avio and ATK SP motors. effect (max loss of 0.6%) for Ariane 5's P241.

Another phenomenon related to SP engines’ specific geputhich was modelled with the aim of partially cotirert
the overestimation of the payload performance, is tiseedse in ¢, during the burn of SRMs due to progressive nozzle’s
throat erosion. From available data on VEGA motdms, éffect can be approximated very well with a lindegradation
from the beginning to the end of the burn. The valudHerfinal loss can be provided by the user, or a default wdlue
0.6% is assumed, obtained from the Shuttle’s RSRM: 1.€ves of maximum erosion at the throat's wall is repbite
[86], resulting in an expansion ratio modification from 7.72 gt 7and therefore in a CEA theoreticg reduction from
269.2 s to 267.5 s. As an examgiégure 88 shows the loss of thrust due to throat erosion for P24ltdyockhrust
variations include effects of varying mass flow, chanmgressure, external pressure and nozzle throat. Ttes t@ntribute
is definitely less relevant than the others, but dtghtly significant for an early preliminary design envinoent.

6.2.6.Enhanced inert masses estimation

The final area of Propulsion for which improvementsendeemed necessary following the critical analysis ef th
validation results in the previous chapter is the estomaif the inert masses. Besides what already descrbme {SP
sliver fraction estimation, pressurization and feedesys sizing, correction factors for multiple chamberd extendable
nozzles), three more enhancements are worth mentioningra detailed definition of the unused LP, a more aceurat
estimation of the SP nozzles mass, and the updatédataln of the WERs introduced for V1.

6.2.6.1.Unused propellant masses

Validation of the conceptual models evinced an optimestaduation of the unused LP mass, especially for uppges.
A more refined model was thus developed, defining a moeglelfpropellant budget composed of the following elements:
- Trapped LP intended as the propellant remaining attached tons tanks or trapped in the engine, lines and
valves after burn-out. This is modelled as a lineartying percentage of the total usable LP mdgg, as follows:
[0.8-0.4]% forM,ox=[0-500] tonsin pump-fed systems, [0.7-0.3]% fiot,o,=[0-10] tonsfor pressure-fed systems.
Mixture ratio unbalancefuel left in the tanks due to inaccuracies in mixtur@rabntrol is modelled assuming a
constant error onp with respect to the reference value. This error igdfita0.89% resulting in low fuel bias (e.g.
0.14% of the fuel mass for=5.5), justified by assuming the presence of a propeiltifitation system, which
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continuously measures the remaining mass of oxidizefusidind adjustsp to minimize residuals. The numerical
figure comes from the specifications of Centaur upperesfa26] reports only 20 kg of fuel bias for ;=13.6 t).
Cryogenics boil-off only for restartable cryogenic upper stages, a rigald@ kg/hour evaporation of LH is
assumed. The upper stage coast time can be either grdyidbe user or is assumed to be half of the orbitabge

of the final target orbit. Note that boil-off on launphd is not taken into account, since it is not considpest of
the GTOW. This only results in a larger volume requiremesgumed to be covered by the tanks ullage margin.
Reserves and contingendyrther unused LP mass is allocated for uncertaimidsading or other contingencies,
which is taken equal t0.5% of M, for both lower stages and upper stages. Moreover, ancaddit.5% reserve
propellant is added for upper stages, which may be useduioesm correct payload orbital insertion.

End of Life (EoL) propellantonly for restartable upper stages, propellant is afést also for the implementation of
an EoL strategy aimed at avoiding the pollution of useiddital slots. A fixed upper stage structural ratio is
considered for determining the remaining dry mass aE&thie burn, which is assumed to be impulsive. For non
restartable upper stages, it is assumed that no EoL duequired and other passivation measures are taken, having
no effect on the propellant budget. The required E¥wlLis instead computed according to the strategies defined
the Inter-Agency Space Debris Coordination Committe®@Rs Space Debris Mitigation Guideling427]):

a) ForH,>2000 km assume an EoLV sufficient for the transfer to a graveyard orbithwan altitude difference of
DH =(235+1000*G * A/ m), as defined if127] for GEO but extended here to other circular and ellipMia0Os.

b) For H,>2000 kmand Minert,us<1000 kg uncontrolled de-orbit is allowed by the guidelinesswging that the
orbital lifetime is lower thar25 years No detailed calculation of the orbital lifetimeperformed, but it is assumed
that if H,<600 km, no EoL burn is necessary. {800 km, a small V is introduced in the propellant budget, to
reduce K down to [500-300] km for kF[600-2000] km.
¢) ForHy>2000 kmandMi,eus>1000 kg controlled de-orbit capability should be providedgsimith uncontrolled
re-entry possible impacts within inhabited regions caneoexcluded. For controlled de-orbit, the pericentre is
assumed to be lowered down6® km sometimes resulting in non negligibl¥'s.
Figure 89 shows the EoL burn’sV for transfer to graveyard orbit, uncontrolled re-gréand controlled re-entry,
with worst case Vs up to 400 m/s. Although these measures are curramdigested for disposal of orbital stages,
they may be inapplicable in some specific cases, haeaaser is allowed to enforce a different strategyedessary.
Note that not much data is available for comparisametotal unused LP mass of actual vehicles, but thgsasalith
the above models shows reasonable values for Ariand ¥BGA liquid stages. For instan@228 kg 423 kgand26 kg
of Mynuseq@re obtained for EPC, ESC-A and AVUM, correspondespectively td.3%, 3.0% and4.7% of Myop.

Figure 89: EoL V for transfer to graveyard orbit, Figure 90: Correlation of SP nozzle mass vs. engine rtist for
uncontrolled and controlled deorbit, with assumption European and ATK SRMs, showing two different thrust rarges and
of impulsive manoeuvres and null initial eccentricity. related regressions for small motors and larger boost gfications.

6.2.6.2.SRMs’ nozzle mass estimation

In light of the availability of more data for both Avamd ATK engines, new regressions were developed fanéne
mass of the SRM’s nozzle, in order to improve theueacy which resulted inadequate for the conceptual modelscially
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with respect to the new technologies and materials ums®EGA stages. Three models were considered for the uphrade
version:
Mnozzie= f(N0Zzle surface density, nozzle argajth nozzle surface density from a linear fit of tixpansion ratio.
Mnozze= f(€Xpansion ratio, vacuum thrustthrough a bi-dimensional linear fit.
Mnozze= f(vacuum thrust) through the application of 1D linear, quadratic and poaerfits.

In spite of its simplicity, the third model was foundbi® the most accurate, selecting a different fit fohhigust and
low thrust engines as shown kigure 90. A power law fit is therefore implemented for nozzleisrt mass if the vacuum
thrust is belowl066 kN whereas a quadratic fit is used otherwise. Upper ane Itmuits for T,,c are set to 30 kN and 15
MN, further pushing the bounds of the smallest and &ngetors in the database (Orion 38 and Shuttle’s RSRM).

6.2.6.3.LREs’ updated WERs calibration

The LP engines inert mass WERs need to be adapted irofighé newly introduced modelling options. In fact, the
engine’s inert mass and total propulsion system massbsmed in V2 models as:

H Neng*M eng for LP system
M =M ga+ M M with M g5
PropSys EA ununsed PressSys EA” Mnozzle+ MTVC +M igniter for SP syems
and Meng =M eng ,VVEF(]-"' K restart K throttl)e'K muItipIeChambgs nozzlewioa * M boostPumpé*' MTVC
whereMeng wer s Obtained with the same WER approach described ToHdwever, the introduction of the correction
factors presented in the previous sections would rasidrge errors on the total engine inert mass ifsime regression
coefficients were used. For this reason, the WERs ddtail Table 10 were updated, with the exception of those for
pressure-fed engines, which are not affected by the namdieincements. The new regressions are not repontedboe
generally determine an improvement in the overall acguofthe inert engine’s mass estimation, introducirigrmation
on the details of the engine’s design.

6.3. Geometry

The basic approach to the geometric analysis of ELM3uding external geometry build-up, interference constraints
verification and LaWGS file generation for 2D and 3Bualization is maintained unchanged. The analysis #otlvé same
as represented in Figure 32, with the addition of thesefanctionalities shown to be necessary to imprbeeatccuracy in
the estimation of the lengths, which are critical geiputs of the weights assessment. Specifically, thesévo new tank
lay-outs (multiple tanks as in AVUM and enclosed tanksnaBSC-A), separation plane position definition, andeund
fairing upper stage configuration.

6.3.1.Multiple and enclosed tanks modelling

The common bulkhead and separate bulkhead tanks lay-owddyaingroduced in the conceptual level models are not
suitable to small stages, for which the length of tHmdsical section may result to be very small or enegative, due to
the small volume of propellants with respect to the &adjameter. The design of several upper stages aroundotie w
confirms this consideration, showing multiple tanksfigpmations (e.g. AVUM and EPS in Europe, Fregat, Bremzé
Zenit in Russia) or enclosed tanks such as in ESC-A a@dBEE&yogenic upper stages. Taking into account these Iay-out
the optimization variabl&T is used to define the tanks configuration as follows:

- TT=1: separate bulkhead tanks, as in V1 (e.g. EPC cryogerky ta

TT=2: common bulkhead tanks, as in V1 (e.g. Space Shuttle’s ET)

TT=3: enclosed oxidizer and fuel tanks reflecting ESC-A’'sgiteswith the smaller of the two tanks assumed to be a
cylinder of fixed L/D ratio and a larger hollow cylindenk enclosing it on togrigure 91 reports the geometry of
ESC-A’s tanks, which are used as reference to definga@dbrtions for the enclosed tanks geometric model.
TT=4/5 multiple 2+2 or 3+3 spherical tanks. If the requireduua is too large for 2+2/3+3 tanks, a second floor of
tanks is added, resulting in 4+4/6+6 tanks if needed.

6.3.2.Separation plane definition

With the introduction of an analytical structural mod&gSection6.5), which aims at the physics-based sizing of all
the structural components of ELVs, the definition of deparation plane of each stage becomes necessaryinglimwy
assess the mass staying with each of the stages@fi@mation. Allocating a few hundred kg to one oratier corresponds
in fact to non negligible variations in the launchegrg/load performance. The separation plaggis therefore defined for
all stageg except the first as the longitudinal section abovechvitiie structure remains attached to j-th stage jettéson.

In case of boosters and first stages insteag,is intended as the end of the lower aerodynamic skirich may also
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constitute the structural interface with the launcth ip#éhe booster/core is connected to the ground anmple, Ariane 5 is
connected to the pad through the boosters’ aft skirtregisehe core is unsupported).

Figure 91: ESC-A cryogenic upper Figure 92: Skirt disengagement model: separation plane islefined by
stage’s enclosed tanks geometry, as imposing <15 deg to ensure safe jettison while minimizing mass
taken from [128]. remaining on the stage above.

For all stages except the first, the separation plansually placed as high as possible, in order to jettisargarl mass
and therefore reduce the inert mass carried along diméngetxt stage’s flight. However, safety concerns relatg@assible
impacts between the jettisoned interstage and the émgiwnzzle constrain the position of the separation eldn
particular, this is taken into account by defining,as the highest plane which allows for a disengagement ahgtdeast
15 deg The disengagement angle is showifrigure 92 for a configuration with constant and different diaeneif the two
stages. If this constraint results in a separation plaaceglabove the engine, the separation is assumeduoea@ctly at
the engine’s top. For first stage and boosters insthadseparation plane is located at the top of thenengssuming that
the aerodynamic skirt is maintained as short as pesdibhowever the skirt also has structural support foncfi.e.
connection with the ground), this pad interface skirsgiamed to have a length equaltg=0.264-0 where the numerical
figure is an average of P-241 and P-80 aft support struciiogs that an optimization variably,. is also included in the
system level design variables vectdgpy, defining the location of the pad interface structure &secof parallel
configurations, either on the boosters or on the dweing a relevant impact on the structural mass asasdhuncher
controllability.

6.3.3.Under-fairing upper stage configuration

The validation process highlighted significant errorghenstage’s length in case of under-fairing configurafisnsh
as VEGA’'s AVUM. This type of design generally reduces tietimass of small upper stages by eliminating its external
structure, substituted by the payload fairing. Howevdfergint geometry and weight models need to be defined in these
cases to obtain reasonable inert mass estimatesfditegran under-fairing upper stage model was added to thadepg
Geometry discipline, introducing two optimization varggbla boolean variablgFC for the activation of the under-fairing
option and a continuous variatdgr which defines the percentage of the upper stage’s length daverthe fairing (may
be up to 100%).

The external geometry of the under-fairing configuratiosimsilar to that of the classical configuration. There
however few differences, also depending on the diameiincity between upper stage and fairing, generating four
different cases as schematically showrFigure 93 In caseUFC=true, the separation plane with the lower stage may
result to be above or below the bottom of the fairohgpending on the value &f. If it is below, the external structure
above the separation plane up to the bottom of the fagiagsumed to be part of the upper stage (this is theotdise
AVUM, which has a lateral cylindrical structure of 465 nafnheight). Otherwise the upper stage is assumed tori@ave
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external structure at all, and to be covered in the upgperby the fairing and in the lower part by the int@gst structure
with the lower stage. In this latter case, the sejparglanes fairing-upper stage and upper stage-lower stagsdmoi

Figure 93: Possible configurations of the payload fairing ash upper stage geometries: constant diameter cases (ledind variable
diameter cases (right), both without and with under faiing option.

6.4. Trajectory, guidance and control

Although the EoMs integration, the related environmentatiels and guidance strategies are kept identical from the
conceptual models, several enhancements were developedobatprove the accuracy of the performance assessment
through trajectory optimization, which was shown to ovérege the payload mass by ~10%, and to introduce new
functionalities. In particolar, these upgrades can be suixedan the following points:

- Calculation of the total heat load from payload fairjatiison to payload release, integrated from the cciiwe

stagnation point heat flux at each instant, to be useithas ebjective function or a constraint in the optintiza.
Wind modelling, accounting for both steady-state profded discrete gusts, for static controllability veation
under worst case wind conditions and for evaluationeftthering losses due to a given synthetic wind profil
Estimation of steering losses due to the compensatiaarotlynamic moments and the launch vehicle’'s mames
(atmospheric pitch-over, exoatmospheric pitch and yefiles).

Simplified re-entry simulation of all suborbital stadeesisters and verification of impact ellipse’s intenfere with
populated areas, which allows to determine whether a giggectory complies with safety guidelines.

The latter three points, involving larger model upgradesdascribed in details in the next paragraphs.

6.4.1.Wind model and steering losses

Wind influences the nominal trajectory, in terms ohtrol profiles ensuring the achievement of theedrtarget orbit,
as well as the structural loads and control requiremeiitts most critical effects in thig-15] km altitude range. Horizontal
wind is often significant also for preliminary design pwgs whereas vertical wind is less important. Te@atcfor the
effect of wind in the trajectory simulation, the mostnmon approach is to define a synthetic wind profila &sction of
altitude, and include it in the EoM when the aerodynawrices need to be computed. By varying the referenibedaitand
the direction of the synthetic wind profile, as wafl by introducing uncertainties on other launch velsnk trajectory
parameters, it is possible to analyze off-nominal ttajezs and verify the capability of the control systentompensate.
The dispersion of the final orbital parameters carhia Way be analyzed, assessing theoBbital insertion’s accuracy.
Such an analysis is left as a future development, comgidtrat repeated Montecarlo runs would need to be executed —
hence greatly increasing the computational effortd-that design aspects related to the navigation sensatd also need
to be modelled in order to obtain reasonable figures.

Nevertheless, a synthetic wind model based on tatdas NASA’'s Handbook on Terrestrial Environmefit29]) was
implemented, for including the effect of wind on both #it&tic controllability verification of the launchand the steering
losses evaluation. In particular, look-up tables waken from[129] for the steady-state wind speed, build-up and back-off
wind shears. These are the 95-percentile envelopemd§wver the entire year for four different launch sitethe United
States (Kennedy, Vandenberg, Edwards, White Sands) amedbtteerepresent a worst-case for most launch s@mnari
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From these tables the procedure to obtain the syothetd profile, documented iBection 2.3.9f [129], is based on
the definition of a reference altitude — often the nmaxn steady state wind altitude - where the wind israssl to match
the stead-state envelope. Wind build-up and back-off prafileshen constructed from this point downwards and upwards
and finally a discrete wind gust is superimposed at theereferaltitude, and continuously connected to the build-up and
back-off curves. The discrete gust is assumed to be diindibdee regions: build-up and back-off regions with 1-cosine
power law profile, of 30 meters of thickness each, @2d0-meters thick plateau with a constant 9 m/s winik fifocess
is graphically represented ffigure 94.

The static controllability analysis proposed for Vinaintained unchanged, with the difference that the angittaitk
provided by the guidance laws is modified due to the presdeavorst-case wind speed, as showirigure 95, This is
conservatively taken as the steady-state envelopeparech with the synthetic profile iRigure 96, in the direction that
results in the largest increase of total AOA. Morepvke required static controllability margin was masifiand set to
50%, as specified by NASA practices reported BD].

Figure 94: Synthetic wind profiles for different reference Figure 95: Total AoA for static controllability verifi cation in
altitudes and with or without discrete gust superimpsition. no-wind and worst-case wind conditions.

One of the reasons identified for the optimistic evatmabf ELVS’ performance is the lack of steering &Esslue to
both wind and manoeuvres. These are definitely lesgamiehan gravity and drag losses, often by one or nroler © of
magnitude, but still represent a non negligible aspeatafiracies better than 10% are targeted. For this reggmoximate
models for the evaluation of steering losses wereduotred, based on the determination of the lateral thrasssary to 1)
balance the aerodynamic moment at each time instah®) allow for the required angular acceleration in chpgahn/yaw
manoeuvres. As regards to the first aspect, the samdelsnased for the static controllability analysis ampkeyed, but the
synthetic wind profile is used instead of the worstecaind. This is because during an ascent to orbit, thé welocity
may reach the value of the steady-state envelope balgigen altitude and not throughout the whole fligtisTreference
altitude can be specified by the user, or is conserlgtassumed to b&2 km which determines a maximum wind in the
[6-15] km region, where the effect of wind is largest.

As for the torque required to provide the necessary angaleeleration/deceleration during steering, the viotig
manoeuvres are considered: a) initial pitch-over, with angelocity defined by the pitch-over time and maximamngle
of attack values (both optimization variables), andig}ahtinuities in pitch and/or yaw after each jettiseent, for which
the angular velocity is assumed to be 0.5 deg/s. In bo#s,ctiee manoeuvre is considered to be constitutecconstant
angular acceleration, with final angular velocity matchingréwpiired value, followed by a constant angular velocigsph
and again a constant angular deceleration with null Gelalcity.

The manoeuvre’s torque, applied only during the acceteratnd deceleration phases, is summed to the aeroitynam
balance torque to determine the total torque to be ghedviat each time instant by the TVC. Marginsld® on the
aerodynamic balance ard0 on the manoeuvres are added, to account for uncersaintie models, and the required

deflection angle is then Compmed SE."5"(dTVC(t )) :( 'Vlaerobalanctgt ) +M manoe'ures.(t ))/(T(t )( XCoG(t )‘ X pivo)) .

From the r(t), the instantaneous thrust in the axial direction is coetpand applied in the equations of motion
instead of the total thrust. Note that in order to comfhgenanoeuvres’ torque, the longitudinal moment of inégtigis
required. This is assumed to be the same for pitch andilgfor non axi-symmetric launch vehicle’s configioas, and
is computed from the summation of the contributes daalich vehicle components still not jettisoned. Alinponents are
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considered either thin-wall cylinders (payload fairing,lpagt adapter, dry stages and boosters) or solid cylindayto@d,
liquid fuel, liquid oxidizer, solid grain), so that the iti@s with respect to their centres are obtained as:

I =1/12m(3-F + ¥ ) for solid cylinders
1 =1/ 12-m-(6-r2 + I ) for thinr wall cylinder

These values are then shifted with respect to the ovaualth vehicle’s CoG using the parallel axes theoredeuthe
same hypotheses defined for the CoG calculatiédanagraph 4.5.6 Note however how the contribute of the manoeuvres’
torque to the total steering loss was found to be qusignificant. For instancésigure 97 shows the TVC angle profile for
both the P241 booster’s nozzle and the Vulcain enginé6f i a typical Ariane 5 flight to GTO. Most of thefldetion is
clearly due to aerodynamic moment compensation reqgeifenwhich peaks at the maximum wind instant, whereas
manoeuvre-induced deflections are limited to less thamg1 de

Figure 96: Worst-case and synthetic wind profiles Figure 97: Required TVC angle profile for typical Ariane 5 ECA
versus time for a typical Ariane-5 ECA flight to GTO. flight, accounting for both aerodynamic moments and maneuvres.

6.4.2.Safety analysis for components re-entry

The most critical industrial requirement pointed out by E8#ew is the safety analysis related to both the anpa
the suborbital components of ELVs and the passivaahre-entry of orbital stages. For the latter aspeotjsions were
described in the Propulsion discipline section to accounth®iEoL’s V in the propellant budget. As regards to boosters
and lower stages that do not reach orbit instead,ysaf@ies impose that the expected ground impact elspset ilocated
within inhabited regions. This represents a very importanstraint for many launch sites and target orbits, whiak
shown to sensibly affect the final performance of ELVo include this constraint in the model, some forsirailation of
the re-entry of all suborbital components is neces$aryyhich two different models were conceived:

Numerical integration of the same 3-DoF equations useddoent, simplified by neglecting the lift force and
therefore representing fully ballistic trajectories.

Propagation of the Keplerian parameters from jettisogromnd impact, complemented with empirical models
developed from the 3-DoF simulations to estimate the dmvge reduction due to drag.

In both cases, lift and other effects on the trajgcsuch as wind and off-nominal jettison conditionsregglected, due
to the large uncertainties on these parameters. In todeliably assess the impact ellipse taking into accailrthe
possible uncertainties, a large number of Montecarlalsitons would be required, with computational times of reayfe
order of magnitude larger than a full MDA. A Montecarloge, including uncertainties on the jettison velocilight-path
and heading, horizontal wind profile and direction, snasgle of attack and sideslip, and possibly break-ulysiéand
statistical determinations of the fragments badlisbefficient distribution, is therefore only left asuture development.
Instead, it is considered sufficient for the purposeadéty constraints definition to assume a min-drag and-anagy
ballistic coefficients, combined with a minor-to-roajellipse axes ratio, to determine the approximate @émpHipse’s
geometry.

Specifically, the algorithm for ground impact safetynsaints was defined as follows:

1. Determine min and max drag coefficients by interpotatf aCp(A0A, L/D) database for cylinders obtained offline
with Missile DATCOM. An average AoA dt0 degand65 degfor min and max drag are assumed, representative of
typical attitudes in thf0-40] degrange for nose-first entries and in {48-90] degrange for broadside entries.

2. Compute the min drag and max drag ballistic coeffisiérdm the reference area (stage/booster cross+sgatiag
coefficient and jettison mass (inert mass includirsitgals) asCp=Miner/(Cd-Ars)-

3. Use either the 3-DoF ballistic integration or the Kejain propagation to define the two impact points.
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4. Compute the impact ellipse’s minor axis from the majas, with a guessed axes raticddd3.

5. Overlap a population density map and obtain by 2D interpaoldlie population density at each of the 4 extremes of
the ellipse. The 2015 population projection from the Giddeepulation of the World, version 3 (GPWyB31]) is
used as default density map. Population data is stored ifildataith three different resolutions of 1, ¥ and Yaof
degree, or a user defined map can be provided for specjlicements.

6. Compare the highest obtained population density with tbeved maximum value, which is fixed to no persons per
square kniby default but can be modified by the user.

Note that a more correct constraint should be imposdtieoprobability of fatality along the complete flighbfile of
the launch vehicle (e.g. £0as required by the standards). This approach was howewinplemented because it requires
the determination of population density and failure probigbdt each time instant along the flight, increasihg
computational times and complexity of the model, wittdfeacks from the reliability assessment to the ti@jgcThough
much simplified, the procedure described above is nevesthsldficient to impose safety constraints which decathe
performance of a launch vehicle. Moreover, by properldifyimg the density map file, drop zones in the oceaim given
areas of scarcely inhabited regions (e.g. launcloes Baikonour) can also be enforced.

The dynamic model for the 3-DoF ballistic re-entryegration is taken without modifications from the ascbytsimply
removing lift and thrust forces and allowing for a singitegration phase from jettison to ground impact. Allsmd of 5
m/s with respect to the launch vehicle’s velocity atigeit is assumed to be provided with retro-rockets, and thadinis
considered for simplicity to always occur at null etema Figure 98 andFigure 99 show examples of the re-entry of the
components of Ariane 5 ECA and VEGA. All stages ofGAzand Ariane’s P241 boosters are in this case droppedhiat
Atlantic Ocean, but the EPC re-enters over Africa, mgkhis trajectory unfeasible from safety point of view.

The dynamic model for the Keplerian propagation consistead in the determination of the true anomaly and &m
given orbit intersects the planet’s surface, againnasduo be at null elevation, as follows:

1 a(l- €)

Oimpact = acos —
e Pplanet' 1
3

a . . 1l-e
—( Eimpact' e'sm( Eimpact )) with tan( Eimpact / 2:) PR
mplanet 1

+e
This allows calculating through coordinate conversiomsldtitude and longitude of the impact point, from which
the downrange distance from jettison to impact is obthiThe map deformation due to Mercator projection i3 t@lken
into account by using a scale factor eqp#yanesin@ / 2-d )/ 180 km/ de on the vertical direction. An empirical

evaluation of the ratidgoynrange= downrange with drac was performed using the ballistic 3-DoF model for Ae& ECA
downrange no drag

and VEGA, showing thatgownrange CaN be reasonably approximated as a a functidp,ef and of the ballistic coefficient
Cp. Bi-dimensional fits were therefore developed, conmgira power law regressions @f with a linear interpolation on
timpace The exploitation of the simplified Keplerian modeloals for a 20-25% CPU time saving for each MDA,
representing a sensible improvement in front of &éichloss of accuracy on the impact ellipse.

timpact = tan( impact / =

Figure 98: Example of unfeasible Ariane 5 ECA trajectory, Figure 99: Example of feasible VEGA trajectory, with reentry
with re-entry of ESC-A over populated areas of Afri@. Red/ of all SP motors over the Atlantic Ocean. Red/Yellowmax/min
Yellow: max/min drag re-entry trajectories and impact points.  drag re-entry trajectories and impact points.
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6.5. Structural analysis and sizing

The structural analysis and sizing model was introdspedifically for the early preliminary models, with therpose
of sensibly improving the estimates of the inert massefairing, stages and boosters. The mass of seseraitural
components can be computed within the Structures disgjpdind is then added to that of the non-structural elements
assessed within the Weights discipline. In particuliSases, fuel and oxidizer tanks, intertanks and interstiagesyd
and aft skirts, thrust frames, pad interface structurgdoguh adapter, payload fairing and boosters nose ogivelae iteto
consideration here.

Since the FEM approach was discarded due to the excessiwputational times involved, an engineering-level
structural analysis procedure was derived from a recenit @efining a “beam approximation” for fuselage structures.
Originally, this methodology was outlined by NASA in 1998 &ircrafts [133]), and was afterwards adapted for the main
airframe of in-line launchers at Georgia Tech in 200484] and[135]). The model developed here for generic ELVs
extends the latter, including parallel configurationsvall as a wider set of structural component typescantplementing
it with other classical analysis practices frff89] when needed. Few simplifying assumptions were also takbrregpect
to [134], in particular considering all longitudinal cross satsi as circular instead of elliptical (ELVs insteadRbl/s).

The resulting structural analysis process, rather doatpl, is composed of the following steps:

1. Define a set of load cases from Trajectory: on-paa-tdf, max Qyn, Mmax Qyn v MaX Niero Max Ny and Ny.

2. For each load case:

a. Define the distribution of masses along the longitatlaxis of the launcher’s core and boosters setgetieas
separate beams throughout the structural analysis (upet ltleams are therefore considered, one for the core
and one for each of the boosters sets).

b. Define the external aerodynamic and gravitationadldoan each beam. Aerodynamic loads are distributed along
the longitudinal axes through approximate assumptions.

c. Define the transfer force in the axial and lateral dioecbetween the core and the boosters set(s).

d. Compute the primary external flight loads along the bepfrds the inertial, aerodynamic and thrust loads. The
three types of considered external loadsaaial forceP, shear forcel, andbending momernivl.

e. Compute the secondary external flight loads, th&®j$,M) on secondary components such as payload adapter
and thrust structures, which are not part of the mairetstral beam(s) carrying the primary loads.

3. Define the structural components to be sized in ternggofmetry, longitudinal stations, loading conditiomsefnal
pressure loadsexternal primary and secondary flight loddand structural properties (material and stiffening)

4. For each longitudinal station of each structural componen
a. Derive from all load cases the worst-case interm@ining loads:hoop stressN, (circumferential), axial

compressive and tensile stresbis andN,; (longitudinal), andshear stres$\,, (transverse).

b. Estimate the required shell's and frames’ thickneswithstand the worst-case running loads. For the,shell
minimum material’s gages imposed and three failure modes are considedéchate strengthyield strength
andbuckling To prevent general instability, the shell configiaras are associated to longitudinal frames, whose
smeared thickness is instead determined fBtm@nley’s criterion

5. From the calculated shell and frames thicknessesrmigte the primary structural mass of each compomeatigh
station-by-station integration. This process provides amat of the optimal structural weight, but does not
account for non-optimum weights such as bulkheads, miaorefs, coverings, fasteners, joints, and other issues.

6. Correlate the primary structural masses obtained thrtheglabove fundamental structural principals with existing
launch vehicle weights, through linear regressions aflae data. This allows taking into account the sdaoy
structural masses, obtaining a good level of accuracy.

At the end of this procedure, the total masses daftalctural components are summed to the non structurgdatents
(propulsion, avionics, ...) to determine the total ireasses of each stage, booster and payload fairing, weéthto be
compared with those at the previous iteration to cheelctimvergence of the Trajectory-Structures sizindecykkhe CoG
and inertia properties are at this point also updatethatdhe following trajectory simulation can be exeduir the basis
of the up-to-date mass properties. More details on edtte @bove steps are given in the following paragraphs.

6.5.1.Load cases definition
The structural sizing of ELVs involves a large numbetoaid cases, usually starting from the ground handling and
continuing all the way to orbit insertion. However, $amplicity, only the following flight events are codered here:
On-pad: dimensioning case for the pad interface stregtéor which &.0 corrective factor with respect to the axial
load derived from the launcher’s weight is assumed, irr ¢odeccount for ground winds.
Take-off: may represent a dimensioning case in cosspe due to large mass of propellant still loaded in thiesta
Max Quyn: usually corresponding to the maximum aerodynamic.drag
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Max Quyn 1o Usually corresponding to the maximum aerodynamic bendsrgent.

Max Naero maximum lateral aerodynamic force, assuming thedher is being subject to a worst-case lateral gust.
Max Naxj, Natj Naxnegj Maximum axial acceleration, lateral acceleration rmegiative axial acceleration, which all
need to be checked for all phases j of the flight.ifstance, the maximum acceleration for the secortkiral stage
may be sensibly higher than for the first stage,venea lower acceleration event may be more crifmah given
stage with respect to the maximum acceleration ingdaetto the presence of attached boosters.

In addition to these cases, loads at regular interval®d of are checked along the whole trajectory, to véigy no
relevant loading condition is neglected. An example of it@mb load case identified with this method is the finstist
peak during the flights of both P241 and P80 boosters, moreesinan the maximum acceleration event, which occurs
close to burn-out and hence with a much smaller propebanling. For all théN; selected load cases, all trajectory data
influencing the structural sizing are stored, in ipatar: propellant loading and thrust of the different stdgmosters,
gravity, pitch, lift, drag, CoP, CoG, AoA, wind speedndsnic pressure, axial and lateral accelerations.

6.5.2.External forces

External aerodynamic and gravitational forces needet@dmputed for each load case in terms of axial and lateral
components, since all loads are defined in the bodyerefe frame. Gravitational accelerations are obtiafrem altitude
and pitch angle as:

9ax = 9(h(t))-sin(@ )
9iat = 9(h(t))-cosq |
whereas aerodynamic axial and lateral forces argetefiom drag and lift as:
Naero = D-COS@ ying } L-SIN{ ying .
Agero = L-COS@ ying + D-SiN@ ywing )

Note the usage of the AoA including wind. This constively causes a rather large normal component (withc#ypi
wind Ao0A in the order of 5 deg at maximum dynamic pressues)lting in similarly large bending moment. The directio
of the lateral gravitational acceleration and aerodyoararmal force does not change the entity of the bendind,is
therefore irrelevant.

With the knowledge 08ax, Jat: Aaeror Naero, the balance of the external forces with the ineeddelerations recorded
within the trajectory integration can be verified asofok:

Ttot - Aaero‘ M'ga% M'nax
Naero- M-Qjat= M- Ngt

Aerodynamic loads need then to be divided between tieearwl the booster sets, and to be distributed alongéred)
longitudinal axis.Aaero @and Naero are simply split among core and booster sets propoliijamathe productCp-As and
C_-A.s Of the different components. For each of the beatose(and boosters sets), the axial aerodynamic ferteen
partially applied at the tip of the launchét,{, =0.7-A.ro representing all forms of drag except from frictioag), with
the remainingA,ero 0.3 Avero Uniformly distributed along the beam. The normal faecestead assumed to have a linear
distribution from tip to bottom of the beam, computihg toefficients which ensure a CoP position matchingabizined
from DATCOM.

Finally, the boosters and core exchange both axial f@weédateral forces during the initial ascent phases. r€ntig
with the structural model of Ariane 5, the axial foree@assumed to be completely transferred at the FB#ersysvhereas
the lateral forces are transferred at the ABA laraiwhich is provided with piston dampeners). The introdoctibthe
thrust loads of the boosters alleviates the compresdséals aft of the attachment position. This is highéghespecially for
large SP boosters, such as those of Ariane 5, for whiglwhole common bulkhead tank of the first stage igadlyg
dimensioned for tensile loads instead of compressiadd, as typical with most rocket structures. The net ard lateral
forces transferred during ascent from each boostéetodre can be expressed as:

Feax=Tg~ Aserog M B(dak Na)
Fgjat = Naero s+ M g(J axt Nay

whereT,, is the total thrust force, including stage and boosters

with (Tg, Mg, Aaero B Naero.g) DeiNg booster’s thrust, mass and aerodynamic forces.

6.5.3.Mass distribution
The longitudinal distribution of all structural and non dtusal masses along the beams constituting the corehand
booster sets is of large importance in the determinafitineoinertial loads and therefore of the structuralsessEach of
theNp; mass items is described in the model by four double vakeresach load case, building up foi-by-N,; matrixes
synthesizing the ELV’s longitudinal inertia propertiEsr the j-th mass item at the k-th load case, these are
MassM, which varies depending on the load case for propeléartsnay become null with jettison events.
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Start and end positioKminjx andXmaxj, Which are coincident for several mass items asduimése concentrated:
booster attachments, engine assemblies, pressurizgsiems, avionics and power systems, roll contrdksys
Cantilever positiorKcanji, Which is null for regular items but defines the reacstation (location where the inertial
loads for the full mass are introduced) for those masssitwhich are assumed to be cantilevered: engine blgsem
and thrust structures, payload and payload adapter, pressargtem).

Liquid fuel and oxidizer are considered cantilevered ordp@lthe longitudinal axis: axial inertial loads are appéied
the lower bulkhead, assuming that no axial force issfemred at the walls, whereas lateral inertial loads applied
throughout the full tank’s length. The solid propellant mrigi instead assumed to be bonded to the lateral swfabhe
casing, resulting in the axial inertial load also beligributed along the full length of the grain.

In total, 3 mass items are defined for the payload csiteopayloadPL, payload adapteiPLA andpayload fairing
PLF. Besides, at most 17 mass items can be defined forstagh and boosters sstilid grain case SpGolid grainSp,
oxidizer tankOXT andfuel tankFT, oxidizerOx andfuel F, intertankIT, interstagelS, forward skirtFSk andaft skirt ASk,
thermal insulationsTl, unused propellant8IP, pressurization systef@S engines assemblyA, thrust frameTF, forward
andaft booster's attachmentBA andABA, upper stage’avionics and epAES, pad interface structur®l. Note that for
j-th stage, the forward skirt is the short structuneasunding the top ellipsoidal dome of the upper tank [(#8) or of the
grain case (SP). The interstage for stage j is then adsiancever the length from the top of its upper tankraingcase up
to the separation plane with (j+1)-th stage. Finally, dfteskirt of (j+1)-th stage starts from this separafuane and
continues up to bottom ellipsoidal dome of the lowek @) or grain case (SP) of (j+1)-th stage.

Several simplifying assumptions were taken for the dedmivf the longitudinal masses distribution, in particular:

The weights of SP igniter and LP feed system are assuomeentrated in the EA mass item.
Liguid tanks and solid grain case are assumed to be cylinflensgth equal to the total tank’s length, with uniform
distribution of propellant, therefore neglecting thedo quantity of propellant in the domes.
Booster attachment locations are taken as 20% of theen@okngth for the ABA and 30% of the booster’s nose
ogive length for the FBA.
Tl and UP are assumed to be uniformly distributed twvemhole lengths of the tanks and grain case.

Flgure 10Q Figure 102andFigure 104show mass distribution examples for Ariane 5 EC#éa@nd booster) and VEGA.

Figure 100: Mass distribution along Ariane’s core beam. &ir:  Figure 101: Axial load distribution along Ariane’s core keam
concentrated mass. Triangle: reaction station of cantiler mass. approximation. Negative values: tensile loads.
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Figure 102: Mass distribution along Ariane’sbooster beam. Star: Figure 103: Axial load distribution along Ariane’s boosters
concentrated mass. Triangle: reaction station of cantiler mass. beam approximation. Negative values: tensile loads.

Figure 105: Axial load distribution along VEGA's core beam

Figure 104: Mass distribution along VEGA's core beam. 3ir:
approximation. Negative values: tensile loads.

concentrated mass. Triangle: reaction station of cantiler mass.

6.5.4.Axial, shear and bending flight loads
The primary external flight loadsire intended as thexial force P, shear force T and bending momentdvhputed

along the beam(s) for each load case and caused bgrtiignation of gravitational, inertial and aerodynamadkg as well
as by the forces transferred from the boosters tedheand vice-versa. The total thrust at the bottbtheocore and of the
boosters closes the axial load diagram, whereasttralléhrust provided by the TVC closes the diagram e&sforce and
bending moment. Longitudinal statiof)s, R) along each beam are first defined, with a default distari 20 cm. Then,
following classical loads analysis practi¢e, T, M) loads are computed for each station j starting frontiphef the beam,
considering contributes of all masses multiplied by the efigravitational and inertial accelerations, of #eeodynamic
forces and of the booster-core transfer loads, afteohttachment locationB.andT are therefore defined as:

N

X
IDj = Aero i t+ Aaero,dTJ+ (Nax* 9ax): (mkDXjk X Fax,B'(X i XaE,B )
k=1
n n Nmi
aero.tip” ''aero,base
T = 2Meroip = X (et G ) (D X fs Of > X,
k=1

where X defines whether the statiofy is located forward, within or aft mass itévi as follows:
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_Me(Xj - Xink ) i

DXk X X Xmink £Xj £Xmax,j (M distributed )

max,k” min,k
DX =1 if X % Xmaxk (M non cantileverg) or X ;3 Xcan i (M  cantilevered
DXk = it Xj £Xmink (My non cantilevered ) or X£ ¥ M cantileverer

The bending moment M can afterwards be obtained by ratieg of the shear diagram, with the addition of
concentrated moments introduced at the reaction pointiseotantilevered items. These moments tend to alleth&te
bending load for items placed on top of the reactionosigfe.g. fairing) and to increase it for overhangirgni (e.g.
engines). Examples of axial loads distributions arevehia Figure 101, Figure 103andFigure 105 again for Ariane 5’s
core and boosters and for VEGA.

In addition to the primary flight loads calculated alonglibams, which will be used to size those structural coemgsn
defined as primary (i.e. tanks/case, interstages, intertatrkstural skirts, ...), theecondary external flight loadse also
computed, which will be used to size components definedex®fdary” since they are not part of the main letd In
particular, these are thpayload adapterthethrust framedor all liquid propellant stages, and therodynamic aft skirts
For each of these components, P, T and M are sepatatalyuted. The payload adapter for example must withstand th
gravitational and inertial loads due to the payload raassell as its own mass, as follows:

P=(Mp_ +Mp|a)(Gax* Nax)
T=(Mp_ +MpLa)(Gar + Nar )
M =T(Xcog,pL- Xcog,pLA)

whereas the thrust frames must withstand axial loads caattidhe thrust and the gravitational/inertial loadsh@EA.
Additionally, quite severe shear and bending loads aigifor the maximum deflection angle, which result gnigicant
lateral thrusts. The formulas used to estimate the letdsy on TF structures are therefore the following:

P =Teng - (Meng+ M 1) (dat Nay
T =Teng sin(drye max)t (M engt M T0(9 fai" N jap
M =T-( xCoG,eng' X CoG,TS)

Finally, aerodynamic skirts only need to support thein eveight, plus a small contribute of internal pressuretdue
aerodynamic reasons which is conservatively tak€hlabarsin this study.

6.5.5.Structural components definition

In order to proceed with the sizing of the structural ponents, they first have to be properly characteriizédrms of
location along the beams, geometric properties Xi.and R coordinates of a number of longitudinal sectiomapl@yed
material and structural configuration. To tackle theige of any generic ELV’s architecture, two structw@inponents are
considered for the payload composifel.F andPLA - and at most nine structural components for each staggér:SpG
OXT, FT, IT, IS, FSk, ASk, Pl andTF. The other mass items described’aragraph 6.5.3are considered non structural
elements, and the mass assessed in the other dissipfropulsion or Weights) is not changed within Strastur

For each of the above structural components, the stdrerad position are taken from the mass itetgs and Xmax
matrixes, and their length is divided in longitudinal ista with a wider spacing with respect to the beanaticsts, by
default50 cm In this case the discretization does not only hasenaputational purpose: the distance between statisas al
represents the length of the structural panels, ovatwvthe thickness is assumed to be constant.

Following the geometric outline, the loading conditioreath station k of each structural component j is defined by
setting two variablepey j« andpinjx as follows:

© Pext;i=0: station k of component j does not carry any extewsd (P, T,M). This is the case for the upper and lower

domes of liquid tanks and solid motor cases, or for th@eMiquid tanks in case of multiple or enclosed tanks.
Pextji=1: station k of component j carries the primary extetoads (P,T,M), to be interpolated from the beam
approximation. This is the case for the cylindricaltises of liquid tanks and solid motor cases and for the
interstages, intertanks, forward and aft structuratskéind pad interface structures.

Pextji=2: Station k of component j carries the secondary extéoaals(P,T,M), as described above for the payload
adapter, the thrust frames and the aerodynamic skirts.

pintk=0: station k of component j does not have to withstarydternal pressure.

pinijk=1: station k of component j has to withstand an internesgure taken as the Maximum Expected Operating
Pressure (MEOP) for solid motor cases or as the $utage and head pressures for oxidizer/fuel liquid tanks.

The combination of the pressure and flight loads detersnthe loading condition at each station of each stalct
component. Examples for Ariane 5 ECA and VEGA are regari&igure 106 Figure 107 andFigure 108 showing the
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main load carrying structure as well as the aforeroeatl secondary structures. The primary load carryingtsre of
Ariane 5’s core, rather complicated, is constitutedheyfollowing sequence of structural components from thedtavn:
PLF, VEB, ESC-A’s FSk, cylindrical section of ESCsAydrogen tank, ESC-A's aft skirt, EPC’s IS and FB& (n the
European industry terminology, JAVE structure), and BR@tegral common bulkhead oxygen-hydrogen tank. ESC-A’s
oxygen tank is enclosed in the hydrogen tank, and thereioly carries the internal pressure loads, whereamdary
structural components are EPC’s aft aerodynamic skitarfe 5 is connected to the pad through the boosteesyhthst
structures for both stages, and the PLA.

The last properties that must be defined for each stalctcomponent are the structural material and tHiersing
configuration. Two optimization variables are used lfiis purposeSM andSCthan can be frozen by the user to impose a
given selection. The materials available by defaulty) wiechanical properties shownTiable 32 are Al alloy 7075-T6, Ti
alloy 6Al- 4V, low alloy steel 4340, Al-Li alloy 2195 and carbepoxy composite, or a custom material can be extgrnall
provided. Three stiffening concepts are instead availzdsaes the shell configuration without stiffenensipe integrally
stiffened shell, Z-stiffened shells, and truss-comedséch shell. These are characterized by different vabfidrickling
efficiency, minimum gage parameter and frame stfneoefficient, reported ifiable 33 Note that in case the loads
analysis shows that a structural component is neveedutagj compression, an unstiffened shell configurasoassumed
for minimum weight, without considering the value gil®nSC.

Figure 106: Structural components distribution and loading Figure 107: Structural components distribution and loadiry

conditions along Ariane 5 ECA’s core beam approximation. conditions along Ariane 5 ECA’s booster beam approximation
Material |E [GPa] | yrs [MPa]| urs [MPa]| [ka/m?] tmin,gage [MM]
Al 7075-T6 72 505 570 2810 0.203
4340 Steel 200 1496 1793 7833 0.254
Ti 6Al-4V 110 828 1030 4420 0.305
Al-Li 2195 77 690 710 2600 0.203
CFRP 70 530 810 1600 0.500

Table 32: Assumed values of Young modulus, tensile yield strength yrs
and ultimate strength s, density and minimum gage thickness for the
five selected materials. Data are mostly taken fromrdine sources

Configuration Ks Kmg
Integrally stiffened shell 0.656 5.24 2.463
Z-stiffened shell 0.911 5.24 2.47H
Truss-core sandwich shell 0.605 5.24 4.31(

_ R Table 33: Assumed values of buckling efficiency, stiffness coefficient K
Figure 108: Structural components distribution and and minimum gage parameter K, for the three selected structural
loading conditions along VEGA's beam approximation. configurations. Data are taken from the work in Shanley([137]).
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6.5.6.Internal running loads: axial compression, axial tensile, hogmd shear

The worst-case running loads at each longitudinal stafieach structural component can be derived from theststi
geometry, internal pressung=headtPuiage), €Xternal primary or secondary flight loads T, M), and mechanical properties
due to both structural material and configuration. Thypes of internal running loads are considered for the siirigin-
walled structural components of ELVs:

Axial compression stregs . [N/m]: originated from the axial compression fofeeand from the bending moment
M of the external flight loads.

Axial tensile stressl,; [N/m]: originated from tensile forde, bending momentl, and internal pressupe

Hoop (circumferential) streds, [N/m]: for which internal ullage and head pressuredtaeenly cause.

Shear stresh,, [N/m]: originated from shear forces of the externatia

Arbitrarily considering all loadsp( P, P;, T, M) to have a positive sign, the following equations are tsethtain the
internal running loads:

. ) pr for cylindrical tanks
R, M ,pr. R, M _pr. . T

2pR pr2 2 = 2p R

M S Ny= - Ny, = ——
prz2 2" Y p% for spherical tanks’ ¥ pR

At this point, the worst-case running loads per eactostati each structural component can be extracted frorodide
cases, treating tensile and compression loads selyadat to the different involved failure modes. Some Ebwponents
are subject only to compression loads, as typically rfbutalways) intertanks, interstages or similar stnestuothers only
to tensile loads, generally solid motor cases and wome® LP tanks. A contingency factor equallt® is applied to
conservatively cover all uncertainties. Additional tees of Safety (FoS) will be taken into account ie #izing of the
structural components following standard NASA practisepresented in the next paragraph.

Xt

6.5.7.Structural components sizing

The structural design is assumed to be of the shellesagpe:shell panelswithstand tensile, hoop and shear stresses,
shell stiffenerg(integrally stiffened/Z-stiffened/sandwich) prevent conssien buckling of the panels, amithg frames
prevent general instability failure of the fuselagedetailed description of the sizing procedure for this typerattires is
given in referencefl33] (pp. 11-18) and134] (pp. 19-26) hence only a short summary including the leagiations are
given below. A material minimum gage restriction is imghgad the failure modes considered are yield strenfitmate
strength and buckling. For each station of each stalatomponent, the procedure is the following:

1. Compute minimum gage shell thicknéss, simply obtained from the minimum material thicknggsyageas:

ts mg =t min,gagd m

2. Compute the minimum shell thickness for yield strerigths using classical Von Mises theory to obtain the yield

limit stress and the material’sts to derive the necessary thickness:

tsyrs=N y1éS yrswith N v FoS YQ/S’\?"'XI\?' yN N+ R IN/m

If the component is subject to both compression and ¢easihl loadsN, . andNy; are separately substituted in the
Von Mises equation in combination with the worst-chis@ndN,,, and the resulting largest Von Mises stresssN
is used to determine the thickneBsS,1s=1.0 is assumed as by NASA standard for yield in unmannettlesh
([209]), which would typically increase to 1.1 for manned vekicle

3. Compute the minimum shell thickness for ultimate stiehgts using Maximum Principal Stress criterion to obtain
the ultimate limit stress and the material/gs to derive the necessary thickness:

tsuts=NyrdS urs With N 415 FoS 15 0.5(N+ N );a\/ 0.25(Ny N33 N, [N/n

As for the yield criterion, both, . andNy; loads are tested. The FoS for ultimate strength in onethvehicles is
set tol.15for SRM cases antl25for other flight structures (increasing to 1.25/1 drfanned systems).

4. Compute the minimum shell thickness for buckling using a minimum weight equation for wide column stiffened
shells first determined by Crawford and Burns in 19636]):

t _ Nx,c"—/
sB~ -E

where the thickness depends on the compressionNgadrames spacings, buckling efficiency and material’s
stiffnessk. The frames spacing is taken from the work of Sha(tEy7], 1960) as the optimum spacing which
minimizes the sum of shell thicknetss and smeared equivalent thickness of the fram#serefore minimizing the
total weight of buckling critical structures:

Lfyomzfe-R2 f%f



where Cf = 1/16000 is the empirically determined, non-dsiamal,Shanley’s constargndK; is the aforementioned
frames stiffness coefficient depending on the structanafiguration.

5. Select the shell’s thickness &s max(t mg ts,yrs kurs &,8).

6. If the shell isnot buckling critical(i.e. ts is determined by one of the other failure criterendet, * t, g), the frames

spacing can be increased to reduce their mass, up toititemp@re the shell actually becomes critidalis thus
recomputed by inverting the first equation abovelgs: t3. -E/NX

7. Compute the frames smeared equivalent thickiaéssn Shanley’s criterion as; = 2.R - fcf 'p"% KB
R

8. Get the total equivalent thickness of the sectionag+t;.
When the equivalent thicknetsg of each longitudinal station of a given structural compoimeavailable, it is possible
to easily compute its primary structural mass by iraton of the thicknesses as:
Nstations™ 1
Mps=tr- SIat,j'max(éq,j iba ¢ 1
j=1
where the lateral surfa&®,; is computed assuming linearly varying radius betweetians (i.e. conical lateral surface,
if radius is not constant). A few special cases deda@ to the following structural components:
- For spherical tanks, the thickness is assumed coradtaatmaximum value (i.e. max head pressure atdtierh).
For the intertank structures in spherical tanks configuratvhich represent the supporting structures of the tanks,
the thickness is again assumed constant but a strustymadrt plane is added besides the lateral surfadérokter
equal to the stage’s diameter.
Boosters nose ogive and boosters aft skirts are assunie risinforced for concentrated loads at the structural
connections with the core, therefore resulting in aitrarl reinforcement factor &.0on the calculated thickness.

6.5.8.Structural model calibration with existing launcher struates

The component weights determined with the complex strucinadysis procedure presented in the previous paragraphs
is based on fundamental structural principals for minimwetght, hence can only reflect the optimum primary stmad
mass of the components. In reality, a large numbéotdrs contribute to increasing the actual mass mbotieathe value
computed with these methods. Shanley providgShapter 12 of [137] a good overview of such factors, stating that the
overall correction factor may be in the order of 2.0 (10@8ight increase) or more for conventional aircraficttires.

The main reasons for non-optimum weights can be surnetain the following key points:

- Structural joints and fasteners.

Doublers and other secondary structures for jointsaghdis.

Tapered profiles discretization, which applies mostly teraft wings.

Standard gages for which the required thickness cannot béyaetaployed.

Reinforcements due to cut-outs and local loading.

Bulkheads and other secondary elements.

Construction or cost motivations for the selectionah-optimum design.

Other elements typical of rocket vehicle structures sag tanks sealing, keel beams, fail-safe straps, attgsthm
fittings, pressure webs, ...

All of these factors are impossible to be evaluatetl aitalytical methodologies, hence must be aggregatedingiz
corrective factor - empirically calibrated — whicthosls determining the secondary, or non-optimum, struciness of the
components adls=KssM,s This approach may at first sight seem particuladiicial: after going through the ordeal of
defining a complex structural model with analytical sizielgtions, the resulting underestimated mass figures liteasity
corrected by an empirical factor which aims at matchiregactual values. However, this methodology ensuresireble
accuracies in terms of absolute mass estimates awr@, importantly, is capable of representing the basic ghyi the
basis of structural sizing. This is a very relevant athge over purely empirical WERS, since it ensuresrthath more
reliable structural design information is used, and jestifhe exploitation of similar approachegli84] and[135] for in-
line launchers and if138] for aircraft fuselages.

The tuning of the coefficieris is nevertheless critical for the accurate estimatibthe structural weights with the
developed methodology; hence, different values were atecefor different types of structural components, enbéisis of
available mass information for the European launchclehiAriane 5 ES, Ariane 5 ECA and VEGA. Results fos thi
regression analysis are presented in Table 4.6, which atipa® the structural coefficients for the differéyppes of
structures. Note that several coefficients are \amyd since they do include also the weight of non straictubsystems, as
for example the separation systems and pyrotechnics éstdse nose ogives and aft skirts. The correction fdotdsP
motors is instead actually negative (i.e. structurabsnestimated with optimum-weight principals is larger thetual
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mass), due to the fact that the value of MEOP is knewtlhh good accuracy, hence the contingency factat.bfon the
loads uncertainty results in an overestimation of thesiral weight.

Component type |Integral OXT/FTNon-integral OXT/FT SpC | IT/IS/IFSk/ASk/RI PLF TF
Kss 0.490 1.318 -0.008 4.211 1.87( 7.594
Table 34: Correlated values of the structural correctia factor for non-optimum weights in different typesof components.




Singing Don't worry, about a thing, ‘Cause every little thing is gonrelllyeght!

CHAPTER7

EARLY PRELIMINARY MODELS VALIDATION

The validation of the early preliminary models followed #tame procedure developed for the conceptual models, with
the goal of ensuring a fair comparison between the tweoesswe modelling steps and evincing useful information
regarding the applicability of the developed multidiscipynanalysis for real-world applications. In this chaptew
examples of disciplinary-level validation are first given $elected aspects related to the enhancements intrddudgel
Then, an outlook on the sensitivity analyses is followgdhe main results of MDA and MDO tests for Ariane 5 EG@A
VEGA, in direct comparison with the quantitative figupessented itChapter 5.

7.1. Stand-alone disciplines validation and sensitivity analyses

7.1.1.Propulsion

For the propulsion discipline, most of the model impnogats are related to the introduction of new modellingufes,
enabling for instance a more realistic representatidhe SRMs thrust and performance profiles, a paysiorrelation of
the effect of varying tanks pressure on both pressimiz system mass and pumps cavitation, and the exjmoitat
specific propulsion technologies such as multiple thrust chesnlextendable and submerged nozzles. For LRES, these
modifications determined the necessity to update spewificiise corrections and inert mass estimation modessiltmg
however in very small changes in accuracy (i.e. sligtreiase irMeng accuracy for LRES).

o Theoretical (from CEA)
* Corrected *.
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Figure 109: SRM models validation, theoretical Figure 110: SRM models validation, nozzle mass for Avio ahATK
and corrected Ly vocfor Avio and ATK engines.  engines, including a zoom for small motors (<300 kg noejl

On the contrary, sensible improvements were obtaméue assessment of bdtf vacandMyezz.for SRMs, mainly due
to the availability of more real-world data from ATkKebsite. These spurred the development of new correfabiine §,
loss factor with the nozzle’s expansion ratio and efrtbzzle’s mass with the engine’s vacuum thrust. In fromtaximum
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errors with V1 models in the order of 2% by acand 40% orM...1e the validation process (15 SRMs from Avio and
ATK) highlighted very significant improvements in accyraavith ( =-0.03% =0.27% M=0.41%) for lg,vac and
( =+1.14% =14.35% M=24.47%) for M,z Figure 109andFigure 110summarize these validation results.

As regards to the pressurization system and pumpatiawitanalyses, very few quantitative data are availtdole
existing launchers, but is enough to understand the afderagnitude of the accuracy of the developed models. In
particular, detailed information was retrieved for tinespurization systems of NASA’s Saturn V and Spacetl8h{from
historical archive¥) as well as for Ariane 5 ECA/ES and VEGA. These inclidess figures for the He gas/tanks of LOx
systems (EPC, ESC-A, S-IC) and of theOWMMH systems (EPS, AVUM) and the required masses of eaqub
propellant for cryogenic stages (S-IC LF5-1l LO, and LH, ET LQ, and LH, EPC LH, ESC-A LH). Validation with
respect to these systems showed maximum errors omirtgke components in the order of 30%. However, the total
pressurization system mass of the different stagessonably close to the actual figures, as reportédlife 35 Results
in terms of totaMpesssysare therefore satisfactory, and additional modeléfigrts should be focused on evaporated LH
and heated He mass estimation, which are showing thetangecuracies.

Total Mpresssys | ET S-IC | S EPC | EPS AVUM

Actual [kg] 1713 5573 1947 390 188 28
Estimated [kg] 1860| 5494 1734 367 226 24
Error [%] +8.6 -1.4] -10.9 -5.9  +20.2 -11)9

Table 35: Validation of the total pressurization systenmass for launch vehicle stages of known design data.

Since no detailed WBS is available for existing engiiteis, not possible to validate the WER for boost TiAss.
Nevertheless, the reliability of the cavitation anaysan be simply assessed by verifying the capabilitgréalict the
necessity of boost pumps on existing engines. Execution afutbepump analysis on all pump-fed LREs in database
highlighted how no GG or EC engine requires a boost ptropSC LREs instead, the use of boost pumps is correctly
represented in all cases except for the Russian 11D58MRRRI5M engines. Although the model could be improved
with the introduction of a more complete engine cyclalgsis, it is deemed sufficient for the early preliamnlevel of
detail since a complete bottom-up physics-based masaa@sh methodology would also be required for achieving
sensible improvements in assessmem gf;
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Figure 111: External geometry and internal Figure 112: Available thrust torque and required torque fr static
planes definition for Ariane 5 ECA and VEGA. controllability (with a margin of 1.5) for Ariane 5 ECA'’s typical GTO flight.
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7.1.2.Geometry, Weights and Structures

The most relevant enhancement in the Geometry modalsnldlge definition of the separation plane from ongesta
the next, which strongly affects the structural massitefstage, forward and aft skiriSgure 111represents the external
and internal geometries of Ariane 5 ECA and VEGA, incigdihe positions of the bottom and separation plaheach
stage. Note the under-fairing configuration of AVUM upgage, which is covered for most of its structurenigyRLF.

The weight estimation validation for V2 involved asseg$iath the first guess inert masses from the Weigktspline
and the converged values from the Trajectory-Structibeestive cycle. Due to the much longer set-up proeess the
unavailability of detailed WBS for non European launch#re validation was only repeated for Ariane 5 ECA/BES a
VEGA, totalling 3 PLFs (Ariane 5 long, Ariane 5 shorEGA), 4 liquid stages (EPC, EPS, ESC-A, AVUM) andalid
motors (P241, P80, Z23, Z9). Examples of WBS obtained wightivo mass estimation approaches are reported in
Table 36andTable 37 (EPC and P80), whereas the statistical figures af toert mass accuracy are presentedidhle
38, together with those for the other disciplinary outpuaipeaters from Propulsion and Aerodynamics. The inessegof
lower and upper LP stages are condensed in a single entigllaas those of SP stages/boosters, due to thedimimber
of empirical data points, which would result in totally Uiatde statistical information if further split.

8 . Weights discipline Structures discipline

EPC’ Actual design data estirglates (WERS) estimates P
Usable propellant 173300 kg 173300 kg 173300 kg
Unused propellant | 2600 kg guessed 1.5% 2228 kg fAsc
Interstage 1743 kg ESA internal 1102 kg 1666 kg
Ox + Fuel tank 4989 kg ESA internal’ 7336 kg 6571 kg
Thermal insulation NA 499 kg nsc
Thrust frame 1754 kg ESA internal 1770 kg 1755 kg
Engines assembly 2370 kg ESA internal 2370 kg nsc
Pressuriz. system 390 kg ESA internal’ 543 kg nsc
Booster attachment | 1010 kg ESA internal 802 kg nsc

Table 36: WBS for Ariane 5 ECA’s EPC cryogenic core s@e: actual data, mass estimates from Weights and Structs.

. Weights discipline | Structures discipline

P80 Actual design data estirglates (WERS) estimates P
Usable propellant 87732 kg 87732 kg 87732 kg
Unused propellant 632 kg 632 kg nsc
Interstage 321 kg www.elv.it 161 kg 420 kg
SP case 4770 kg 6501 kg 5681 kg
Thermal insulation NA 309 kg nsc
Engines assembly 2638 kg *° 2607 kg nsc
Pad interface 228 kg www.elv.it 693 kg 233 kg

Table 37: WBS for VEGA's P80 SRM first stage: actual datamass estimates from Weights and Structures.

Discipline Parameter | Description E [%] M [%0] [%0] [%0]
Propulsion dbvacip[S] | Vacuum specific impulse, LREg  0.98 1.60 -0.02 0.71
Propulsion dbrvacsdS] | Vacuum specific impulse, SRMs  0.31 -0.50 -0.03 0.27
Propulsion A[m7] Nozzle exhaust area (foy(h)) 14.63 30.11 -0.80 15.37
Aerodynamics Cp Drag coefficient 9.35 81.80 4.28 9.27
Aerodynamics C. Lift coefficient 10.40 98.47 9.10 14.27
\Weights Mhertip [Kg] | LP stages total inert mass 8.13 -27.38 -2.94 8.47
\Weights Mhertse[kg] | SP stages/boosters total inert mass7.81 +16.36 +4.12 6.91
\Weights Mbire [kg] Payload fairing mass 6.93 +18.60 +1.33 8.55

Table 38: Summary of V2 disciplinary level validation results: statistical figures of errors in the estimatbn of relevant outputs of
each discipline: E = mear(| H . M= ma(*el) m= mege), s=stdey . In bold: values modified from V1 to V2 models.

“8 Data for Ariane 5 stages/boosters are from interB# Eferences; data for VEGA are framvw.elv.it and published papers.

9 nsc = non structural component, whose weight is not chandedesitect to the weight estimation in the second column.

504989 kg is referred to Ariane 5G version, containing lesgatiant than 5E (lowers of Vulcain 1), hence may be underestimated.
51390 kg is for the Liquid Helium Subsystem (SSHeL) for LOxsgueization only, evaporated, kor LH, pressurization is not included.
52 Computed as inert mass fr¢tB9] minus total engine mass (nozzle+TVC+igniter), hence inslbdéh structure and insulation.
32637.5 kg = 2249.0 kg for the nozz]#40]) + 258.5 kg for the TVC systerfil60]) + 130.0 kg for the ignitef139]).
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7.1.3.Trajectory

The main enhancements to the Trajectory disciplingrerevind modelling, used for static controllability \feation
and steering losses evaluation, and the safety assdssrekated to the ground impact of suborbital boostecs stages.
Although no relevant data for quantitative comparisot wéispect to actual trajectories exist, a qualitativéigation of
the implemented approaches was performed.

Static controllability verification is identical tolV except for the calculation of the AoA, which accouotsa worst-
case horizontal wind as already describedPeragraph 6.4.1 and depicted inFigure 95 The wind definition is
conservative in both intensity (sum of the maximum stesaie and wind gust at each altitude) and direction (aameing
from the back in case of the initial pitch-down manoeywle}ermining very large values of AoA especially in tinst f
seconds of flight (balanced by the ld@.). For steering losses evaluation, this is not realisince the vehicle’s
aerodynamic loads are generally alleviated by turningdttime wind, thereby reducingand/or at the expense of some
trajectory deviation. For controllability purposes hoegvthis worst-case AOA is assumed to compensate hier t
approximate nature of the static verification approaesylting in a much more strict controllability consitawith respect
to V1. Figure 112shows an extract from Ariane 5 ECA’s ascent, for wiliehcontrol margin is negative for the first guess
trajectory obtained with a fast PSO run and is thensteljl within WORHP optimization, reaching feasibility.

Re-entry safety constraints were instead introduceddinl drajectories with massive launcher componenentering the
atmosphere on populated areas over the Earth. Quaitagivfication of the re-entry and safety models hgitied how
optimized VEGA trajectories do not require modificatidasnatch safety constraints, since for polar laescall SRMs
fall in the Atlantic Ocean. For Ariane 5 ECA launche$TO on the contrary, the EPC falls on inhabitglans of central
Africa for all optimal trajectories, such as thosewh in Section5.4.1 The application of the safety constraint allows
reshaping the trajectory so that EPC’s impact alissnoved westerly. Different runs were tried, 8tgrthe optimization
both from the optimal solution of the problem withouteafconstraints and from new PSO initial guesses.hass in
Figure 113 this leads to the impact point being either in the ®@lGuinea or west of Liberia, both feasible for the
predefined population density map. If the first option ik acceptable, the payload loss is very limited, frof87 &g

to 10171 kg. If instead the second is preferred for safetgiderations, the penalty is much larger, the payloadgbei
reduced to 9505 kg. Note that the population density map is ekreme-smooth, hence the satisfaction of the safety
constraint may in several cases result in local optignadirtificial smoothing of the population density magutd lead the
optimizer out of populated areas without getting trapped iallijodeasible areas of the search space. Simildhlg,
introduction of arbitrarily modified maps to represent gjmedrop corridors or other regions of feasible comparimpacts
could be exploited to enable for example launches to gpawifinations such as from Baikonour.

Declination [

PR ! { { \ L
-15 -10 -5 0 5 10
Longitude [

Figure 113: Ariane 5 ECA'’s ground track, zoom on EPC's reentry region. The three impact ellipses are 1) no sdfeconstraints
(right), 2) active safety constraint, optimization stared from solution 1) (centre), and 3) started from a PS@rst guess (left).

The main purpose of the upgrades to the Trajectory diseiptas the improvement of the payload performance
assessment, which was shown to be optimistic with VHlaiso(9% and 14% overestimation of Ariane 5 ECA’s and
VEGA's payload). As a consequence of these trajectmgtels enhancements, as well as of the realistieseptation of
SRMs’ thrust profiles, new estimates were obtaineatching very closely the reference performan&€4:87 kgagainst
10050 kgfrom manual for Ariane 5 ECAL(4% errop, and1573kg againstl500 kgfor VEGA (4.8 % erroi). A residual
overestimation of less th&% could not be eliminated, and could be due to inaccuractbg ilmunchers’ design data (inert
masses,g), ...) as well as to the 3-DoF nature of the modédllaok of wind impact on the trajectory simulation.
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7.1.4.Sensitivity analyses

As for V1, one-variable-at-a-time and Montecarlo gses use statistical information on the disciplinargl@vrors E,
M, , from Table 38 as inputs for assessing the effect on the glob&bnpeanceTable 39summarizes the results for the
one-variable-at-a-time SA, without reporting dataAQr G, and G whose disciplinary accuracy was not affected and for
which therefore the same resultsTable 21apply. By the comparison of the results obtained foaid V2 models, it first
can be highlighted how the sensitivities of the paglmass to variation of the inputs parameters are vailasi The only
exception regards the sensitivities to the inert mass¥EGA’'s SRMs P80, Z23 and Z9, which decrease from [25D t
7.0to1, 3.5t0 1] for V1to [14.9t0 1, 6.3 to 1, 3.Atdor V2. Although trajectory optimization robustnessuiss could in
part be the cause for such difference, it is alsostgathat since the appliedParameter in V2 is much smaller than in V1
(7.8% instead of 22.5%), the resulting payload sensitivityedses. In any case, the close matchingvf, / fParam

between the two versions supports the consistendyeahbdels and of the sensitivity analysis process. dlere from the
numerical values reported Trable 39 a significantly lower criticality of the inert masscan be evinced with respect to V1
models. In particular, the estimated average errors smiptihary outputs determine global PL errors of at m&sb for
Structures and Weights3% for Propulsion anet1% for Aerodynamics.

Table 40 shows instead, and expectable payload ranges from Montecarlo analysegmparison also with the
values from manual and from fixed design trajectoryrojiition. By a comparison with V1 figureBaple 22, the spread
of the PL performance for Gaussian-varying input pararegs lowered from-8% and~16% for Ariane and VEGA to
~5% and9%, consistently with the better Jaccuracy of the disciplinary outputs (especially the imergses). The resulting
payload ranges are reasonably close to the actual \etdelsoth biased on the same side, for a worst-casxdectable
error~12%. In summary, although all weight estimation models (strattcomponents, propulsion subsystems, other non
structural elements) would still benefit from enhanceieach as the introduction of high fidelity methods (EEM), SA
on the developed early preliminary design MDA seem to sudhasthe overall performance accuracy is satisfadtory
light of the very limited computational times involved?(sfor each MDA, see next Section).

Component| Parameter Parameter MpL IMp / TParam ‘

ESC-A Munert.Lp +529kg  +8.1% -544 kg +5.4% -1.028 kg/kg

Ariane PLF Minert.pLE +185 kg +6.9% -15kg -0.2% -0.082 kg/kg

EPC Mhert.Lp +1407 kg +8.1% -544 kg +5.3% -0.387 kg/kg

EAP Minert.sp +2507 kg  +7.8% -298 kg  -2.9% -0.119 kg/kg

ESC-A kpvac +4.2s +1.0% +126 kg +1.2% +30.1 kg/$

EPC Lp vac +4.1s +1.0% +275kg  +2.7% +67.0 kg/s

EAP lsp.vac +0.8s +0.3% +29kg +0.3% +36.2 kg/$

AVUM M inert.Lp +58 kg +8.1% -58kg -3.6% -0.999 kg/kg

VEGA PLF| MinerpLr +37 kg +6.9% -5kg -0.3% -0.143 kg/kg

P80 Mhert.sp +664 kg  +7.8% -44kg  -2.8% -0.067 kg/kg

723 Minert.sp +213kg +7.8% -34kg -2.1% -0.158 kg/kg

Z9 Minert.sp +111kg +7.8% -35kg  -2.2% -0.312 kg/kg

AVUM | spvac +3.0s +1.0% +6 kg +0.4% +2.0 kg/s

P80 Lp vac +0.8s +0.3% +7 kg +0.4% +9.1 kg/$

723 lsp.vac +0.8s +0.3% +9kg +0.6% +11.5 kg/$

Z9 lsp vac +0.9s +0.3% +14 kg +0.9% +15.1 kg/$

Table 39: Representative extracts of the results of eavariable-at-a-time SA for V2 models.
Ariane 5 ECA VEGA

Payload mass from manual 10050 kg - 1500 kg -
Payload mass for fixed actual design 10187 kg +1.4% 1573 kg +4.8%
Payload mass distribution mean value p_ 10272 kg +2.2% 1552 kg +3.5%
Payload mass distribution stdev p. 724 kg 5.3% 132 kg 8.8%
Payload mass expectable (}.) range [9548; 10996] k¢  [-5.0; +9.4]%| [1420; 1684] kg [-5.3; +12.3]%

Table 40: Ariane 5 ECA’s and VEGA's payload performance fom manual, fixed design and Montecarlo distributions (\2).

7.2.Multi-Disciplinary Analysis for existing launchers

With the wide range of improvements developed for mostiglisary areas, MDA processes of Ariane 5 ECA and
VEGA testify a significantly better capability of tharly preliminary models to assess the performance dftiegi
European launchers. MDA results are presentetialnle 41 and Table 42 for Ariane 5 ECA and VEGA, focusing on
weights, geometry and system outputs, since propulsion aodiyaamic parameters are reasonably close to tihasensin
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V1's validation (for OTS engines, actual propulsion eysidata are substituted to the computed values). The ketg poi
evinced from the analysis of the MDA outputs are thevathg:

- The assessment of the lengths of both Ariane 5 andA/&&ges/boosters is drastically improved, due to titerbe
representation of the interstage sections (skirts riiogglthe introduction of the under-fairing configuratiemd a
more accurate definition of the divergent anglesasecof VEGA SRMs. In particular, the total height®\oane’s
core, Ariane’s boosters and VEGA are very well priegdi¢errors<l m). ESC-A’s length seems to be overestimated
by 1.85 m, but this includes in SVAGO models the whole sedtiam the bottom of HM-7B’s nozzle up to the
interface with the VEB, whereas the numerical figitoen Ariane 5’s manual allocates much of the sectraurad
HM-7B to the lower stage. In fact, EPC’s length is urdgémated with respect to this model, balancing thgdon
ESC-A. Moreover, since there are virtually no disgegaent issues, the separation plane is assumed to bd plac
the nozzle's top, therefore reducing the total lengthiethiwith the upper stage by 3.44 m. For VEGA, the total
launcher’s height is reduced by almost 5 m with respethaocestimates with the conceptual models. A ~0.7 m
overestimation remains, possibly due to uncertaintidsamtotors’ FF and in the nozzles’ cone angle.

The increased accuracy in the lengths assessment askirtisemodelling, allowing to better divide the struatur
mass among the different stages, combine with the nésugloped structural analysis module to provide WBS for
both Ariane 5 ECA and VEGA much closer to reality. Etlesugh the total wet masses are actually farther fiam t
actual value with respect to what was obtained witlctiieeptual models, the accuracy on the single compoisents
largely improved. For instance, the error on ESC-Ald &VUM’s inert masses 5%, which is particularly
important in light of the large system level influencédhuy upper stages.

As a result of the above improvements, as well ahefléss optimistic performance assessment with the ne
Trajectory models, the payload optimization nested withen MDAs ensures an extremely good matching of the
launchers’ actual performance. Specifically, Ariaressl VEGA's performances are overestimated by respectively
3.6% and 5.6%, which represents a very good accuracy fomtplemented engineering-level analyses. Most
importantly, the offset with respect to real-world figurie on the same side for both launchers, which have a
completely different architecture and design, suggedtiagthe developed models may ensure fair automatic trade-
offs in terms of performance among different ELV confajians.

Since cost and reliability models were not modifib&, $ame considerations reportedection5.4apply here.

Ariane 5 ECA output parameters MDA | Actual VEGA output_parameters MDA | Actual
Mass properties Mass properties
Payload fairing mass [kg] 2670 2675 Payload fairing mass [kg] 539 529
Payload adapter mass [kg] 54 60
Payload adapter mass [kg] 411 40( =t .
x 1% stage inert mass [kg] 9881 849
Upper stage inert mass [kq] 6574 6504 ng . L
- 2" stage inert mass [kg] 3128 272b
Lower stage inert mass [kq] 16436 17300 (g . -
. 3" stage inert mass [kg] 1250 1416
Boosters inert mass [kg] (each) 33348 32098 - I
Upper stage inert mass [kq] 681 71%
Geometry Geometry
— . E
Payload fa!r!ng ogive length [m] 555 558 Payload fairing total length [m] 7.88 7.88
Payload fairing total length [m] 17.00 17.00 (=
1% stage length [m] 10.65 10.80
VEB length [m] 1.55 1.56 A
2" stage length [m] 7.87 7.55
Upper stage length [m] 6.56 4.71 o
3" stage length [m] 4.16 3.63
Lower stage length [m] 28.40 30.5p - E
Upper stage length [m], outside PLF 1.20 1.21
Boosters length [m] 32.76] 3339
Upper stage length [m], total 2.02 2.04
Total launcher length [m] 53.51 53.79
: Total launcher length [m] 31.75 31.07
Reference aerodynamic area]m 37.51 37.51 -
- — Reference aerodynamic area[m 7.21 7.21
Global design objectives Global design objectives
Payload mass to reference GTO [kg]10409 10050, Payload mass to reference GTO [Hg] 1585 1500
Gross Take-Off Weight [kg] 771153 | 766383 -
Gross Take-Off Weight [kg] 139789 | 138084
Total Cost per Launch [M 180.5 173.0
Mission Success Probabilit 0.926 0.970 Total Cost per Launch [M 35.1 30.0
y . . Mission Success Probability 0.975 0.980

Table 41 (left) and Table 42 (right): Ariane-5 ECA and VEGAoutput design parameters, results from the MDA compared with
the actual valueslInput design variables (e.gMp,Oﬁ, ...), user parameters (e.dp ) and Propulsion outputs are not reported here.
For the source of the actual ELVs’ data, see thé"column of the analogous tables in Sectidhi4.

¥ Including nozze extending from the case (31.61 m case only)
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7.3.Single-Objective MDO for existing launchers

As for V1, the “small” MDO problems for European ihehers were used to verify the capabilities of thegrdted
engineering models and optimizers to improve the dedigh\és. Note that for V2, the trajectory load pard@ngdgyn, Nax
andghear max I0S€ Significance, as the structural analysis diyecges the full trajectory data to derive the relevaad Icases.
For this reason, Ariane 5 ECA and VEGA MDO problenes r&duced to 4Mprop.erc Mprop.esc-a Mprop,p241 Dp2ag) @and 7
(Mprop.pso Mpropz2a Mprop,zee Mprop.avum, Dpgo, Dze, Kur) design variables in addition to tl® and 14 trajectory control
variables. The numerical values of the design vagbhd system level outputs for the optimal design sofuitbtained
with global PSO runs and local WORHP refinement gpented inTable 43andTable 44 Figure 114 provides instead an
outlook of such solutions in terms of external geometrievhremarks can be schematically drawn:

The best solutions found for Ariane 5 ECA and VEGA dliteal refinement have a GTOW of respectivélyl.6

tonsand134.2 tons showing limited improvementd.@% and2.1%) obtained with WORHP over the best PSO-1D
runs. The correction to be applied to the MDA’'s GTOW thuperformance assessment errors can be obtained from
the sensitivity of the payload to the total mf®g 1GTOW, estimated from multi-objective min GTOW vs max PL

optimization runs. These sensitivities are largeMdmodels 22.4 kg/tonand24.9 kg/tor) with respect to V117.0
kg/tonand18.8 kg/tor), so that the corrected net design improvement brdugh®? MDO equals-5.8% for Ariane

and ~1.6% for VEGA. This confirms how VEGA's actual design appgeaore mass-optimal than Ariane’s, as

already found with V1 models. However, the introductionhef &analytical structural sizing prevents from thetine
masses’ decrease which was the outcome of the syntigetiiction of trajectory load parametegg,, n.x and
Oheat max Within V1 models. This determines the much more limitegaiat of MDO on the design, with GTOW
improvements mostly obtained through re-allocation efgiopellant masses.

The MDO processes with V2 models support the qualitatemrds in the allocation of the propellant mass for the
different stages/boosters evinced from V1 validation.Af@ne, Myop esc-aiS increased up to the predefined bound

of +30.% (18.7 torf’é) whereasMpop p241 1S ONly reduced by ~7%. This low reduction in SP boostespetiant is

justified by the activeQy,, path constraint, which prevents from further redudifig,, when the thrust profile is
frozen (P241 is modelled as an OTS SRM in V2, with fii*e(di)). For VEGA, Myop.avum's Upper bound is also hit,
while the variation of propellant in the SRMs qualitatjxfollows that of V1.

Since the effect of MDO is not as large as with V1 mdiide external geometry of Ariane and VEGA is after
global and local optimization is not largely changed.drtipular, the diameter of P241 boosters is only reduced by
few cm, because the nozzle's diameter is fixed (P24lfiszen OTS engine) and hence smaller diameters would

violate the geometric interference constraints. Tprozed design of VEGA is instead significantly thinnieart
the original design for aerodynamic advantages (approxiyréetm longer although 5.6 tons lighter)

Regarding costs and reliability, the considerationsired!for V1 models still apply, with the CpL being reduced
together with the GTOW and the MSP almost unchanget wériations of the launcher’s dimensions. The

introduction of the structural sizing however determinégyaer sensitivity of the inert mass to the propeltaass
of upper stages. Since the upper stage’s inert mass igadneer of VEGA'’s cost, this causes a 0.6 Mcrease in
the CpL in front of a reduction of ~5.6 tons in GTOW.

Actual | MDA PSO optimal WORHP optimal

Mprop.epc[tons] 173.3] 173.3 0| 149.1 -14.0% 1456 -16.0%
M prop.Esc-a[tons] 14.4 14.4 0 18.7  +29.9% 18.7 +29.9%
M prop.p241[tONs] (each) 240.1] 240.1 0] 227.4 -5.3%| 224.8 -6.4%
Dposs [M] 3.05 3.05 0 3.00 -1.6% 2.99 -2.0%
Minertepc [K0] 17300] 16435 -5.89% 14777 -14.99% 14596  -16.1%
Minertesc-a [Ka] 6504| 6574 +1.5% 6744 +3.1% 6564 +3.1%
Minertp241 [Kg] (€ach) 32098| 33348 +3.79% 32034 -0.3% 31782 -0.9%
L core [M] 53.79] 5351 -05% 51.21 -48%  50.74 -5.1%
Lpogs[M] 33.59] 3276 -25% 32.24 -4.0%  32.20 -4.1%
PL to GTO [kg] 10050| 10409 +3.6 %| 10050 -| 10050 -
GTOW [tons] 766.4] 7712 +0.6%| 7194 -6.1%| 711.6 -7.2%
CpL[M ] 173.0] 1805 +4.3%| 174.8 +1.0%| 173.6 +0.4%
MSP [] 0.970] 0.926 -4.5%]| 0.930 -4.1%| 0.931 -4.0%

Table 43: V2 results for Ariane 5 ECA small MDO problen: optimization variables values and system level outpatfrom global
and local minimum mass MDO, in comparison with actualduncher’s design and MDA.

%5 The fact that sensible performance enhancements cahibeeatwith an enlargement of the cryogenic upper stagmisroed by the
design of ESC-B stage for the future Ariane 5 ME versidrich assumes 28 tons of propellants.
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Actual | MDA PSO optimal WORHP optimal

Mooprsoltons]]  87.8| 87.8 | 807  -81% 799  -9.0%
Myopzzaltons]]  23.8| 238 | 256 +76% 266 +11.8%
Myopzo[tons]|  10.6] 10.6 | 130 +2269 103 -2.8%
M prop.avunt [KQ] 550| 550 | 715 +300% 715 +30.0%
Dpgo [M] 3.03| 3.03 | 317 +46% 3090 +2.0%

Dyo [M] 1.90[ 1.90 | 195 +26% 180 -53%

Koe [I|  0.355] 0.355 | 0426 +2004 0426 +20.0%4

Minert.pso [K0] 8497 9881 +16.3% 9524 +12.19% 9333 +9.8%
Minert.z23 [k0] 2725 3128 +14.8% 3288 +20.79% 3396 +24.6%
Minert.zo [KQ] 1416 1250 -11.7% 1422 +0.4%| 1217 -14.1%
Minert avum [K0] 715 681 -4.8% 726 +1.5% 728 +1.8%
L core [M] 31.07] 31.75 +2.2% 31.08 +0.0% 32.36 +4.2%

PL to GTO [kg] 1500 1585 +5.7%]| 1500 -] 1500 -
GTOW [tons] 138.1] 139.8 +1.2%]| 137.1 -0.7%| 134.2 -2.8%
CpL[M ] 32.0 351 +9.7% 36.1 +12.8%] 35.7 +11.6%
MSP [] 0.980] 0.975 -0.5%] 0.977 -0.3%| 0.977 -0.3%

Table 44: V2 results for VEGA small MDO problem: optimization variables values and system level outputs fromajbal and local
minimum mass MDO, in comparison with actual launchers design and MDA.

Figure 114: Geometry of Ariane 5 ECA (left) and VEGA (ight) with V2 models, comparison of MDA, best solutiorfrom global
PSO-1D MDO runs and from local WORHP MDO refinement.

7.4.Comparison of Conceptual and Early preliminary models

This paragraph summarizes the validation results fehapters 5 and7, with the aim of outlining a comparison of the
conceptual level and early preliminary level models, orb#tsés of performances, cost and reliability estimasasell as of
the requwed CPU times. Specifically, the following resalte considered and reported able 45for both V1 and V2:

Fixed Design estimated PL: obtained from trajectorynopttions with fixed launcher design data, defines the
accuracy of the trajectory, guidance and control modelssiesaing the performance (PL mass) of a given ELV.
Expectable 1 PL error range: obtained from Montecarlo sensitigityalyses, defines the accuracy on the estimated
performance in terms of maximum {(lexpectable variability of the PL mass due to discipjimaodelling errors.

MDA estimated PL: obtained from MDA processes witht@edrajectory optimizations, defines the overall aacy

of the multidisciplinary models in assessing the perfogadRL mass) of ELVs with given architecture andgies
MDA estimated GTOW/CpL/MSP: also obtained from MDA gesses, defines the accuracy of the multidisciplinary
models in assessing the total launch mass, totapeosaunch and overall mission success probability.

MDA required CPU time: defines the required computatiorfalteind hence computational efficiency of the MDA.
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MDO estimated GTOW/CpL/MSP: obtained from single-oliyec{min GTOW) small MDO problems, defines the
capability of the MDO to reduce the mass of a givemdher’s architecture.

From a critical analysis of this comparison, few keyeass need to be stressed. First, the two-steps magpliatess

allowed the definition of a wide range of enhancements, thire,emming from the validation of the conceptual level

multidisciplinary design cyle. Hence, several missing tionelities were enabled and sensible improvemenecuracy

were achieved in most of the disciplines. For instatfee,errors onlsp vac and Mo,z for SP systems, on the launcher
components’ lengths and dv;.« for all ELV stages/booster types were significantly diniatk The incidental one-
variable-at-a-time sensitivity analyses showed hber driticality of the weight models was definitely reduesth the

introduction of the new structural sizing module. Thetingasses remain the largest cause of inaccuracieheébgtdbal

performance error due to average errors on a single paraime®nly~5%, against-3% for propulsion performances and
~1% for aerodynamic coefficients. Montecarlo runs resllinstead in narrower 1PL variability ranges, so that the
maximum expectable error on the global performancelevasred from~19% with V1 models to-12% with V2 models.

At the same time, the error on the PL mass from MBAs shown to be onky4% and~6% for Ariane 5 ECA and VEGA,

representing — especially for Ariane 5 - a relevardueacy improvement with respect to the initial madgll More
importantly, a performance bias on the same side p#mistic) for two ELVs with radically different ardeictures
suggests that trade-offs obtained with MDO could be eettusiinally, MDO processes for small ELV design proldem
highlighted how the effect of the optimization on the GT@ much more limited with the enhanced models. This is
however to be seen as a good sign, since the large GditaMed with V1 models were partially synthetic in nataue
to the exaggerated effect on the structural masses tfajectory load parameters.

In summary, the modifications and additions introduced énntlultidisciplinary design models for ELVs significantly
improved their behaviour in terms of overall accuracyérformance and confidence to be placed in the desligtions
and trade-offs obtained with MDO. This was obtained amnédd price in terms of computational effort: no higthefity
analyses were included, nor were other relatively coatiputally intensive engineering methods such as linear
aerodynamics, 6 DoF trajectory, integrated Montecaioulations or bi-dimensional propulsive system analyfssa
consequence, computational times for both MDAs and MDOe veerghly doubled from V1 to V2 models, a figure which
seems acceptable in light of the above mentioned adyemta

Actual V1C1 (Conceptual) V2C1 (Early preliminary)
Ariane 5 VEGA Ariane 5 ECA VEGA Ariane 5 ECA VEGA
ECA
Fixed Design Pl 10050 kg 1500 kg| 10944 kg (+8.9%) 1715 kg (+14.3%) 10187 kg (+1.4%) 1573 kg (+4.8%)
Z’;gfdab'e 1Py ] [+4.0; +19.2]%  [-15.7; +16.1)%|  [5.0;+9.41%  [5.3; +12.3]9
MDA PL 10050 kg 1500 kg| 12472 kg (+24.1%)1403 kg (-6.5%) | 10409 kg (+3.6%) 1585 kg (+5.6%0)
MDA GTOW 766.4 tons 138.1 tongd 764.8 tons (-0.2%) 139.4 tons (+0.9p#yY 1.2 tons (+0.6%)139.8 tons (+1.29%)
MDA CpL 173.0M 320M | 171.6 M (-0.8%) 34.8M (+8.7%) | 180.5M (+4.3%) 35.1 M (+9.7%)
MDA MSP 0.966 0.980 0.927 (-4.0%) 0.975 (-0.5% 0.926 (-4.1%) 0.977 (-0.3%)
. ~14s ~1.2s
MDA CPU time i ) 0.6s 0.5s (2 Traj-Stru iter., no re-entries)
505.8 tons 131.7 tons 711.6 tons 134.2 tons

MDO GTOW - - (-34.0% wrt actual (-4.6% wrt actual| (-7.2% wrt actual (-2.8% wrt actual

-20.5%MDO effect)-8.9% MDO effect)]-5.8% MDO effect) -1.6% MDO effect)
MDO CpL i i 137.4 M 33.2M 173.6 M 35.7M

(-20.6% wrt actual+10.7% wrt actual)(+0.4% wrt actual) (11.6% wrt actual
MDO MSP i ) 0.926 0.975 0.931 0.977

(-4.1% wrt actual) (-0.5% wrt actual)] (-3.6% wrt actual) (-0.3% wrt actual)
MDO *® cCPU ~15h (~4h + ~1h ~13 h (~3h + ~1h| ~32 h (~9h + ~2h ~27 h (~7h + ~2h
time i i global+local, x3) global+local, x3)| global+local, x3) global+local, x3)

Table 45: Summary of the system level results obtainedith V1C1 and V2C1 models for the 1) Montecarlo sensitity analyses:
Expectable 1 PL error; 2) Trajectory optimizations with fixed launcher design Fixed Design PL 3) MDA processes:MDA PL,
GTOW, CpL, MSP and CPU time and 4) MDO processesMDO GTOW, CpL, MSP and CPU time

%% Intended as the single-processor CPU time required fpol8l optimization runs (with any GO algorithm), eacholaing 50000
MDA evaluations, and the related 3 local refinement mses with WORHP.
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It's just mind-blowingly awesome. | apologize, and | wish | was ticilate,
but it's hard to be articulate when your mind's blown—but in a very gagyd

CHAPTER8

APPLICATIVE CASE STUDIES

Chapters 4 to 7 focused on the engineering multidisciplinary analysis o¢&Lproviding a detailed description of the
two-steps modelling and validation procedure, with thedifmghlighting strengths and weaknesses of the MD#egch.
Results from MDO processes were also introduced, shawagapability of the global and local algorithms toriawe the
design of existing European launchers. However, only skhalD problems for minimum launch mass were tackled, in
order to analyze the effect of few selected design paeamet

This chapter builds upon the already presented design opiimnizapects, to provide a broader overview of the MDO
functionalities and of the potential of the developed M8®@ironment for the design of launch vehicles. Fitst, same
small Ariane 5 and VEGA design problems are reusedrtgpare the MDF and IDF formulations and to show exampf
multi-objective performance-only MDO. Then, larger MD@lgems are introduced by extending Ariane 5 and VEGA
models, considering both single and multi-objective op#tion. Finally, a different applicative scenario takemfrthe
FLPP is described, showing an example of practical applicafithe MDO environment.

Note that all results presented in this Chapter areae&d to V2 multi-disciplinary models and therefore reprase
the most realistic design solutions which can be obtainethwhe developed MDO environment.

8.1. MDF versus IDF problem formulation

MDF and IDF formulations for generic MDO problems wen¢roduced inSection 2.2, including a theoretical
definition, an overview of state-of-art applications @ode comparative results presented by different authbes, their
specific application to the early preliminary design of ElivVthe present research was detaile8ection6.1 In numerous
examples of MDF/IDF applications from recent literatUf2f: was shown to provide significant advantages in tesis
computational efficiency, in light of the reduced CPU dimper each objective function evaluation ensured by the
elimination of iterative loops. However, this cannot basidered a result of general validity: as with mostnoigttion
related issues, benefits and drawbacks of differentgmoformulations strongly depend on the specific proldemand.

In order to fairly compare MDF and IDF approaches,dbmputational resources allocated for each single-obgecti
min GTOW optimization run with PSO-1D were maintained camstand the outcome in terms of achieved objective
function values was compared. The small MDO problem#ifane 5 ECA and VEGA already defined@hapter 8 were
used for this purpose, since the relative simplicity @& thodel ensures an easier comparison. Note that fgedzén
computational resources means letting the IDF optimization for a larger number of iterations, since eacittion
evaluation is faster to execute. The exact value of #peed-up” effect of the IDF approach varies depending on the
specific launcher being designed as well as on stochafticts. In fact, the Trajectory-Structures itemttycle, which is
the cause of the longer MDF computational times, is exécuted if no violations of the design constraintd@ued in the
previous disciplines. Hence, an optimization run deteddng feasible solutions will result in a lower IDFesd-up. The
average increase in computational effort per each funetiatuation with MDF approach with respect to IDF was anyw
assessed to He97for Ariane 5 and..88for VEGA, as the mean value of 5 different runs pehezase.

These IDF speed-up figures are actually rather limited meispect to other applicative scenarios, for whiehrtumber
of iterations in MDF mode may be very high. In the developDA for ELVs on the contrary, usually 2 and at most 3
Trajectory-Structures iterations are sufficient tosel the design cycle with 1% tolerance on the inert esag&esides, in
several occasions the iterative cycle is not execattedl, further decreasing the speed-up potential of IDfditation. For
this reason, the drastic computational advantage ofter fiouliterature was not highlighted in the present apptinaas
shown inFigure 115 for Ariane 5 andrigure 116 for VEGA. In particular, the normalized launch massmvergence
history against the normalized CPU time does not petondraw any definitive conclusion on the advantage of one
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formulation over the other. As expectable, a largenimer of iterations (i.e. marks in the figures) are neglito achieve
design feasibility in IDF mode due to the additional comgatibconstraints, especially for Ariane 5, but thetéas
execution partially balances this effect. A non rggle advantage of MDF formulation in terms of final abjee function
values can be evinced for the Ariane 5 case, but shisot confirmed on VEGA’'s MDO problem, for which sinila
convergence histories were obtained.

More tests were attempted with different settings of RBOparameters (in total, 3 optimization runs per each
formulation for 5 different PSO-1D settings), showingnaitied advantage<6%) of MDF in 8 of 10 cases, with IDF having
a small edge<1%) in the remaining two cases. In conclusion, MDF and IDFaggthes show a similar behaviour in terms
of computational efficiency on Ariane 5 and VEGA smdIDO problems. Nevertheless, a limited but non negligible
advantage of the former was highlighted by the availtdsiging results. In combination with the higher robustrensured
by the built-in multidisciplinary feasibility, this suggedtsat MDF formulation may be better suited for the #pmec
applicative case of ELVs’ design optimization. Although enextensive testing on other launch vehicles could provide
more conclusive insights, this result was considereficiuft in light of the long computational times invetin such
further study, hence the MDF formulation was selecte@lfamther MDO applications described in this chapter.

LT e el et

1155 - - - - -

| | | | A MDF, Run1|
1) | | | | *  MDF, Run 2|
1_273)77}7777} 7777777 S 4. __i___.| © MDF Run3|
N w w w A IDF,Run1 |
ro ! | | 'l + IDF,Run2 |
o 9 | | | © IDF,Run3 |
[ | |
|
|
|
|

| | |
| | |
| | |
| | |
| 4 €L
| | |
| | |
| | |
| | |
e e = ————
| | |
| | |
| | |
| | |
| 4 €L
| | |
| | |
| | |
| [ |

Normalized launch mass

|

|

I

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized CPU time

Figure 115: Normalized objective vs CPU time convergenceFigure 116: Normalized objective vs CPU time convergeecwith
with PSO-1D algorithm for Ariane 5 ECA small MDO PSO-1D algorithm for VEGA small MDO problem, comparisonof
problem, comparison of MDF and IDF problem formulations.  MDF and IDF problem formulations

8.2. Minimum launch mass vs maximum payload mass optimization

Multi-objective MDO for min GTOW vs. max PL was alreatiyroduced for the conceptual and early preliminary
MDO validation, as a mean to obtain an approximate evatuat the derivativePL/1GTOW, which represents the effect

of varying the payload requirement on the total massefylstem. Within the validation procedure, linear regjoms of
TPL/IGTOW were used to scale the GTOW obtained from the MDArtter to derive the actual design improvement

brought by minimum mass single-objective MDO processéss Type of multi-objective optimization is however
extremely useful also in real world design practicaboagh a reference PL mass is one of the key desigireetgnts, it
is extremely useful to understand the sensitivity ofléumch vehicle being designed to variations of suahetafFor this
purpose, MDO appears a perfect approach, since it perraisrtiultaneous optimization of multiple solutions ofeatiént
size, eventually achieving a Pareto front including dessiffmmation encompassing a wide range of payload requiresne
To give an impression of the quality of the Paretmts which can be achieved with the developed MDO envieotm
Figure 117andFigure 118show the non dominated solutions obtained for thel$#aD problems of Ariane 5 ECA and
VEGA. After some preliminary testing on different ELMEIDO cases, it was recognized that DG-MOPSO provides
generally better Pareto fronts with respect to theerothulti-objective algorithms, in terms of both convergerand
coverage. For this reason, and since the focus of thenpressearch is on the engineering aspects ratherothadhe
optimization methodologies, all multi-objective result®wh in the continuation of this Chapter are referredhtee
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different runs of DG-MOPSO. Although at least 5 or maybeuns would allow for a better evaluation of the Iststic
effects, the execution of 3 runs was deemed sufficidiighin of the long computational times involvéd

Since both objectives are purely performance based araptimeal solutions for minimum launch mass and maximum
payload are characterized by similar designs scaledfévetit sizes, the small MDO problems are large ehdagrovide
good Pareto fronts, as shownHigure 117 andFigure 118 In each run, a swarm of 500 particles was allowed dbvev
for 50 iterations, initializing one of the particles lwihe best single-objective solution found (including loedinement,
seeSection7.3), which is highlighted in the figures as (PSO-1D+WORH#R)itson. This allows obtaining non dominated
fronts from the three runs very close to each othroagh the different particles spread differently oa dverall Pareto
front. It is however to be remarked that the entireet®afront could not be identified with this set-up, sinlce input
payload range was [6-14] tons for Ariane and [1-2] ton¥OGA.

Figure 117: Small Ariane 5 ECA MDO problem: min GTOW vs. max PL Pareto fronts from 3 DG-MOPSO runs and relate
external geometries, in comparison with the single-obtive min GTOW solution identified with the label “PSO-1D+WORHP”.

Figure 118: Small VEGA MDO problem: min GTOW vs. max PL Pareto fronts from 3 DG-MOPSO runs and related exteral
geometries, in comparison with the single-objective miGTOW solution identified with the label “PSO-1D+WORHP”.

57<10 hoursper each run involving 50000 function evaluations (e.g. 100 parfme00 iterations) on a single processor, reduces to
hours with parallel OpenMP implementation for the explida of two cores.
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8.3.Ariane 5 ECA and VEGA large MDO problems

The “small” MDO problems for Ariane 5 ECA and VEG#lowed verification of the behaviour of the MDO prsse
through simple optimization runs, requiring relatively sloorhputational times. However, only the staging charistits
(i.e. propellant masses for each stage and boosterargbtyome basic geometric parameters were optimizetfone
resulting in limited design changes brought by MDO. Moreosiege the launcher’s architecture, the entire propulsio
systems for all stages/boosters as well as the tghlenologies are completely frozen in the small MD(blams, it is not
possible to identify Pareto fronts including non perfanogaobjectives such as CpL or MSP.

In order to assess the capability of further improving plerformance of European ELVs and to attempt to identif
performance vs cost Pareto frortiarge” MDO problems were defined for Ariane 5 ECA and VEG#, widening the
bounds of some optimization variables and unlocking tisegdeof the propulsion systems of each stage and bodster.
main characteristics of the new MDO set-up for Aei&nECA and VEGA are the following:

- All discrete optimization variables are maintained frgz® that the launcher’s architecture, propulsion tdogres

and structural lay-out are unchanged with respect to thalaesign.

Mprop ranges for ESC-A and AVUM are extended ug$0% whereas30% s kept for all others.

The length-over-diameter ratio of the PLE#D) s iS allowed to vary in a50% range.

LP tanks pressunganks and pressurization gas tank presqyrgsare added to the optimization problem, respectively
in £50% and+30%ranges.

OTS LREs are substituted by new design LP engines, wittisallete variables frozen to the OTS values. Nominal
thrustT', chamber pressugg,, expansion ratio and mixture ratio p are optimized i30% ranges.

OTS SRMs are substituted by new design SP engines, Wittsaete variables frozen to the OTS values. Noiina
thrustT", chamber pressumg. and expansion ratio are optimized int30% ranges, with normalized thrust ang |
profiles, SF, FF andWF assumed to be identical to that of the original SRM8NM,,~custon).

Contraction raticA./A,, nozzle’s divergent angley;, and TVC angle +vc are maintained constant at the values
specified for the OTS engines, since their influencéerglobal performance is rather limited.

In total, 20 and 23 continuous design optimization variables for Ariane aftlGX problems result from the above
settings, to be added to the customEdyand 14 optimizable parameters for the ascent trajectoriethd next paragraphs,
results are first presented for the single-objeatmeimum GTOW optimization in comparison with those obgdlifior the
“small” MDO problem, then some examples of multi-oljexoptimization are reported.

8.3.1.Ariane 5 ECA, minimum GTOW single-objective MDO

The minimum launch mass design solutions for Ariane B BBtained with PSO-1D and with a subsequent WORHP
refinement show a much lower GTOW with respect to tlse ad the small MDO problem. In fa&58.4 tonsfrom the
global runs an®25.2 tonsfrom local refinements represent a sensible impreveraver the 711.6 tons reportedSaction
7.3 Considering the correction fqiPL/1GTOW, PSO-1D and WORHP optimization processes reduce théaoteh mass

by ~17% with respect to the original design. The significant desighancement comes from several modifications (see
Table 46andFigure 119for numerical details and external geometry), whiahlma summarized in few key points:

. Modification of the upper stage’s HM-7B engipg andT" are increased fror@7 to 50 barsand from63 to 82 kN,
maintaining similar and p and compensating for the larger chamber pressure waligmented pressurization gas
pressure (fron226to 278 barg. This determines a larger inert propulsion system rfiems 364 kg to 406 kg) but
with the twofold advantage of enhanceggand lower gravity losses in the upper stage’s fligtetefore providing a
sensible net performance gain.

Reduction of the P241 boosters’ sisiceT  is allowed to be scaled within the large MDO probleme, bhoosters’
size can be drastically reduced without excessively isorgdhe trajectory loads (as was the case withirsithal|
MDO problem). HenceM,,, and T are both lowered by approximately 30%, constituting Hrgelst GTOW
saving. The nozzle’s expansion ratio is also reduced Irb@ito 8.4, raising, secadue to lower jettison altitude.
Stretching of the P241 boosters’ siflee diameter of the boosters is pushed to its lower dofia.44 m(from the
original 3.05 m), with a resulting increase in length 33.5 m Although at first sight this may be ascribed to
aerodynamic reasons, the real cause is actually staidtue compression loads on the launcher’s coreedieved
by the tensile force transferred by the boosters, daltkaentire lower composite in the original desiftD@) is
sized for tensile strength. In the optimized design, ghistive effect is also passed on to the upper stages giec
boosters are connected orll§ cmbelow the PLF's jettison section (i.e. the boostergageometric interference
constraint is active). The structural mass of ESCgKists and of the VEB thus turns out to be much lowigh w
respect to the original design, with alm&s2 tonssaved oM, in spite of the?.4 tonshigher propellant loading.
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Stretching of the core’s sizalthoughM,., epcis lowered by 27 tons ang is increased for propulsive performance
reasons, the total length of the core is almoststme. This is due to a stretching of both the upper stage (mo
propellant, longer nozzle) and especially of the PLF'£na#ich is pushed almost to the upper bound mainly for
aerodynamic reasons (an almost 10% decrease in ttegav@ris registered, in front of a limitddiner pLr penalty).

Table 46: Comparison of MDA, small MDO and large MDO desig solutions for Ariane 5 ECA. In bold: optimization variables
which have hit either the lower or upper bound.
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Figure 119: Geometry of Ariane 5 ECA from a) MDA, b) best Figure 120: Geometry of VEGA from a) MDA, b) best solubn
sol. for small MDO problem, c) best PSO-1D sol. fdarge MDO  for small MDO problem, ¢) best PSO-1D solution forarge MDO
problem and d) best WORHP sol. for large MDO problem problem and d) best WORHP solution for large MDO prdlem.

8.3.2.VEGA, minimum GTOW single-objective MDO

As for Ariane, the enlargement of the MDO problemedeines a relevant increase in the GTOW saving brdugtiie
MDO process, with a minimum launch massl26.1 tonsfrom the global runs further reduced1®2.8 tonsby WORHP
refinement. This corresponds to a corred8d% design enhancement contributed by MDO, in front of theerh&% of
the small MDO problemTable 47 reports the numerical figures for the optimal solutiftmsd andrFigure 120 presents
the resulting external geometries.

The most important design changes implemented by the ptb€ess for VEGA are the following:

The optimization definitely favours a strong relief of thictural loads, both in terms of SRMs internal pressures
and flight loads. Specifically, the internal pressureB&d, Z23 and Z9 are reduced T, 19% and16% whereas
lower nominal thrusts-18%, -6%, -12%) contribute to a nominal trajectory wilyyn mac=44.5 kPaandna, ma=4.23
g against53.6 kPaand4.56 gof the original design. The combination of relieved im&rand external structural
loads determines very significant structural mass savingdl the stages, which offsets the lower specificulsgs.
Note however that the advantage of reduced chamber presstinesSRMs should be verified with higher fidelity
analyses, as it may very well be artificial in natdoe instance, even limited errors in the sensitigitof case mass
and specific impulse tp.. can easily be the cause of the bias towards loweesal combined together.
With all inert masses decreased, the propellant loadiregseasibly reduced for P80 and Z23 stages, which produce
the larger GTOW savings, whereas Z9 SRM remainseoséime size and AVUM’s tanks are enlarged, though not
until the upper bound.
The diameters of P80 and Z9 are both lowered by alfffg which turns out in a longer though lighter launch
vehicle 85.03 minstead 0f31.75 n). The main cause for this behaviour again appears torbdyaamic in nature,
suggesting that controllability issues may still be unsterated even with the model enhancements in V2.
A last remark applicable to both Ariane and VEGA regandss and reliability. As already highlighted for the kivibO
problems, a lower CpL is a side effect of the GTOW mination for both launchers. However, the MSPs of batiarfe
and VEGA are drastically cut with the large problemisTis a synthetic result: the failure rates of HM-&ial RD-869 are
known and are loaded from database if defined as OTS. \iowie the enlarged MDO problem, modifications to these
engines are allowed through the definition as new LR¢chwcauses the failure rates to be computed from component
build-up methods, which appear particularly pessimistic.
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Table 47: Comparison of MDA, small MDO and large MDO degjn solutions for VEGA. In bold: optimization variables which
have hit either the lower or upper bound.

8.3.3.Multi-objective MDO

Although multi-objective optimization for purely perfoance objectives was shown to be extremely effective,
significant difficulties were encountered when tryiogoptimize the design of Ariane 5 and VEGA launch Jekifor cost
and reliability besides launch mass. In particular, ewgh the large MDO problem described in this sections ihot
possible to identify performance versus reliability traffe, since the mission success probability is atnmosensitive to
variations of the continuous design variables but anljifferent launcher architectures or different techgiel® (especially
propulsive) employed in the different stages and boostersthis reason, only cost versus performance trade-offs a
presented here.

Figure 121 andFigure 122 show the best Pareto fronts achieved with three rui3GMOPSO of 100000 function
evaluations each. Note how the Pareto fronts are ealyemarrow, only encompassing about 1.6 tons and 0.¥dvl
Ariane and about 0.3 tons and 0.1 Mr VEGA. This is a consequence of the strong depemrdehihe assessed CpL from
the inert masses of the different stages, whichsis gtoportional to the total mass at launch. Althoeghrological factors
also influence the cost of the different componeatg. (a higher structural efficiency or larger engirthisist result in a
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higher technical quality factor multiplying the massdx CER), this is not sufficient — at least for the é&xamined cases -
to obtain relevant differences among the Pareto sakitidevertheless, sound trade-offs in certain desigablas can be
identified. For instance, the minimum mass and minimumsmstions for Ariane 5 case are mostly identicalepxdor a
much lower thrust of the first stage engine (1.1 MN agdir&MN in vacuum), which reduces the performance but ensures
a lower engine’s development and production cost. For AVEGtead, the propellant loading of the first staggh wespect

to the second and third constitutes the main differencen@rtioe different solutions. In fact, the cost model both
development and production of SRMs includes two different SCERRe provided by ESA for small strap-on boosters
covering Z23 and Z9 and one for larger booster motorsthyirebtained from TRANSCOST. In order to continuously
connect the two curves of development or production @sstsfunction of the loaded propellant mass, the CERafge
SRMs was modified as iRigure 123 Since the resulting cost model presents a slope disa@pntwhen shifting from one
CER to the other (for M,~40 tons), minimum cost solutions for VEGA tend to favausmaller P80 with respect to
minimum cost solutions, because the cost of Z23 andag@sts evaluated with the “cheaper” small motors CER
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Figure 121: Large MDO problem for Ariane 5 ECA, multi- Figure 122: Large MDO problem for VEGA, multi-objective
objective GTOW vs. CpL Pareto front. GTOW vs. CpL Pareto front.

Figure 123: SRMs development cost models: original CERer small and large motors, plus modified curves to ratch the two
profiles. Selected CER is the blue curve for small ators up to 40 tons of propellant and the red curve Mod for larger systems.

Another issue related to the cost (and reliabilityeasments is related to the tuning of the model paresnétefact,
virtually all CERs and failure rate relations arélwated with empirical correction factors which depemndtre set of data
points used for the correlation, and additional coeffisieme employed to describe specific effects on ctiatiiigy of
technological trade-offs or other design choices. Asrs@quence, performance versus cost versus reliatailigtdfronts
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are strongly dependent on these empirical parameterexd@roplify this behaviour, the same MDO process for gia
ECA was repeated after re-tuning the CER for large SRMHicially reducing by 50% both development and production
costs for P241 boosters. The results of the new MDOartsashown irFigure 124 andFigure 125in terms of Pareto fronts
and external geometries of four representative Paretticsdd. It is clear how modifying the CER radicallyaclges the
shape and extent of the non dominated front, now spannirand@and 3 M from the minimum mass to the minimum cost
solutions. This is mostly the effect of the halvedtdor the SP systems, which is exploited by the optintzechieve a
min CpL design with minimum propellant in both cryogenagsts (121 and 14 tons), at the expense of a larger quaintity
SP in the boosters (218 tons). This is sided by modifiedttiavels, with the core stage’s engine reduced to lessithaN

in vacuum, with associated lower costs, compensatedghehBRMs thrust. Note that this modification is reidcin the
external geometry of the vehicles, with the boostershie minimum cost solution being larger in volume howesharter

in length due to a lower slenderness with respect tmthisnum mass design.

Although this kind of trade-off between the dimensiaiscryogenic and solid propellant systems is sound in a
performance vs. cost perspective, the numerical restdtsyaestionable, being dependent on the tuning of the cost
parameters. In real-world design exercises, design trdedsfied with such approach could still be useful, but eiion
of actual CpL advantages should be externally verified wittolmotip cost estimation methodologies. Further research is
therefore certainly necessary in this area, thougld#évelopment of thrust-worthy cost and reliability modelbe used in
MDO for early design activities appears extremely chaitepglue both to the lack of detailed cost informatioregisting
systems and to the inherent limitations of historizded approaches.
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Figure 124: Large MDO problem for Ariane 5 with modified cost Figure 125: External geometry for the four solutions shwn
model., multi-objective GTOW vs. CpL Pareto front. in Figure 124, where Z identifies the solution’s ID.

8.4. MDO of free-architecture ELV

In order to provide an impression of the capabilitithe MDO environment for search space exploratioarbitrary
launcher configurations, an example of global optimizafmnthe same GTO mission of Ariane 5 ECA but without
constraining the design of the stages and boosters wfisparchitectures is provided. Several architectusab
technological trade-offs were unlocked for this test:

- Linear configuration or parallel configuration with 20134 boosters of the same design.
Core stage propulsion with 1, 2, 3 or 4 engines, eWfkrain-2 or of new cryogenic SC or GG design.
Upper stage propulsion with 1 or 2 OTS engines, with sefeof one of the following EC LREs: European Vinci,
US RL-10B or Russian RD-0146.
Variable diameter, possibly up to three different diarse(i.e. VEGA-like), with non-under fairing upper stage.
Upper stage tanks configuration (enclosed tanks or common bdlkhad structural materials (Al 7075 or Al-Li
2195 for the tanks, Al-7075 or CFRP for the interstagestart& and thrust frame structures).
Solid rocket boosters structural material (Steel or CfiREhe case, Al 7075 or CFRP for the other strucjures
Pad interface structure with the core or with the teoss



The resulting MDO problem has in to#8 optimization variables: 4 for the system level desighfor the lower stage,
8 for the upper stage, 7 for the boosters and 10 for tleettey. Although several single and multi-objective ®Buns
were attempted, the min GTOW versus max MSP resultgrasented here, as an example of the introductioaliebility
in multi-objective optimal design. The Pareto frontsagted in three runs of 200000 function evaluations eackhanen in
Figure 126 with the external geometry, reliability profile and idesdata reported respectivelyHigure 127, Figure 128and
Table 48 Whereas one of the runs only returned a single saluthe other two converged towards a common Parett fro
spanning about 100 tons in GTOW but less than 1% in foresehility. In fact, all solutions are characterized tine
same concept, featuring a core stage with 2 Vulcain-2pper stage with 2 RL-10B and the presence of 2 boostees. T
variability of launch mass and success probability anig due to the relative size of the cryogenic stages of the solid
boosters: in order to improve reliability, solutionstba right of the front allocate more SP mass tdthasters, resulting in
higher GTOW but shorter, and hence less risky, flighthe two cryogenic stages.
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Figure 126: Free-architecture launcher MDO problem for Figure 127: Reliability vs. time profile for the five ®lutions
GTO mission, multi-objective GTOW vs. MSP Pareto font. shown in Figure 126, where Z identifies the solution’tD.

All solutions converge towards common choices for nobshe technological trade-offs: 2 boosters and 2 endares
each stage, Vulcain-2 and RL-10B engines, pad interfattetis boosters (for lower structural mass on tret fitage),
separate bulkhead tanks with a lower diameter and advamatedials for the upper stage (again, reduced weight), ard LO
forward for the first stage (for controllability). i worth noting how none of the discrete variablesctvthave larger
system level effect originates a separate branchedP#ineto front. For instance, no non dominated sokiti@re identified
with a linear configuration, probably as a consequefdee high failure rate of cryogenic systems, whiabre than offsets
the risk advantage from avoiding the boosters’ jettis@me This confirms how the tuning of the risk modebsactly as
for the cost models, is a particularly critical issoremulti-objective MDO, certainly requiring further sties and probably
a dedicated calibration on a case-by-case basis to abtsnonable results.

Note also that the minimum mass solution for the frehicture problem has a GTOW of ~540 tons, constguin
sensible improvement with respect to the minimum nsaigtions achieved for Ariane 5’s large (~625 tons) andllsm
(~539.5 tons) MDO problems. This confirms how an enlagsgenof the design freedom allows in general to impitbee
design objective, even though specific technological solsitidior instance common bulkhead Al-Li upper stage tanks
then need to be verified in terms of feasibility affdrdability.

As a final note, larger MDO problems were also attexhpincluding for example the choice among 2 or 3 stagesl
or 2 sets of boosters as well as even broader allopioins of propulsive and structural technologies. Howewetheése
cases the MDO process failed to converge to glolmtymal areas, providing significantly different solugoat each
global run when allowing reasonable computational times rfiot more than 24 hours of computation per run). Bhisie
to the fact that, when the architecture of the laandh not constrained in any way, the resulting oation domain is
extremely vast and non smooth, hence requiring huge populaimh numerous iterations to perform full search space
exploration. Since only shared memory parallel computimgloal core architectures was exploited, solutions ¢seth
problems could not be found, although the extension obpiienization architecture to high performance computirmy m
very well enable such attempts.
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Figure 128: External geometry for the five solutions shen in Figure 126, where Z identifies the solution’s 1D

Table 48: Min GTOW - max MSP free-architecture MDO problem: comparison of design data of the five solutions iFigure 126.
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8.5. Future Launchers Preparatory Program case study

ESA’s Future Launchers Preparatory Program (FLPP)mexgtioned in the introduction as one of the main reafons
the selection of ELVs as the core application of theQvibethodology for the present research. FLPP ismilyrdhe main
European framework for all activities related to thacaptual design of the next generation of European EL\s,the
aim of reducing the cost-per-kilo to orbit by half wigspect to Ariane 5. Besides, the development of aredatnily of
launchers through modular design, rather than of a singleofyyhicle, is at the core of the development phpbsowith
the purpose of drastically improving the launch sysseifakibility. In this context, the last MDO applicatipresented here
is taken directly from FLPP studies, considering published remeints as a starting point for the set-up of the MDO
problems.

According to recent informatiorj1(42], [143]), mainly two families of launchers are being considefgda so-called
Building Block (BB) concept, featuring the assembly of éxgsor slightly adapted European LP stages or SRMs, pad 2
Next Generation Launcher (NGL) concept, gathering brawd lower composites derived from VEGA's technology for
SRMs and/or Ariane’s cryogenic liquid propulsion (thoud@ICH, combinations are also being investigated in parallel)
in combination with an upper stage based on Vinci EC enginarder to minimize the recurring cost, a two-stagadher
architecture is always preferred, with the additiontigfson boosters to increase the payload performance.

Since the BB approach is not particularly well suitetheoMDO methodology, a study case from the NGL conaeyst
selected, in particular encompassing the architectubetidd as NGL-HH-GG and NGL-HH-SC, which are mentiorred i
referencg142] to be the most promising. These are constitutedldd,-LH, upper stage with Vinci expander cycle engine
and a LQ-LH, (H) lower stage with a new design engine, either basesfaged combustion (NGL-HH-SC) or on the more
classical gas generator technology (NGL-HH-GG).

As a consequence of this selection, the high-level requaints taken from FLPP as a starting point for the MBQup
are the following:

- Target performance of the in-line two-stage configuratdatonsto GTO (from Kourou).

Flexible extended missions with addition of a variable Ipemof strap-on boosters, specifically ubtand8 tons
Payload environment similar to that of Arianen3: max pi<4.55 gandgheat maxp=1135 W/ni.

Main cryogenic stage using a newly designed cryogenic eogigither SC or GG feed system.

Upper stage using a cryogenic Vinci EC engine.

Main stage and upper stage both featuring a common laulkhak configuration.

Upper stage exploiting under-fairing configuration.

Strap-on boosters based on Vega SRM technology.

Possible in-air ignition of part of the strap-on beest in order to match the path constraints.

Specific launch cost halved with respect to Ariane 5 Ei&A approximately from 17 kkg to 8.5 k/kg to GTO.
Target reliability: 0.99

On top of these specifications, four additional trade-afésleft to the optimizer in the MDO problem: a) tise of two
Vulcain-2 engines in the first stage instead of a single LRE; b) the introduction of throttle capability metnew lower
stage’s LRE; c) the design of a classical (i.e. non mfaiieng) configuration for the upper stage; and d) the etgilon of
advanced Al-Li materials for the upper stage tanks. Tketfiade-off is motivated by the possible necessitgvaid the
large development cost associated with a new high-thrie#, lthe second by the requirement of matching the axial
acceleration and dynamic pressure path constraints, anfth#i two are related to the minimization of the upgtage’s
inert mass, which largely influences the overall paylparformance. From synthesis of the specified requimsrand
reasonable guesses of the optimization variables' r¥hgesble 49 was compiled to summarize the MDO problem
definition for both the inline ELV and the parallell\e with strap-on boosters. In case of classical upgge
configuration, the 12 m PLF is assumed for 3 tons ar@h$ missions whereas the 17 m PLF is assumed for thes8
mission. In case of under-fairing configuration, thiesgths are increased to include part of the upper stage.

In order to design the complete ELVs’ family for 3, 5 @tbns performance targets, a rather complex studyvilasv
developed, already shown in the introduction (Figure 4nasxample of the industrial applicability of the MDO ezsh.
The design of the three launcher configurations wasutad sequentially, first targeting the baseline 3-toAme version
and then adding the boosters for the 8-tons and 5-tarfigemtion. Note that a better approach would be repreddnt
the concurrent optimization of all three configuratiosiace the sequential approach introduces artificiatcaimts in the
design of the strap-on boosters, in particular with regpethe flight loads. However, the simultaneous MDO ¢fedent
launcher configurations was not implemented due to firm&ations.

8 For instanceM o, ranges are taken around the baseline values defifidif T coreWas derived from an assessment of the range of
GTOW and a 1.5 lift-off T/W, and TesieriS comprised between slightly less than Z23 and slighdse than P80.
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The FLPP study case was already introduce@hapter 1 to exemplify the advantage of MDO methodology in terms
of committed effort for ELVs conceptual design studiesh wie caveat that the confidence in the achieved desligtions
was to be subject to the evaluation of the expect@ibl@plinary errors and related global sensitivitieseAthe exhaustive
validation effort described i€hapters 5 and7, some examples of quantitative results are presented belbvugh the
full study cannot be reported here for length limitations.

Table 49: Fixed parameters and optimization variables (inclding boundaries) for the FLPP MDO problems set-up.

When assembling the data reportedTiable 49 the MDO problem for the inline launcher only (3-totese) is
constituted ofL6 design optimization variables a8 trajectory optimization variables as follows:
Propellant loadingMpop,.s Mprop,us
Upper stage’s geometry and structural mated&iC, Kug, SMmain us
Upper stage’s tanks pressurBsiks,us Ppress,us
Lower stage’s propulsion syste@TS s, Feed s
Lower stage’s new design cryogenic engiffe: p, , Pec
Lower stage’s throttleThC
Lower stage’s tanks pressurpgius,s Ppress,Ls
4 pitch-over parameters: po, teo, tro,decay PO
2 yaw parameters during exoatmospheric flightis, s
4 pitch parameters during exoatmospheric flightis,  srii, sTL, BTLS
3 linear interpolation nodes for the lower stage’s thitustitle, if a throttleable engine is selected.
The best Pareto front obtained for the minimum massug minimum cost problem with DGMOPSO is reported in
Figure 129 as an example of the achieved FLPP results. It ishwooting that all high performance technologies are
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exploited in the design solutions presented in the front, iticpkar: a) under fairing upper stage configuration with
common bulkhead tanks in Al-Li 2195, ensuring very low imegisses; and b) single, new design, high chamber pressure
(from ~200 to ~230 bars) SC engine with very high thrustideffeom 2.6 to 2.8 MN sea level) for maximum propulsive
performance ¢}, from ~383 to ~395 s at sea level, from ~451 to ~460 s in vaculths allows obtaining extremely low
GTOW values, ranginffom 174 to 181 tonswith propellant massdsom 116 to 139 tongor the lower stage arfdom 13

to 29 tonsfor the upper stage. In fact, the ratio of the propell@adings constitutes the largest difference in desigang
the solutions in the Pareto-optimal front, with a pusharols higher upper stage masses for performance and logreer
stage masses for costs. In any case, the figureglptbabove appear sensibly lower than those mentioned irffittial o
studies. In fact150 tonsand26 tonsof propellant are reported [A42] and[143] for the lower and upper stages, with a
total launch mass @26 tons These are however obtained with more conservasseanaptions, such as traditional Al-2219
tanks, 150 bars of SC engine’s chamber pressure and 6ri§\2thrust at sea level.

It is also worth noting that two trajectory constraiimhpose important requirements on the design. In partidbhiar,
static controllability becomes critical in the atmpberic phases of the flight, since no boosters aa#adole to aid the core’s
TVC. For this reasons, a large maximum deflectioneanfjthe new engine’s TVC has to be exploitedZ deg, resulting
in the controllability profile ofFigure 130 Besides, the axial acceleration constraint of 4.5%@e$ the use of a new engine
with throttle capabilities, which are exploited as showhigare 131to reduce the thrust towards the end of the burn.
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Figure 129: Min. GTOW- min CpL Pareto front for FLPP-3 tons MDO problem.

Figure 130: Example of controllability profile for the Figure 131: Example of thrust throttle profile for the achieved
achieved optimal FLPP design solutions in Figure 129. optimal FLPP design solutions in Figure 129.
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We came all this way to explore the moon, and the most
important thing is that we discovered the Earth.

CHAPTER9

CONCLUSIONS AND FUTURE
DEVELOPMENTS

9.1.Research conclusions

This PhD dissertation introduced MDO as a disruptive tecigizdl innovation if massively applied within industry to
the conceptual and early preliminary design of complexesys. In fact, MDO has the potential for drasticaitypioving
both the design process and the design quality. With MIX3 #ssisting system engineers, the design effortsnmstef
man-hours and hence financial costs can be largely réditmreover, a much wider investigation of the design spane
be performed, possibly identifying significantly bettisign solutions with respect to traditional fixed pointaitiens
process, as regards to LCC or any other figure of mdeihce, the goal of the research was set as tredopevent and
guantitative assessment of a MDO environment capéliéelding the early design phases of ELVs, which wetected as
the primary application due to the current European retevéLPP, VEGA evolutions, Ariane 5 ME, ...).

The focus of the research was on the engineering mode#iperts, with the idea of attempting a detailed analysis of
the accuracy of the developed methods, both in terms @pliigry errors and of system level sensitivities.hAligh a
rather significant number of developments documented entgears have been focused on the application of MOReto
design of different types of STS, the evaluation of aaguead reliability of such models to the extent describethe
present research is a rather new concept, to the &ukimawledge.

From the initial study of the state-of-art, severah#igant challenges connected to the MDO methodology were
identified in the areas of modelling, hardware and so#ywand mathematics. These are summarizdélote 50 together
with solutions which were proposed throughout this dissentad deal with each of the highlighted issues, shgwiaw
the most important aspects enabling MDO can be sucdgssickled with today’s technology. Nevertheless, theatlift
compromise between analysis fidelity and computationfartefepresents a massive obstacle, having in large pa
contributed to prevent from successful widespread industpiglication of MDO in the past 20 years. The main qolsti
proposed for the present research is therefore ceotrdtis issue - whether it is possible to develop religtisenple
models permitting fast MDA cycles while still ensyisufficient accuracy to place confidence in the addedesign
solutions. Unfortunately, a straightforward answer @¢mdt be found: the required computational effort suredycines the
original target (i.e<2 sfor a complete V2 MDA), but it is not nearly as eésymeasure the accuracy requirement. It can
however be said that the two-steps process descrilidapters 4 through7, involving modelling, validation and critical
analysis of the results, proved to be of key importdoccéghe incremental improvement of the models, enguai sensible
enhancement in accuracy at a manageable price in compatagffort. As a result, the final (V2) models ahaacterized
by accuracies on the global performance which shouldiffieisnt in most of the cases to fairly compare tigngicantly
different design solutions through MDO.

To provide a clear impression of the suitability cf #1DO environment for the initial design of ELVs, arqurehensive
overview of the main research achievements, lessansdeé and remaining open points are schematically suaedar

- Through the two-steps modelling and validation on Eumnodeanchers, a wide range of design functionalities

encompassing all relevant disciplines was developedmapl@mented, which appears adequate for the conceptual
and early preliminary level design of ELVs. In particulat,Vs can be optimized for performance, cost and/or
reliability, including geometric, structural, trajectcand safety constraints covering most of the comnegptesign
aspects currently investigated within industry.

Careful incremental modelling allows achieving sufiitisubsystem-level accuracy in most areas as regarls to t
global performance error caused by disciplinary output$jowitintroducing high fidelity methods. In particular,
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one-variable-at-a-time SA highlighted how the tota&rirmasses of stages/boosters (structural elements, gioopul
components, other non structural subsystems) remaimdkecritical parameters even after the developmietiteo
analytical structural sizing module. Worst-case sydwmal errors due to average errors on a single mase fagaer
in the order of-5% with V2 models. Propulsive parameters, (a.candA¢) and aerodynamic coefficientS{ andC,)
have a lower effect on payload performaneg% and~1%), the former due to a rather high accuracy and ther latt
to low sensitivity.

Area

Challenge

Solution

Modelling

Find a suitable compromise between disciplir
analyses fidelity and required computational ef
(e.g. engineering-level vs. high fidelity).

argteps modelling procedure, highlighting ttritical aspect
foytbe improved in the second step from a quantitativiysia
of the results of the first step.

Develop well-posed interdisciplinary interfaces
consistent multi-disciplinary problem formulation.

Adde of C++ object-oriented progranmyg paradigm to defin
clear interfaces and extendable modules.

Capture (at least partially) the human expertis|
the multidisciplinary design models.

dniterviews at ESAESTEC of disciplinary experts, with
obtained hints directly integrated in the models.

Define a parametric geometry model in commao
all involved disciplines (aerodynamics, structures

Use of LaWGS format for engineering-level tools (mgh
fidelity analyses, simplified geometry definition).

Model the non-technical disciplines (cost estimat
reliability assessment, schedule and programma

iblse of open literature (TRANSCOST) complemented
HESA expertise for costs and reliability assessment.

Verify and validate the developed MDA mod
with respect to real-world data.

elssteps validation procedure, aimed at identifying then
weaknesses and assessing the accuracy of the mn
repeated for both modelling steps for comparison.

HW & SW

Procure and integrate the required disciplinary c
(proprietary, open source, commercial, ...), ofte
different languages and coding philosophies.

pdee of open sourcéegacy code only (i.e. source cod
mairailable and free to modify), interfaced with I/O pifles
and write/read scripts for simplicity.

Ensure version control of complex software as
as management, storing and communication of
amounts of data.

Wedle of svn for version control and of xml databatsacture
argh an automatic parser to C++ objedM interdisciplinary
communication only through a central management routi

Allow for interactive machine-human interface,
ease the introduction of the designer’s expertise.

Reverse communication during optimization, provisions
easy set-up of successive global and local optimizatios. r

Provide large computational resources, such
parallel processing or GPU computing.

Masterslave parallelization of GO algorithms with Oper
for shared memory computing, exploiting dual-core mach

Mathematics

Implement an efficient GO/LO architectuigyolvin

procurement or development of several algorithmirge SQP library developed at a collaborating institutio

Integration of GO algorithms from previous research Gfray

Select a suitable MDO architecture and proh
formulation, depending on problem characteristig

|Exploitation of BBO with both MDF and IDFformulationg
{MDF slightly superior), NOL attempted but inefficient.

Define surrogate models of specific analyses if ¢

CPdiind not to be necessary for engineering-level arsliest

effort for the involved disciplines is too large.

as a future development (after introduction of high fidglity

Table 50: Main challenges of MDO methodology idenfied within the research, including the implementedr proposed solutions.

Trajectory optimization allowing for accurate andust assessment of ELVS’ payload mass is one of thadgscts

of MDO, enabling fair comparison of the performance ffedint designs. Significant work in this area (described
in Sections4.6 and6.4) led to the definition of environmental, dynamics (3Hpoguidance and control models
ensuring very good performance assessment accuracy aodtiress. Besides, the introduction of several
enhancements in the trajectory models’ smoothngskl]) allows the exploitation of local optimization with
WORHP NLP solver. The local approach is definitelyrenefficient on the trajectory subproblem, leadindatster
and robust performance assessments in case of agténizations executed as stand-alone processes (egl fi
design ELV) or nested in a MDA cycle. Validation casesvigex payload estimates with®% of the actual
performances of existing launchers. This residual eowidanot be eliminated, and is possibly due to inaccuracies in
the design data as well as to residual modelling issugs3@®oF dynamics, lack of wind impact on the EoMy, ..
Cost and reliability estimates appear at a firditsigther accurate. For instance, both the overalll &d the spread

among development, production and operations assessed thr@flcydes match the approximate figures openly

mai

odels,

ne.

for

ines.

available for Ariane 5 ECA and VEGA launch systemssiBes, although a pessimistic evaluation of the cryogenic
engines’ failure rate leads to underestimated reltghbitr Ariane 5 ECA with respect to its impressivariah
record, the computed MSP of VEGA is very close to thgeta98% reliability. Nevertheless, accuracy on ttiese
cases is sided by significant issues related to the éxjiboi of the cost and reliability models in multi-etijive
MDO, as described below.
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Montecarlo simulations represent a powerful methodssess the expectable range of performance error, dieen t
launcher’s architecture and estimates of the Gaussiares (i.e. and ) describing the inaccuracies in the
disciplinary parameters. From the analyses, thepayload mass ranges for the European test cases appear
sufficiently narrow for the considered level of detwilth an error envelop lowered frotr19%to +12% from V1 to

V2. At the same time, the accuracy in the payload pedace assessment through the MDA cycle is extremely
good, with only+4% and+6% errors for Ariane 5 ECA and VEGA. More importantlyetherformance bias from
both Montecarlo SA and MDA processes is on the sadefer the two European ELVs (i.e. slightly optimistic).
Since Ariane and VEGA have radically different architees, this suggests that trade-offs obtained with MDO can
be entrusted even if the difference in performancewsl than the mentionedlL2%.

To summarize the comparison of V1 and V2 models, the upggderificantly improve the behaviour in terms of
overall global performance accuracy and confidence fdmed in the design solutions. This is obtained at idedn
price in terms of computational effort: no high fidelignalyses were included, nor were other relatively
computationally intensive methods such as panels aemodgs, 6 DoF dynamics, integrated Montecarlo
simulations or bi-dimensional propulsive system aregy#\s a consequence, computational times for both MDAs
and MDOs are only roughly doubled from V1 to V2 modelSgare which seems acceptable in light of the above
mentioned advantages.

Small and single-objective (min GTOW) MDO problems Aviane 5 ECA and VEGA were employed to verify the
potential of MDO to improve the design of existing lelurnvehicles. Although VEGA's design appears more
GTOW-optimal with respect to Ariane’s, a positive ne@ of MDO is obtained for both ELVs. Such effect is
much more limited with V2 models, passing frei20% and~9% to ~6% and~2%. This is however the outcome of
an improvement in the models’ accuracy, since the la@EDW reductions obtained within V1 are partially
synthetic in nature: the exaggerated effect on thetstaicmasses of the trajectory load parameters |dasls
optimizer to strongly redud®iyn max Naxmax @NA0nearmax @llowing for artificially low inert masses.

Local refinement of global optimization runs was shdwneduce the objective function value, but only to a énhit
extent €2%). Moreover, different starting points always lead different local optima, suggesting that the
smoothness of the MDA objective and constraint fionst should definitely be improved. Since stand-alonal loc
trajectory optimization is satisfactory from this powof view, efforts should be focused on the multidiscigly
models definition, although the multi-modality of the coaistts and especially of the objective function may be
difficult to limit.

A comparison of two different problem formulations, Mnd IDF, points at a different behaviour within V2's
MDA models for ELVs with respect to typical literatuesults. In fact, a limited but non negligible advantaghe
straightforward MDF approach was highlighted by the lakbg testing results, mostly due to the very low number
of required iterations of the Trajectory-Structures lo&jso taking into account that the built-in multidiscipliga
feasibility ensures higher robustness, MDF formalaseems better suited than IDF for the specific appleaase

of ELVS' design optimization, although more extensivetingson other launch vehicles could provide more
conclusive insights.

The enlargement of the MDO problem brings significatuctions in the GTOW of Ariane 5 ECA and VEGA
design. In particular, allowing modifications to the proprssystems results in several physically sound design
changes (e.g. increase in HM-7B’s chamber pressurdéctsirg of P241 boosters, ...), although others should be
verified with more detailed analyses (e.g. VEGA SRMserinal pressure decrease). When the MDO problem is
further enlarged by unlocking several discrete optimipateriables (i.e. “free-architecture” MDO case), addl
advantages in terms of design objectives can be achiaellrdugh each new technological solution needs to be a
posteriori verified for technical feasibility and affiability.

As far as purely performance objectives are conce(iedGTOW and PL mass), multi-objective MDO provides
very useful design information. For example, min GTOW vax fAL optimization can be exploited to understand
the sensitivity of the launch vehicle being designedanations of the payload performance target, whichnis
extremely important figure in real world design exercises.

The introduction of cost and reliability objectives in MXXJinstead more complicated. Specifically, mathematical
features intrinsic to the CpL and MSP calculation ceuisti a serious obstacle for global multi-objective
optimization. In fact, although technical quality factomhtcibute to including technological considerations, cost
estimation through CERSs represents a mass-based appsbéctn often results in cost reductions when minimizing
mass and vice versa. Moreover, the reliability of ELi¥gjuite insensitive to the values of all continuousgies
variables, being mostly affected by architectural antin@ogical aspects. Finally, several tuning parameters are
defined for each of the CERs and related aggregating émscts well as for the failure rates calculationesgn
strongly affect the LCC and MSP of launch systemshabthe achieved Pareto fronts radically change dirapto
their values. Examples shown within this researchudelthe effects of large SRMs’ technology factor and
cryogenic systems failure rate respectively on massast and mass vs. reliability Pareto fronts. Asr@sequence,
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the parameters’ tuning is a particularly critical ogmint for MDO, which needs to be further addressed with
additional testing on a larger number of test cases.

Models tuning is a critical aspect also for perfornearalated disciplines. In fact, the good behaviour ofntioelels
highlighted in the previous points is subject to the awraition that only European ELVs were tested, and the same
ELVs had been often used for models calibration duedo && information on other systems. In particular, inert
weights and lengths assessments are more prone toneapi tuning than other modelling aspects. Further testing
on ELVs with widely different underlying technologiesréfere appears necessary to complete the validatidreof t
models by understanding the level of accuracy which results ésdrapolations to non-European designs (e.g. US
government and commercial vehicles, Russian launchgrs,

Another current limitation lays in the inability dfé MDO environment to converge to globally optimal arieacase

of very large MDO problems. This is experienced when ttigitecture of the launcher is not constrained invaay
(e.g. variable number of stages and booster setsphatechnologies in each stage/booster), resulting inyavwde

and non smooth search space. In theory, global optirizehould be able to tackle these problems as welthbut
number of required model evaluations increases dadigtiwith the dimensions of the problem. Since osiyared
memory parallel computing on dual core architectures isoegdl solutions to these problems could not be easily
obtained. High performance deployment thus constitutes emotftical point to be further researched, possibly
opening the possibility to uncover relevant trade-offshim darchitectural design of ELVs, presently prevented by
computational resources.

Also requiring HPC, the impact of the introduction ofthiglelity information in the MDA cycle represents #émer
prominently interesting open point to be evaluated. In, faigh fidelity methods should further reduce the errors
highlighted here for Ariane 5 and VEGA, besides allowimgackle more generic configurations without the gk
completely missing the value of specific design paramelgesto extrapolation in the engineering level models. In
particular, coarse FEM in combination with analytiailure modes analysis seems the most indicated higfityidel
methodology to be introduced, in light of the criticatif the calculation of the structural masses.

In conclusion, this research highlighted how the developraad tuning of reliable MDO environments is a very
complex task, requiring large efforts in most engineerieg® as well as computer science and mathematicseudow
detailed investigations showed that reasonable accuran@sphysically sound design modifications can be obtained
through the MDO approach, even when exploiting only &mgjineering level models to avoid resorting to HPC. With
today's computational resources, enabling introduction df figlity information in the design cycle, MDO guided by
human expertise is a powerful approach for the initiaigdeghases of launchers and other STS. Although the itge i
investment in terms of development and personnel traisigmajor obstacle to widespread industrial applicatiois, i
therefore the opinion of the author that the resultimgefiein terms of design quality is worth the effarth the potential
of contributing to the long term goal of achieving lowtcascess to space.

9.2. Future developments

Despite the large effort undertaken for this researchONtDsuch a large field that the numerous areas oftige¢ien
(problem formulation and decomposition, MDO architectugggimization methods and other mathematical techniques,
engineering applications) were only partially covered. ddera relevant number of research topics can be igdehfir
future study, which can be divided in three main groups: I} $&ions developments of the MDO environment for ELVS;
2) further improvements in the design fidelity of the miegdand 3) extension to other classes of space vehicles

Short terms developments include most of the aspectsedomit in the previous section as weaknesses still to be
addressed in the implemented MDO environment, in particula

- Verification of the multi-disciplinary models on non Bpean technologies, such as US government (e.g. Delta 1V,

Atlas V, ...) and US commercial (Falcon family, Antgreiberty, ...) ELVS, Russian (Soyuz, Proton, Dneprand
Japanese (H-11) launchers, or systems from emergiagtiges (China, India, Brazil). These can straightfodiabe
studied with the models described in this dissertation, altheagy specific details may require further tuning. As
an example, only an approximate geometry of Soyuz launchleesic be obtainedrigure 132 since no provisions
are implemented for conical booster structures, evargththis does not largely affect the estimated perforeganc

Figure 132: Soyuz launch vehicle in photo and as drawn thithe developed models, in its 2.1B version.
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Attempts to improve the tuning of the cost and relighparameters, which was shown to be particularliicaii as

well as complicated in this research. Besides, sevetithiaation variables strictly related to non-performoan
aspects were initially introduced, but their actual infléeaie costs and reliability was not deeply investigateds&h
include LPM, SSM SM, RL, LCE, TOE, Nengests Which should be connected to the CpL and MSP of launch
systems in order to allow for fair trade-offs agaiises performance.

Exploitation of HPC for MDO problem enlargement. Thean be accomplished either through Message Passage
Interface (MPI) technology for distributed memory aretiitires or through modern GPU computing paradigms (e.g.
CUDA or OpenCL).

Improvements in the accuracy of the models for thegdesf ELVs constitute a much broader research line, iggssi
leading to the development of a Version 3 of the MQal& In particular, the following aspects should be peden the
various disciplines, being mainly constituted of analyaksn into consideration for the early preliminary msdkescribed
for V2 but then discarded for time and/or computationaretfonstraints:

- SP grain optimizationintroduction of a fast subsystem optimization nestadenMDA to match given thrust profile
constraints, such as corridors for satisfying perforrman@ax dynamic pressure or max axial acceleration salue
Solid grain domes modellingrom both the structural and the propulsive law pointi@iv.

Component-level mass estimatifmn LP and SP systems: very complex upgrade requiring devetapyhphysics-
based sizing tools for LP combustion chambers and LR(2Ples (structural and thermal analyses with different
cooling options), as well as of a full engine cycle gsialfor turbopump systems. This includes pressure t@lan
equations, analytical relations for the assessmetieofmain turbomachinery parameters, and CEA analyses to
compute the gas generators and pre-burners performdfes. the basic parameters of all the power pack
components, an estimation of the inert masses can theerlbormed with empirical or analytical models. Finally
analytical sizing tools for TVC, vernier engines andSR§ystems should be developed, as well as relations to
estimate the effect of throttle and restart capalilitythe inert masses (Sd&4] and[145] for some examples of the
development of analytical sizing methods for rocket ezg)in

Geometry upgradesntroduction of additional tanks configurations (e.gotdal, multiple cylinders, ...) and of
optimizable interstage geometries for non constant deaxrgeres (e.g. cone angles, tolerances).

Aerodynamics panel methodeplacement of DATCOM with a combination of panel ietpaethods for hypersonic
speeds, subsonic/supersonic linear aerodynamics metmatisemi-empirical viscous relations. Note howevat th
the accuracy advantages of this approach (which maynitedi especially for the CoP position) have to befallye
weighted against the increase in computational timesrenichther large development effort.

High fidelity structural modelsalthough the analytical structural sizing improvid aiccuracy in the estimation of
the inert masses, this remains a critical aspecth&uenhancement of the analytical model can be spedfieti, as

the definition of neglected load cases (e.g. grounddsvion pad, pull-up manoeuvre for launchers integrated
horizontally) or the estimation of the structuraxibility of ELVs, which could be used as constraint toitlithe
aerodynamic push towards thinner vehicles. Neverthelssalready mentioned, Structures discipline seems the
most indicated for a quantitative assessment ofrttneduction of high fidelity information, such as coar&~see

for example the approach [b46]).

Montecarlo analyses for trajectory uncertaintiegth the aim of statistically determining both th@wnd impact
ellipse in case of stages/boosters re-entries and tlitalansertion accuracy for the payload release. Baipects
can be used as constraints or even objectives in a MD@jectory optimization scenario.

Improved safety analys&gth respect to two main aspects: 1) introduction of NASBebris Assessment Software
(DAS)™ for the calculation of the orbit’s lifetime in caskupper stages and the estimation of the debris distibut
for the break-up of suborbital components; and 2) catiian of the probability of fatalities along the veh’s flight

path caused by ground impacts, as line integration of the gtapuldensity multiplied by the failure probability at
each time instant. As an alternative, artificial sthing of the population density map or arbitrarily modifraaps

to represent specific drop corridors could improve theeatisafety constraint definition.

Dynamic controllability verificationsince static controllability analyses were showibé often inadequate to pose
significant constraints to other launcher design aspéeig. aerodynamic stretching), introduction of dynamic
controllability verification through 6-DoF simulations st be considered. In light of the relevance of this aspec
prototype was developed connecting an open source multiodlysis softwareMBDyr®) within a Matlab-
Simulink environment to the outputs of the MDO procé&ssults from this approach, involving the modelling of
nozzle and main vehicle as separate bodies, were egiogrin terms of controllability verification potential
However, control law issues and long computational tirepsesent obstacles to the introduction of this method i
the MDO loop, therefore further studies are recommenuéug area.

%9 http://orbitaldebris.jsc.nasa.gov/mitigate/das. html
50 http://www.aero. polimi.it'~mbdyn
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Thermal modellingall thermal insulation and protection issues wenmesitered in V1 and V2 models only through
historical WERSs. Introduction of physics based methodh sgcnodal analyses should be investigated, in order to
improve the TPS masses accuracy and to allow foriadditthermal conditioning considerations such as boil-off
assessment for restartable cryogenic upper stages.

The implementation of a third modelling step including #bove items would most likely require the complication of
the MDO architecture and the exploitation of some fofrHiPC. In fact, the dimensions of the disciplinaegreh spaces
and the computational effort involved in the new asedywould make the MDA cycle particularly prone to pnoble
decomposition. For instance, subspace optimizations ¢mulidtroduced in Propulsion (grain shape design optimization)
and Structures disciplines (structural details optimomdt possibly investigating architectures such as C@IdSS.
Moreover, if FEM is added to the design loop, MPI or GRyplementation appears mandatory, and meta-modelling
methods also should be considered for reducing the cornumatiagffort.

The last proposed research line is even broader, congjdhe extension of the MDO environment to othasses of
space vehicles. Several new applications can be a@u;e¢he most closely related to ELVs being the intrido®f man-
rating functionalities, such as launch escape systenw onéerfaces and safety requirements. Alternatively, the
implementation of aerodynamic, weight, structural, guidaarad control models for capsule shaped REVs certaiglyres
a larger effort (sefA3] and[A6] for a preliminary modelling). However, this represenssep towards merging ascent and
re-entry vehicles, eventually leading to the MDO of adilis launch systems. Finally, MDO could be extended hitabr
spacecrafts, integrating existing mission analysis liésarith multidisciplinary design models to introduce sebketgpects
of satellite and probe design in global trajectory optitipaproblems. As a last remark, the combination es¢hwidely
different applicative scenarios can also be considerekljrtg the concurrent optimization of multiple branchesudice
missions constituted of different types of vehicles. @lijh presenting very challenging issues, this is an ragtge
interesting new concept, enabling the search for diobatimal solutions of complete interplanetary miss. Examples
span from composite spacecrafts including an orbital arglanetary entry module to complex Mars Sample Return
architectures with launch, interplanetary travel, $4amtry, Mars ascent, Earth return and re-entry.
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APPLICABLE DOCUMENTS

The reports listed below represent final deliverables34 Bs part of the PRESTIGE documentation, and givladur
details on all design, modelling, validation and applicapbases of the research. All documents were writtenebgiuthor
and a colleague from the University of Bremen, AnndRizardi. The author was in charge of all the engingesections
of the documentation, as well as of the sections erotlerall MDO architecture and results. Annalisa Riticars instead
in charge of all sections related to optimization radthand algorithms, GUI and software architecture. Isaipethe last
column define the area of each document, in particulor Mathematics, E for Engineering, or M+E for both.

Document Reference| Title

[A1] Technical Note Dla| Dla.pdf “Concurrent Design Optimizatichitgctures and techniques” M+E

[A2] Technical Note D1b| D1b.pdf “Launch Vehicles Design EnvironmeApplications selection angd E
disciplines review”

[A3] Technical Note D2 D2.pdf “Launch Vehicles Design Environmérgineering Models” E

[A4] Technical Note D2b | D2b.pdf “Cost and Reliability Modéls” E

[A5] Technical Note D3 D3.pdf “Launch Vehicles Design Environment - idppllity of CDO/MDO
techniques”

[A6] Technical Note D6 D6.pdf “Launch Vehicles Design Environmentaraietric Relations andE
Optimization Variables”

[A7] SRD SRD.pdf “SVAGO Software Requirement Document” E

[A8] ADD ADD.pdf “SVAGO Architectural Design Document” M

[A9] VVD, Version 1 VVD1.pdf | “SVAGO Version 1 Verification andaiidation Document” E+M

[A10] VVD, Version 2 VVD2.pdf | “SVAGO Version 2 Verification andaiidation Document” E+M

[A11] TOS TOS.pdf “Trajectory Optimization Study with SVAGO” +H

[A12] FLPP FLPP.pdf “Future Launchers Preparatory Program caseveithdgVAGO” E

[A13] User Manual UM.pdf “"SVAGO Version 1 User's Manual” E+M

[A14]

®1 This document is separated from Technical Note D2 siveasi prepared by Paolo Martino, a MSc student who pesfibifiis thesis
work in the development of cost and reliability modelsHRESTIGE research.
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Annex 1
COMPUTATIONAL TIMES

An overview of the computational effort required for thdedént launch vehicle analyses is reportedatle Al All
computational times are referred to a single procesttype Intel Core2 Duo T6500 processor (2.10 GHz, 2 MB L2
Cache, 800 MHz FSBwith 4096 MB DDR2 (800 MHz) RAMOpenMP parallel implementation of all global algorithms
allows for approximately linear speed-up in both standaghobal trajectory optimization and global MDO procels®
parallelization scheme is instead available for tli2AVlocal trajectory optimizations or MDO local neéments (both with
WORHP). Data are reported able Al for both the cases including and not including théing to file of the MDA
outputs. The first is only used in stand-alone MDA praeessr as final post-processing of MDOs, involvingoals
visualization and printing of the geometry as welbgaseration of the detailed aerodynamics, trajecsiryctural, cost and
reliability output files. This mode therefore requires mimhger times than the case without output printing, which is
actually used within the MDO processes.

Computational efforts for a MDA depend on the architecturth®flauncher being investigated and the intended target
orbit. The number of propelled components to be analyzégindimes the computational time for all disciplinas, i
particular the number of executions of the external €A, which largely affects (20-30%) the total MDA time ¥t
models. On the other hand, the final orbit to be rehaetermines the duration of the ascent trajectoryetmtegrated,
hence the related computational time, which is of #mesorder of magnitude of the full design cycle in V1. hiNstead,
iterations of the Trajectory-Structures disciplineselthe computational times, although 2 iterationssarfécient in most
of the cases with 1% tolerances on the inert massed/F CPU times are referred to an analysis configamavhich was
chosen as a good compromise between accuracy andrefiicla particular, several analysis upgrades can betse|ehat
result in larger computational loads: 1) full ballistic sed for the SP motors, including a loop of CEA executiongach
pressure at which the specific impulse needs to be degdlubhis allows for a limited accuracy enhancemertiaptice of
a 3 to 6 seconds increase in CPU time for each MDAnN2)ysis of more aerodynamic configurations, requiringtipiel
calls to Missile DATCOM and thus multiplying Aerodynasii computational effort. 3) Simulation of the reentry
trajectories with full trajectory integration rathiah Keplerian model. This involves respectively 95% and 1ha¥ease
in the trajectory model execution for Ariane 5 ECA arHGA. Since however the impact ellipse and hence safety
constraint are often significantly affected, CPU timath full reentry integration are also shown Tiable Al within
brackets in the Trajectory and Total columns.

Summarizing, a full MDA cycle within a MDO process reqsifes-0.6 secondsith V1 models,0.8-0.9 second$or
V2-IDF models andl.2-1.4 second$or V2-MDF models. The total run time for MDO prooesscan be estimated by
multiplying these figures for the total number of foreséddDA evaluations (i.e. number of particles by numbér o
iterations), with &.8-0.9correction factor accounting for a percentage of mimsh are not executed to completion due to
infeasibility. A detailed review of the computationafoef required for standalone trajectory optimization,ludeg a
comparison of global (PSO) and local (WORHP) approathasstead reported fA11].

Table Al: Computational times for MDA processes of Aiane 5 ECA and VEGA launch vehicles, including spreaddiween design
disciplines (WCR=Weights, Costs, Reliability) and trajectory integation, also showing different cases for number of Tijactory-
Structures iterations.



Annex 2

OPEN-MP PARALLELIZATION OF
POPULATION-BASED GLOBAL ALGORITHMS

In the last decades, High Performance Computing (HPC)akas & prominent role in most scientific fields. CFD or
FEM are the most typical engineering applications regyiparallel deployment, but countless other simulation
optimization processes benefit from the exploitatiomafti-core architectures. When the computational requinésnare
not excessively large, shared-memory machines ane thfeeideal choice in terms of such architecturespatth the term
HPC does not properly applies due to the limited speed-@ntut In fact, standard hardware already availablet isaat
available at a low cost, can be used to sensibly rechroputational times. Besides, the effort required forllghreoding
of scientific programs in shared memory applicationsushmore limited than in distributed memory architectuassn
modern computer clusters. In this cont@®penMP? is a widespread API for shared memory multi-thread progiiamin
C/C++ and Fortran, which allows to deploy parallel apgiices on dual-core/quad-core laptops or desktops as weft as
more performing workstations (typically up to 32 coreshew compared to “real” HPC paradigms, suchVid for
distributed memory clusters @UDA andOpenCLfor GPU computing, the main advantage of OpenMP laykanvery
limited amount of required parallelization effort, resg in large coding time savings.

In another area of computer science, global optimizatigarithms were born to complement the traditionatiigrat-
based optimization techniques, which are known to convergfecal optima for problems characterized by large on
smooth search spaces, multiple objectives and/oretiesetariables. Global methods, usually based on theckimg of
natural phenomena (Genetic Algorithms, Particle Swamtimization, ...), are capable of solving these probklebut
require very high numbers of function evaluations. This presveheir application to models with long evaluationegm
unless parallel computing is exploited. Fortunately, paraiplementation of global algorithms is as much straighind
as it is critical for their practical applicability targe problems. In fact, most global techniques are pixmibased,
involving the contemporary evaluation of a large numbesohftions. Only the values of optimization variablesstraints
and objectives need to be exchanged among the procesdespramunications only occur when the evolution of the
population is carried out at each iteration. This resaltmn intrinsically parallel algorithmic architectuharacterized by
almost linear speed up, so that population-based optimmzalgmrithms have been classified among“#mbarrassingly
parallel” problems.

Due to constraints in both hardware resources and aeaitabe, the presented research could not exploit HPC
platforms, but it was decided to combine the simplicft@penMP and the suitability of population-based methodetoty
parallelization for at least exploiting the dual- and quedre architectures of modern personal computers. Elarall
exploitation of global optimization algorithms is a very teeficient approach, enabling almost linear speed-upafor
applicative scenario with an extremely limited effortéerms of both man-hours and hardware costs. Althougitadenore
complex parallelization schemes have been developedl&eék[148], [149] and[150] for examples of diffusion, island,
cone-separation and clustering models, whereas arshi@tv can be found if69]), the most straightforward master-slave
model was implemented for its simplicity and the nthan satisfactory obtained speed-up.

Figure Al presents the most generic logic scheme applicaldé population-based GO algorithms, showing how the
model evaluation block (i.e. evaluation of tNg solutions to be performed at each iteration) is comtoaal techniques.
This is the only part of the code involved in the paliaation with the Master-Slave model, which catsiin performing
all algorithmic operations with the master thread oahd only parallelizing the model evaluatiorfsr cycle. As
highlighted inFigure A2, this requires an extremely limited amount of new ctldeygh allocation of the cycle resources
needs some consideration. As a result, since basiathlthe computational effort is spent in tfier cycle when the
computational time for each model evaluation excée@&-0.1 s- which is the case for all applicative scenaridhe
resulting speed-up is nearly linear (§égure A3 for an example of CPU usage in sequential and parallel éxesut

52 For the full specifications of OpenMP sgew.openmp.orgwhereas for useful tutorials see for example
http://openmp.org/mp-documents/ntu-vanderpasapdhttps://computing.linl.gov/tutorials/openMP

j



Figure Al: Master-Slave parallelization model for populdion-based GO algorithms, only requiring parallelizatian of a for cycle.

Figure A2: Sequential and parallel C++ codes for the nuel evaluation loop applicable to any population-baseed @ algorithms.

Figure A3: Example of CPU usage for sequential and paralleéxecution of PSO-1D on mathematical benchmark cases it
synthetic increase ofcpy(model)through a 0.1s"wait” instruction, showing a 1.93 speed up for the Zvailable processors.
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Annex 3

SOFTWARE ARCHITECTURE AND USER
INTERFACE

The MDO environment described within this PhD dissenmtati@s developed in C++ making heavy use of Object
Oriented programming for ensuring flexibility and modulgriresulting in the Space Vehicles Analysis and Global
Optimization (SVAGO) tool. The software’s architectusedescribed in details in the Architectural Design Doenim
([A8]) whereas the GUI and execution details are given i/see’s Manual [A13]). A synthesis of the main aspects of the
software is however given here ($8gures A4, A5 andA®6 for the main layers, architecture and GUI screenskatnple):

- Input/output interfaces are handled trhoughXxaflL database structure, which contains all information (ingaits,

optimization variables, constraints and objectives,ahtthe disciplinary outputs) on the launch being designed.

A GUI based on Qt technology was developed for the inputsititgfiin order to ease the set-up of MDO problems.
The GUI automatically writes the XML file includingfoarmation provided by the user, but is presently limied t
V1 models, whereas manual editing of the XML file isessary to include V2 settings.

Information in the XML is automatically parsed to Cebjects defining a Central System Database (CSD)nstori
all data regarding the user input selections, mission fEieas) vehicle design data, optimization settings analibut
results. All communications from one subsystem to larobccur through this system database, so that no direct
interfaces have to be defined among the subsystens himarchic structure simplifies the implementationhaf t
CSI, the modification/replacement of an existing subsystad the addition of new subsystems, since only the ne
interfaces between the subsystem and the CSD aldhghgi new execution rules for the CSI have to be define

A Central System Intelligence (CSI) manages all imiation flow between subsystems and with the optinorati
algorithms, implementing the rules defined in the DSMaafheVersion to call the different disciplinary analyisis
the correct order and to take/return data from/t@ptenization algorithms.

Multiple global and/or local runs with different optiofe better user control of the optimization process ar
allowed, also featuring a reverse communication pabtduring optimizations which allws the user to inspbet
current results before deciding whether to continué¢opr the process.

Numerical outputs of the design solution(s) returned byMB&/MDO processes are inspected directly from the
XML file(s), exploiting external XML visualizers such asligee for enhanced readability.

Main output messages are printed to screen in the Glth @wistomizable level of detail), which also contains a
window for 2D/3D geometry visualization froBiViewandSilhouette Matlab scripts are also used to automatically
plot results from the disciplinary output files (e.g. Rafeonts, trajectories, structural loads, aerodynamigs

Figure Ad: SVAGO's software layers definition.



Figure A5: SVAGO'’s main software architecture. CSI: Central System Intelligence. CSD: Central System Databas

Figure A6: Example of GUI window from SVAGO software tol
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