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Centre for Space Science and

Applications (Physics) Future Manufacturing Research
Hub (Continuous Manufacturing

: : - and Crystallisation)
Numerical analysis & scientific

computing group (Maths & Stats)

Industrial Biotechnology
Innovation Centre

Centre for
James Weir Fluids Aerospace Excellence in
Laboratory (MAE) Centre of Signal & Image Scottish

Processing (EEE)

Excellence Space

Space Mechatronic School

Systems Technology
Laboratory (DMEM)

SMeS
Tech
AFRC
Institute for Energy & . - :
Environment Aero Advanced Forming Air and Space activities are coordinated
B e e Research Centre (MAE) by MAE and involve close links with EEE

and DMEM (the latter through the AFRC)



ACE academics

Prof. Max Vasile
Space Systems and
Resilience Engineering

Nonlinear dynamics
and Orbital Mechanics

S

g
=

Dr. Annalisa Riccardi
Computational Intelligence
Machine Learning

Dr. Marco Fossati
Multi-physics computational
aerodynamics

Dr. Christie Maddock
Transatmospheric flight
dynamics and control

Dr. Marcello Lappa
Fluid mechanics instabilities
and high-temperature flows

Dr. Mohammed Afsar
Theoretical Aerodynamics
and Flow Control

Dr. Edmondo Minisci
Multidisciplinary Optimisation

ancbgv@j&rbcﬁéyefmk Models

o0
x

%6 AEROSPACE CENTRE
of EXCELLENCE

Dr. Jinglang Feng
Modeling of mechanical and
dynamical system

Dr. Stewart Grey
Precise Orbit Determination
and outreach

Dr. loannis Kokkinakis
Turbulence and computational
aeroacoustics 5


https://www.scopus.com/authid/detail.uri?authorId=6506737502
https://www.scopus.com/authid/detail.uri?authorId=7006474506
https://www.scopus.com/authid/detail.uri?authorId=7003480091
https://www.scopus.com/authid/detail.uri?authorId=56040841100

Planning
Cycle

rants Search

Impact Measures
& Prestige
sz
‘ ' Research Grant B Research .
Planning Planning Concept Conclusions
Ideas | r
Project
Global Cycle
Scholarly
Community
4 oz
Curdm shatng
Communication
b
\ 4 Publication/
: : Grant
Disseminate ,:“, Condion Preserve Presentation

Publication
Cycle

6

21st Century Digital |
Scholarship Cycle

06 October 2020



Aerospace Centre of Excellence ¥ o cavre
3 Laboratories, 11 Academics & 40+ Researchers

>
Future Air-Space Transportation Intelligent Computational
ASCL Technologies FASTT Engineering ICELab

Flight & Spaceflight Mechanics; Computational & Theoretical Aerodynamics;
Computational Intelligence; Robotics & Autonomy;  Space Systems & Science

T

=3

. Aerospace Aerothermodynamic  Resilience in Sll Satellite pace Exploration
# [ransport & Analysis & Design Complex Apps. & &
Sustainability Systems Technology Air-space Traffic
06 October 2020 7



Mission analysis and design
Dynamical systems
Multi-objective optimal control
Evidence Network Models
Model predictive control
Ground impact risk analysis

ACE expertise and applications

Computational Aerodynamics (SU2)
Hypersonic and re-entry

Transition & aeroacoustics
Trajectory optimisation
GNC for ascent and re-entry
Life cycle analysis
Sustainability

Minimum S

<

ystem Mar%in

e e
Som

]

BelPl (System Mass<+)
&

£ e & 2
© (S

06 October 2020
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Lateral spreadiness [km]

5316 8232 11148 14065 1698.1 1989.7 22813

Average Impact Mass per Unit Area [log 1otx1 o® kg‘krn2:]

Nistance fram antru point lkml

AEROSPACE CENTRE
of EXCELLENCE
Concurrent Engineering
Multidisciplinary design
Evidence-based optimisation
Uncertainty Quantification
Machine learning
Computational intelligence
8


https://su2code.github.io/

g AEROSPACE CENTRE

Some numbers and links

« £12M from the European Community (FP7, H2020)

£400k from the UK Space Agency

£500k from the European Space Agency

£200k linked to the Strathclyde DTC in Space Systems with Airbus, Fraunhofer & DSTL

£250k from KTP and EPSRC

Overall, ACE is committed to a research activity worth £15M+

EPSRC

Engineering and Physical Sciences an
Research Council

o LOCKHEED
&) @ BAE SYSTEMS FLUID GRAVITY.ENGINEERING LTD

INSPIRED WORK MARTIN =
~ REACTION ENGINES ~ Somerommims

MACTIONS

[dstl] @ARBUs Eesa  Z e Fuer & 9

DEFENCE & SPACE |, sty 7A 30 == CleanSky =

]

URI

i

iy

b W7 A

SpaceDyS SKYRORA

f

arianeGroup
s T A fe T3 1“ 3 é § % fsl‘ & j( g ~ .
ik JIHEHR (2%%) Stanford/enGINEERING uu THE HONG KONG UNIVERSITY OF N LA L Thsleshlzls Imperial College
S reTo e Rt Aeronautics & Astronautics SCIENCE AND TECHNOLOGY % UNIVERSITY e SpaCE London

;fé%_von KARMAN INSTITUTE é cnes #7 Deutsches Zentrum
§ é_— FOR FLUID DYNAMICS CENTRE NATIONAL D'ETUDES SPATIALES DLR fur LUft- und Raumfahrt

EE Massachusetts |
= German Aerospace Center

é‘i"['.:\ > f’, =
&= O Belstead I | I | l Institute of

Technology
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SMART: Strathclyde Mechanical & Aerospace Research Toolboxes

Open source code repositories on github.com/strath-ace

smart-o2c gy smart-ml g smart-astro @ smart-ug O smart-math

Optimisation Machine Astrodynamics Uncertainty Mathematical
and Optimal Learning toolbox Quantification base routines
Control toolbox toolbox toolbox

Three github organisations
= SMART Teaching Hub

= SMART alpha on strath-ace-labs (internal
testing and development) o
= SMART on strath-ace (public) GitHub

06 October 2020 10


https://github.com/strath-ace/smart-o2c
https://github.com/strath-ace/smart-ml
https://github.com/strath-ace/smart-astro
https://github.com/strath-ace/smart-uq
https://github.com/strath-ace/smart-math
https://github.com/strath-ace

g AEROSPACE CENTRE

Concurrent and Collaborative Design Studio R

_ NEOCORE - Nanospacecraft Exploration of Asteroids by
Collision and Flyby Reconnaissance
C

cnes

=

-~
"7

f—

=

-esa

=

%

\

I’D@vato?re ~ Fraunhofer

de Paris
IOF

. Unique facility in Scotland Orbital500 - Horizontal Launch system

« End-to-end mission and +
“QRBITAL

system design

 Allows for remote concurrent ACCESS
engineering

- Advanced tools for mission
and system design

BAE SYSTEMS

INSPIRED WORK

06 October 2020 M




o AEROSPACE CENTRE
Where Is space? oIS

Geostationary orbit? v -
) nmarsat-
Earth diameter? 35 786 km | launched on
\ SpaceX Falcon 9
12 742 km on 15 May 2017
as part of the
Global Xpress
network to
provide high

speed
broadband

Low Earth orbit? \

.
.
------

85-100 km

06 October 2020

American GPS
currently has 31

active satellites

Currently 6 GNSS
systems operating

Can you guess by EU Galileo

Russia GLONASS
China BeiDou
India NAVIC
Japan QZSS

whom?

Satellite bus is

the same height
as a double
decker bus

Distance to the moon?

384 400 km 1

2



How fast do satellites go?

Low Earth orbit
124-1243 miles

17450-14430 mph
1h29 - 2h08

You

1040 mph
23h56

06 October 2020

" GPS orbit
12 539 miles
18666 mph
11h58

P

Geostationary orbit;’:
22 236 miles

6935 mph
23h56

26 AEROSPACE CENTRE

of EXCELLENCE

13



o ° AEROSPACE CENTRE
Why IS It hard? of EXCELLENCE

https://what-if xkcd.com/a8/

Yay! SPACE! YAY! SPACE!
\. ...DANG. d . N

o

AIR
If you fired a rifle from one end of a football pitch, the | —
International Space Station could cross the length of the field EARTH

(120 yards) before the bullet has travelled 10 yards




Intelligent Computation for Engineering
ICElab

« Advanced research on Artificial and
Computational Intelligence
techniques, with particular focus on:

« Optimisation, optimal control

« Uncertainty-based multidisciplinary
design optimisation, and
« Machine learning applied to the design

and control of complex engineering
systems

2 -
2
5
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ICE LAB
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AEROSPACE CENTRE

Intelligent Computation for Engineering

Qa0 G anl 44 1,
§ zwt:\ wwﬂrm fang (TY Free'th i L
f Fil ""*mm-w "5’-‘?1“7

Sv
v-m m."W" IJ'U r..,.....y 1 l-.AM[M‘zX‘)
=gt £ gl E—u oy 2 yin) v tin .ﬁ,-m}

T8, 7- o =LgmmBay i vietgh; d, 24 920
v H"‘u“‘ g;m },jw JW“

SYIESEEssEN,

A~
bsEe€al en o< oo\
p [T e ol g,]t"' o <
\\ e )
\\ I LY P* Ok b
A Rely)s Ailnf(.z O')

'\'a s, "‘Tﬁ—mm.ﬂ " \ / cim’
: COMPUTER

SCIENCE

e /
Mars

/ Multidisciplinary
ﬂraFveI?‘:;sln Ezﬂgmsj“}“// Te a m

Ceres arrival o
P = Thrusting

Feb“15 M/ .......... Coasting

-

Aerodynamics

Weights &

Propulsion
Balance P

Emissions &
Noise

Systems
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. ° ° ° AEROSPACE CENTRE
Computational methods vs applications and design

METHODS
APPLICATIONS

%

A Ty ovegono FR ey m""""’é“ﬂ

PRAL ort Fogmmaor i vietgh; VeTglses o Kol
TRAJECTORY b (X MECHIRT NS
*Ee-Eal v ') ; '
i 3 she
gy el ,;ﬁ PR ¥V Mg
DESIGN L PR
- N
A - o [F s ROR LS
)= Aca L4 BRI i |~ co\®ar ¥
Ti & e TG ihy
L i ) e

o’

AEROSPACE - S MACHINE
SYSTEM DESIGN | s LEARNING

SHAPE
OPTIMISATION

SYSTEM DESIGN
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g AEROSPACE CENTRE
of EXCELLENCE

Space Environment Management

Proximity
navigation

Low-cost
detection and

tracking (UKSA) - Multi-target GOCE

disposal re-entry

exploiting natural Analysis (ESA)
dynamic (Airbus)

Debris de-
tumbling and
disposal with

lasers (FP7)

-

Multi-fidelity re- On-orbit
entry analysis and
design for demise

(FP7)

= | servicing
AR N (H2020)
: Deorbit and
Collision re-entry

avoidance HAMR objects
manoeuvres (FP7) (UKSA,H2020)

06 October 2020



Ra? AEROSPACE CENTRE

Resilience in Complex Systems ,

Uncertainty

Quantification
(ESA, EPSRC, H2020)

Uncertainty

quantification in - E S

complexnetworks . | /" Model-based systems

(ESA) engineering under ‘
uncertainty (ESA) S

a
>
bl I8

Design for reliability
and for robustness

@ @ @ (ESA, EPSRC)

Evidence-based and
Robust Bayesian
reasoning (ESA,
H2020)

Fault tolerant
networked systems
(EPSRC)

06 October 2020 19



26 AEROSPACE CENTRE

Space Exploration and Advanced Concepts

2005 YN178,
14/5/2032

Trajectory Deep Space

- Navigation ) :
gna.lysm and 8 2N Minor Body
esign Exploration
Planetary
Defence The Moon

4
3
2
1
=)
EaS
1
2
3
4

06 October 2020 20



Life cycle analysis

— Concurrent design
activities

!

Star Tracker

Secondary Solar Array Separation Cone

Deployable Solar Array

Main Propulsion Engine Sun Sensor

Main Patch Antenna Array Body-mounted Solar Array

A

Strathclyde Space Systems
Database

06 October 2020

=3

Life Cycle Costing

®

Social LCA

i

Environmental LCA

il
¥

Life Cycle Sustainability
Assessment

'Y

I missien Baseirs sption Socil Ute ycle Assessmant A resuits

AEROSPACE CENTRE

of EXCELLENCE

Multi-Criteria Decision
Analysis (based on Multi-
Attribute Value Theory)

Absolute Single Score Sustainability Results for the MIOS
mission

5.00E404

A50E+04

4.00E+04

A.506+04

MiOS Baseline Option LCSA Results (Final iteration]
o i s = s s s e = s

Impaet magnitude per §U citizen

3.00E+04

2508404

2.00€+04

1.50E+04

1.00E+04

5.005

0.00E+00

M Economic
| Social

M Environment

Source:
Wilson, A. R. (2019). The Strathclyde Space Systems Data-
base version 1.0.0, University of Strathchyde; Glasgow, UK

¢CSa
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AEROSPACE CENTRE

of EXCELLENCE

Design Engineering Assistant (DEA)

« Develop and validate a design engineering assistant for the early
phases of system design, leveraging natural language processing,
machine learning and knowledge management techniques.

Design Engineering
B Assistant

Semi-automatic Smart Querying and
7 Generation of Human-Machine
gnz-'/gﬁf,‘q‘ Knowledge Base Interaction
S ELITN Tang
&w \V..

« How to automatically extract and store data collected from years of system design
and make it reusable for future work?

« How to use this stored knowledge in a smart way to improve the work of the
experts in the preliminary phase of the design with reliable and relevant

(G\esa information (e.g. browsing past lessons-learned, components list or avoiding

“reinventing the wheel”)?

06 October 2020 22



g AEROSPACE CENTRE

SpaCe EnVironment Management of EXCELLENCE

£/ llluminator of
9 Qppoﬂunitv 5 e
. ; Space weather

\ Space Debris

A‘J beSAT

Tracking data
Al for STM

UQin
Orbital
Mechanics ..

8
8

2.5 .
. )Y(e
Re-entry
tzy 1.5
and g .
demise 05
Ol 1.5 2 25 3

Re-entry Time [day]
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GLOBAL TRAJECTORY OPTIMISATION COMPETITION

24



° ° ° ° e _ o @AEROSPACECENTRE
Global trajectory optimisation competition

* Initiated in 2005 by the European Space
Agency

« Each year is organised by the winner of the
previous edition

* It has been defined as the “American Cup
of Rocket Science”

« Worldwide competition

« 1 month to solve a complex trajectory
optimisation problem with unlimited
resources

06 October 2020




o AEROSPACE CENTRE
This year problem o ERBLAS

« Design an impulsive trajectory to deorbit 123 debris around Earth with
multiple launches

« Deorbiting=> rendezvous with the object + waiting time of 5 days

* Objective function as the sum of the launch cost (linearly increasing
with time) and a quadratic mass cost

« Constraints on maximum propellant mass, minimum pericentre, times
between launches and times between rendezvous

i GTOC9 the Kessler run

4\/

Can you do |t in Iess than 12 parsecs? :
N o ‘ ‘5:' ,\ /}(

U T s WY
; !"~s.-‘.‘ 4

06 October 2020 26



AEROSPACE CENTRE
Approach of BEELLENCE

« Combinatorial Optimisation: ad hoc beam search + deep first search for
reconstruction of launch sequences

« Continuous optimisation: design of the impulses manoeuvres with
MPAIDEA

« Multi-fidelity: mean dynamic with )2 + full dynamic + multiple shooting
transcription

- Computational resources (desktops, CCDS computers, access to teaching
cluster)



Results

Jet Propulsion

Laboratory

NUDT Team

XSCC-ADL

Tsinghua-LAD

NPU

Strathclyde++

06 October 2020

DLR

Missions Learners

The Aerospace
Corporation

Submissions Last Submission
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Very few, if any, of humanity’s inventions are designed to withstand equally
extreme conditions. Rockets are subjected to awesome g-forces at lift-off, and
experience extreme hot spots in places where aerodynamic friction acts most
strongly, and extreme cold due to liquid hydrogen/oxygen at cryogenic
temperatures. Operating a rocket is a balance act, and the line between a

successful launch and catastrophic blow-out is often razor thin.

- The History of Rocket Science, Aerospace Engineering blog



HUMBLE BEGINNINGS...
Rocket propulsion started with the desire to build a pigeon

Roman writer Aulus Gellius tells a story of Archytas, who, sometime around
400 BC, built a flying pigeon out of wood. The pigeon was held aloft by a jet of

steam or compressed air escaping through a nozzle.

Three centuries later, Hero of Alexandria invented the aeolipile based on the

same principle of using escaping steam as a propulsive fluid.



How do we access space? What are the technologies involved?

What could the future of space access systems look like?
What technologies do we need to make this happen?
What research do we need to make that happen?

What does the future of all atmospheric transportation look like?

What is state of the launch sector in the UK? What will this look like going
forward?



AEROSPACE CENTRE

of EXCELLENCE
wn
Operational orbit
Stage 6:
UPPER-STAGE
ORBIT TRANSFER
Stages 7-10:
PLANNED

RE-ENTRY & LANDING -
rarified

regime Karman line
supersonic A
spaceport subsonic
return
Stages 2-4:

Stage 1: AIR-BREATHING Stage 5:

CARRIER AIRCRAFT ENGINE ROCKET

(Cone of max raﬂge) PROPULSION —————

alternate
.................................. S landing
R

spaceport subsonic supersonic hypersonic
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26 AEROSPACE CENTRE

Defi N i ng Te 'ms " of EXCELLENCE

Multiple objectives often
defined by system/mission
requirements

e Min(fuel), min(gtow), max(orbit alt), min(peak heat load, average load),
max(reusable), min(variance from uncertainty)

Sets of nonlinear
constraints: path and
boundary, multi-phase
trajectories

e Mass drops (stage separations), heating, dynamic pressure, loads, engine
operating conditions, control saturation limits

e Geographic limits, landing sites, target orbits

Optimisable parameters:
open loop control law,
design parameters

* Wing reference area, nose cone radius, dry/wet masses, engine thrust
e Attitude control, thrust control

e Aerodynamic databases for subsonic, transonic, supersonic in continuum regime
(panel + CFD), drag in rarefied regime (gas dynamics)

e Propulsion, aerothermal, atmospheric, mass, cost

System & environment
models: physics-based,
surrogate models

Uncertainty quantification,
optimisation under

uncertainty
06 October 2020

e Epistemic (systemic) and aleatoric (statistical) uncertainty
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Ra? AEROSPACE CENTRE

Open Access Software

» Strathclyde Mechanical & Aerospace Research Tools (SMART) > in
particular optimisation and optimal control (02c) repo

https://github.com/strath-ace/smart-02c

Transcription
DFET
Aerodynamic

Optimal control SU2, DEEP FOSTRAD

MODHOC, TROPICO SIVANENEIGE

Propagators,
algebra,

Aerothermodynamic
SU2, FOSTRAD

Global optimisation
MACS, MPA-IDEA

Atmospheric

Local optimisation

Propulsion
HYPRO

(-

..b_.-O/""‘\
A
DD
- =
L—.\"‘--/
T
£ o
Qs
O v
Vs

%E
TS}
' Q
= O
>

Flight dynamics System models

Mass & configuration
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https://github.com/strath-ace/smart-o2c

g AEROSPACE CENTRE

RE'entry TraCking of EXCELLENCE
RE-ENTRY ANALYSIS OF GOCE

« Example of re-entry prediction N orte Garlo B
« Propagate entire regions through i ATRPa. : Tomiein
dynamical systems rather than O,
single points ) R 4
« Uncertainty quantification of time ” » A )
varying processes, uncertainty 3 oo P o Pg
propagation in dynamical systems g E O :
 Stochastic optimal control £ 1600 g
« Filtering and state estimation in GNC . 9z
* Propagation of level sets 1500
10
1400
Lesa ,, A :
300 320 240 360 380 400 220

altitude of parigee [km)]
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52 AEROSPACE CENTRE

Im pact Prediction of EXCELLENCE

« Example of impact prediction, disposal of Gaia to the
Moon, subject to uncertainty on the initial conditions

« Impact probability and

. . 15001+ 5.5113e-05
full trajectory analysis from
L1 and L2 1000+ 4.4112e-05
« Orders of magnitude faster s00l
F 13.311e-05
than Monte Carlo =
= Or
> - 42.2109e-05
-500+
1.1107e-05
-1000+
Particles dispersion and density at impact for © 06130.07
1% manoeuvre error and 5 km dispersion error -1500+1 |

Colourbar represents the probability density

2000 1000 0 -1000 -2000
X [km]
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Probabilistic atmospheric re-entry analyses,

modelling and propagation of fragmentation L=tk
events, including casualty risk  y1ock satellite Breakup Toat|C]
Ground Footprint Probability —— BodyID: 1 —— Res: 0.0834deg)
60 - v - 1500
- 04
57.5 |- 400
0.35
55 _—
03 ¥ 300
:EL 52.5 L 0.25 %g
- a 200
— 0.2 g
E
ad ) 015
100
0.1 2
475 -
0.05 0
45 L
-12.5 -10 -7.5 -5 -2.5 0 2.5
Lon [deg]
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. AEROSPACE CENTRE
Case Stu d I eS of EXCELLENCE

« Study examined the impact between:
« downrange glide capability,
« gross take-off mass (GTOM) of the vehicle, and

« the total induced accelerations on the centre of mass during flight for two-stage
spaceplane system

- * 105
6 -
-2000 .

5 -

£ 4000 —_

@ Ear

2 3

T _5000 =

5 = 3 r

= <L

g

! _BUOD ~
2 -

"._\x\‘ - *
o - =
e ) . . ____...'-”'f' 1k
5 \\- . o r’____.-vc'f T':I
* 11:]4 "E-._H - * __..a-"‘c-f- 9
65 N~ <~ 8 0 . . . . ==
= 7 0 200 400 600 800 1000 1200 1400
GTOM [kg] 7 Peak accel [g]

t[s]
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Case Studies

 Trade-off analysis for
two-stage system,
looking at impact of
separation conditions
on the vehicle design

Discrete control law

Times of flight for
each stage for ascent,
separation, orbital
insertion and re-entry

Engine sizing for each
stage (engine mass,
propellant masses,
thrust performance)

Gross take-off mass

06 October 2020
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. AEROSPACE CENTRE
Case Stu d I es | | | | of EXCELLENCE

0.4

mean
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AEROSPACE CENTRE
Summary

- Universities drive (curiosity led) research, take promising methods and analyse
the application to areas of interest (industry/society driven)

* In the UK, space and space access is a critical and growing market, and
includes many homegrown, and international launch vehicle developers,
operators, regulators, and spaceports

« Numerical analyses, from CI/Al to mathematical theories to computational
implementations/processing is crucial to any design, and in particular
commercial developments

 Allows to wider remit to explore reliability and robustness of design options at a
system level

« Not just technical objectives, but cost, development, manufacturing models directly
into initial concept design
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