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Europe’s Access to Space:
Past, Present and Future

Oskar J. Haidn

Professor of Space Propulsion,
Institute of Flight Propulsion,
Technische Universitat Minchen

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 1
. EZ/ 5
m Technische Universitat CO n te nt Lehrstuhl fur /_//5/_]
Miinchen Flugantriebe .

Early Beginnings
« ELDO and Europe
» Technology Developments

Things That Went Wrong, ARIANE 1 — 4, ARIANE 5

» Failures and Description
* Lessons Learned

The Present
 ARIANE 5 ECA, ARIANE 5ES
* Soyuz in Courou
* Vega

Where does Europe go?
 ARIANE SME
« ARIANE 6

The Future of LRE Modeling
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Technische Universitat
Miinchen

LTI

Early Beginnings

Lehrstuhl fir /_//@_L—ﬂ

Flugantriebe

European Launcher Development

Organisation (ELDO)

» Great Brittain 1. Stage Blue Streak

LOX/Kerosene RZ-2 (2 x 667 kN),

« France, 2. Stage Coralie
NTO/UDMH Vexin-A (4 x 66 kN),

« Germany 3. Stage Astris
NTO/AZ50 (23,3 kN)

* Launch Pad in Woomera / Australia
* No successful mission > 10 attempts

* Program abandoned 1972

l:
s
AN
1B
B3
4 (
i
5
b &

Oskar J. Haidn

Europe's Access to Space:

Past, Present and Future

Technische Universitat

m Miinchen

Lehrstuhl fiir /_//@_L—ﬂ

Flugantriebe

Europe / Stage 1: Blue
Streak

Engine RZ-2

Developed at Rolls-Royce, based
on American S-3 Engine

The ELDO Times

(Rocketdyne)
*Thrust: 667 kN
*Propellants: LOX / Kerosene
*Cycle: GG
Prior to first flight of Europe 1: 8
>
©
Tests: 30 =
, Ky 2
TOta| TeSt T|me 842 S 1 9. Main lox valve. 17, Reforence pressure loader,  25. Main fuel probe. )
2. 10. Propellant flexible, 18, Fuclinlet to pumps, 26. Gas generator. o
3. 11. Gimbal mounting. 19. Turbopump vec frame. 27. Lox regulator, <
a. 12. Main motor beam.  20. Aftachment to tank bay. 28. Inst [
- 13. Pump mounting. 21. Fuel tank valve. 29. Heat nitroger [}
i }: gm;l)bracku 22. Pcumatic manifold. 30. Heat cxchanger (ox). ‘©
& Ik b: inl u:l‘opumps. ?j] &g;;:l:‘y‘ ::::s 31. Turbine exhaust. x
Ppump.
Oskar J. Haidn Europe's Access to Space: Past, Present and Future 4
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Europe / Stage 2: Coralie Reference: Haeseler,
Engine Vexine-A B
Developed at Snecma (H. Bringer) First flight: Europe 1 F6 (1967)

» Thrust: 265 kN '

* Propellants: N204/UDMH

» Cycle: GG

Oskar J. Haidn Europe’s Access to Space: Past, Present and Future 6
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Flugantriebe

Euro pe / Stage 3 AStr'S Reference: Haeseler,

Deutsches Museum

Eng | ne RZ—2 Schleissheim

Developed at MBB / ERNO First flight: Europe 1 F7 (1968)
* Thrust: 22,5 kN

* Propellants: N204 / AZ50

+ Cycle: pressure-fed

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 7
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TUT = Interesting Developments orsuritor /577

P-111 Engine

« LOX / Kerosene Staged Combustion Engine
with oxygen-rich Pre-burner

 Developed at Bélkow / MBB (1956 — 1967)

« Single shaft turbo-pump, axially integrated with
pre-burner and main chamber

« Main chamber regenerativ cooled with LOX

» Copper liner, machined cooling channels and
galvanic closed with Cu and Ni outer liner

* Thrust: 49 kN (5 — 49 kN)
* Spec. impulse 306 s

 Mixture ratio: 2,7(2.1-4)

» Chamber pressure: 85 bar

* Pre-burner pressure: 116 bar

* Pre-burner temperature: 920 K

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 9

m Technische Universitat I nte reSti n g Deve I O p m e ntS Lehrstuhl fir //JEM

Miinchen Flugantriebe

BORD 1: Demonstration of Regen. Cooling for High Pressure
Rocket Engines

Main Design Data:

*Propellants LOX/LH2 -
*Mixture Ratio O / F 6 -
*Chamber Pressure 205 bar
*Nozzle Area Ratio 10.1 -
*Sea Level Thrust 13 kN

Main Test Results:
*Successfully tested operational range of

*Chamber Pressure 38-285 bar *
*Mixture Ratio 4-8 -
*Coolant Inlet Temperature 30-210 K
*Coolant Mass Flow 40-215 % **
*Max. Test Time (one single chamber) 360 s

* Limited by test stand capability
** % of regen. flow (by-pass cooling) |

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 12
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Miinchen Flugantriebe

« Early Beginnings
« ELDO and Europe
« Technology Developments

« Things That Went Wrong, ARIANE 1 — 4, ARIANE 5

» Failures and Description
» Lessons Learned

* The Present
« ARIANE 5 ECA, ARIANE 5ES
* Soyuz in Courou
* Vega

» Where does Europe go?
 ARIANE S5ME
« ARIANE 6

» The Future of LRE Modeling

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 14
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Miinchen Flugantriebe

ARIANE 1 —4:
Operational from 1979 until 2003 with a total of 144 launches and 7 failures

1st AR1. 101 1st AR3.V10 1st AR2 .V20 1st AR4 . V22 100st AR4 . V134 Last AR4 . V159

1979 1984 1987 1988 2000 2003
Oskar J. Haidn Europe's Access to Space: Past, Present and Future 15
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m Technische Universitét T h e P a St

Miinchen

Lehrstuhl fir gﬁiﬁ
Flugantriebe

ARIANE 1 — 4: Failures, Reasons and
Lessons Learned

Oskar J. Haidn Europe's Access to Space: Past, Present and Future
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m Technische Universitét T h e P a St

Miinchen

Lehrstuhl fir gﬁﬁ
Flugantriebe

ARIANE 5: K>

Operational since 1996 in different versions
(AR5 G, AR5 G+, AR5 ES, AR5 ECA) with
a total of 71 launches™ and 3 failures

*flight 71: 29.08.2013

Oskar J. Haidn Europe's Access to Space: Past, Present and Future
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TLT) e Failures and Lessons Learned w757

Miinchen Flugantriebe

ARIANE 2,
ARIANE 4: | f

V15, V18 5 -
FAILURE
EVENTS

3rd Stage,
HM7B engine
no ignition

Oskar J. Haidn

TLT) oo Failures and Lessons Learned w757

Miinchen Flugantriebe

V15, V18 FAILURE EVENTS
+ At H2+8.26s The starter is initiated and the turbo pump rotation starts
+ Some hundred milliseconds later the LOX injection valve is opened

+ At H2+8.85s for V15 and H2+8.608 s for V18, The solid propellant
igniter is ignited, under a chamber pressure of 2 bars, leading to:

« Significant overshoot in

PF (bar)
Chamberpressureandthe s T TTTTTUVTTYTT TN TTTITTUTTTTTTITTTITITTITTTT
TPH pressure
* Pressure wave 1 )
propagation in LH2 line g ' \_ | &&v’_
« LH2 vaporization T |\ R
« Hydrogen pump stall — - \%‘;‘
* Impossibility for the gas \
generatorto startcorrectly 1| [ T
«  HM7B extinction T //J o -
Oskar J. Haidn Europe's Access to Space: Past, Present and Future 28
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TUT oo Failures and Lessons Learned e 2770

Miinchen Flugantriebe

V15, V18 Inquiry Results

V15 and V18 failures have common
reasons: Considerably cold engines

+ V15, leakage of main LH2 valve

* V18, cooling down of igniter gas
by the LH2 venting

Deviation of mixture ratio (H2 in
excess) which led to:

* Ignition pressure overshoot
* Ignition delay

The main failure reasons were a
weak igniter design and a lack of
knowledge of the ignition process and
in particular the margins of the
hardware.

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 29
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Miinchen Flugantriebe

V15 and V18 Correcting Measures and Consequences

« Technological improvement of /@
the injection valves to prevent ¥
any leakage with subsequent
cold startup conditions and
LH2 excess

* Improvement of igniter design .
and power R

* Increase of solid
propellant charge \ §

« 2 outlets of hot gases
oriented towards injectors

» Hot fire acceptance test under

vacuum conditions instead of . :
an atmospheric test " JL

Before V19 After V19

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 30
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Miinchen Flugantriebe

TLT) e Failures and Lessons Learned w757

V15 and V18 Correcting Measures
and Consequences

V15 and V18 are the only ARIANE
successive failures which are similar in
nature

« The LH2 valve leakage before ignition,
during V15, had hidden the lack of
margins in the ignition process (after
13 successful ignitions in flight).

* The ARIANE launches were grounded
for 16 months.

» It became clear that it absolutely
necessary to determine the margins of
each component in order to raise the
robustness of the entire system.

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 31
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Miinchen Flugantriebe

ARIANE 4:
V 70 FAILURE EVENT

o

L}
s

» First and second stages
operated nominal.

+ At HM7B engine ignition, all
engine parameters were
outside their tolerance bands
from the moment on when
the gas generator was
fuelled by cryogenic
propellants.

RERULELL

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 38
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TLT) e Failures and Lessons Learned w757

Miinchen Flugantriebe

V70 Inquiry Results

 HMT7B engine thrust limitation
due to gas generator power
deficiency

* Turbo-pump rotating speed was
measured to 50000 rpm instead
of 60000 rpm

« The most probable reasons for
this power deficiency were:

« pollution in a “venturi” nozzle

 pollution in the injectors of
the gas generator

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 39
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Miinchen Flugantriebe

V70 Correcting Measures and Consequences

Integration of a filter (400 pm) into the LOX injection line.

Improvement of stage integration and flight preparation procedures
at the launch site in order to prevent from any pollution which could
lead to a line obstruction.

* Launcher was grounded for 4 months

» This is the only time for ARIANE that 2 failures occurred at the
same year

V70 was the last failure of an ARIANE 4

« Pollution of propellant lines have been later met during
flight 510 and resulted in a launch abort

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 40
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Miinchen Flugantriebe

ARIANE 5&:
501 FAILURE EVENT

* Normal ignition and lift off
and nominal operation up
to 36s

« AtHO + 36s, EAP and
EPC thrust vector control
went into maximum
deviation

« Aerodynamic forces
yielded breakup of

launcher :
‘3
« Automatic destruction of 12
all stages a
.
Zi\:
\‘?
Oskar J. Haidn Europe's Access to Space: Past, Present and Future 41
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Miinchen Flugantriebe

501 Inquiry Results

« At HO+36s, the redundant and
nominal inertial platforms were
declared to be in failure mode.

« The software of the inertial
platform software which has
been developed for ARIANE 4,
was not fully consistent with the
capabilities of the ARIANE 5
launcher.

« This inconsistency could only
have been detected through end
to end simulation of the ARIANE
5 flight, which was not
considered necessary during
the development.

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 42
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TUT) e Failures and Lessons Learned

Miinchen

r
Lehrstuhl fiir /_,/’E__,/—:']
A

Flugantriebe

501 Correcting Measures and Consequences

" ’
T,
5
’VI.

» Adaptation of the inertial platform i
software to ARIANE 5 capabilities
* Improvement of hardware and
software simulation means and
procedures
* Improvement of the telemetry
restitutions Lot
* Improvement of the flight program
software
* ARIANE 5 Launcher grounded for
16 months
Oskar J. Haidn Europe's Access to Space: Past, Present and Futu?e
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Flugantriebe -

ARIANE 5:
510 FAILURE EVENT

 EAP and EPC operation nominal

» Aestus engine ignition occurred
with an overshoot of the chamber
pressure

 HF phenomena were triggered,
yielding an overheat of the
combustion chamber and a burn
through of a cooling channel

» Aestus continued to operate but
with deviated mixture ratio with a
N,O, depletion and an impulse
deficit of around 20%

Oskar J. Haidn Europe's Access to Space: Past, Present and Future
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TLT) e Failures and Lessons Learned w757

Miinchen Flugantriebe

510 Inquiry Results

« Atignition, a higher than usual amount of MMH (during 400ms),
resulted in an « Hard Start » because of unusual mixture ratio.

« An HF instability at 3100Hz (tangential mode) occurred since the
acoustic cavities aren’t operating at ignition (cold propellants instead
of hot gases in the cavities).

* Overheat in the combustion chamber led to an increase of MMH
temperature and thus to a decrease of the MMH flow rate.

* The most probable reason for the hard start is a combination of two
events:

» A quality problem of remaining water in the MMH feeding line,
leading to ignition delay and therefore higher quantity of MMH at
ignition

* Remaining water in the N,O, feeding line, leading to nitric acid,
increasing the quantity of energy at ignition

* Alarge number of other possible reasons for the failure have been
analyzed, but none of them were considered sufficient.

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 48
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510 Inquiry Results
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TLT) e Failures and Lessons Learned w757

Miinchen

510 Correcting Measures and Consequences

Modification of ignition sequence:

* |Introduction of

Helium in the MMH
feed line before * AT
) itvout helium
MMH. valve i e
opening mE
* Delayed MMH b 3
valve opening to .
avoid ignition in il
injection system o[
L
Ee
:'l: B
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Miinchen Flugantriebe

510 Inquiry Results

16
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e

/510 I J -\,\\x\“
,! /\ S 7
{

Acceptance
V511 /f

-
o

M9PQ511 - P12D1 [bar]
o0

6
/ g
4
2
M/// Curves shifted together at Pc = 2 bar
0 o AADAA T - - V\ T T T
0,45 0,455 0,46 0,465 0,47 0,475 0,48
Time [s]
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TLT) e Failures and Lessons Learned w757

Miinchen Flugantriebe

510 Correcting Measures and Consequences

Modification of production:

« additional checks

« acceptance test of each flight engine at P4.1

* new processes and checking measures (drying valves)

Modification of launch
pad procedures:

Nouvelle séquence avec "Coussin Hélium"

* checks for water and e e lamitios
. combustion chamber
propellant pollution | ziom
, Opening MUH
+ feeding lines i ——
Opening NTO
temperature control W10 s Vi Mun Vv &
up to lift off — ,
1 : : : . ! c
* possible temperature iy gt
control during flight S i
Oskar J. Haidn Europe's Access to Space: Past, Present and Future 56
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Miinchen Flugantriebe

510 Correcting Measures and Consequences

» Launcher grounded for 7 months

« No further HF phenomenon encountered during following ARIANE 5
flights

» Even for the delayed
ignition case
(Rosetta ignition
delayed for 2 hours
due to a special
trajectory with a
ballistic phase)

* None of the
successive ignitions
of Aestus for ATV for
injection into ISS
orbit showed any HF
phenomenon
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TLT) e Failures and Lessons Learned w757

Miinchen Flugantriebe

ARIANE 5:
517 FAILURE EVENT

* HO+5s: Temperature increase
detected under the Vulcain 2
engine thermal protection (PTM)

» HO+138s: solid boosters separation
and a further temperature increase
under PTM

» HO0+140s: unusual roll after booster
separation

+ HO+172s: pressure drop in the
Vulcain 2 engine dump cooling

 HO+178s: vibrations and shocks

» HO0+184.5s: turbine outlet rupture

« HO+186s: inlet pressures and
nozzle pressure drop to zero

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 58
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Miinchen Flugantriebe

517 Inquiry Results

The most probable root cause of the flight V157 anomaly is
the combination of several aggravating factors:

+ Insufficient definition of the dimensioning load cases,
relative to the combination of the various loads applied in
flight,

* A degraded thermal condition of the nozzle, caused by
cracks in the dump cooling tubes, leading to the leaks
observed.

This led to the :

» “progressive degradation of the nozzle inner wall leading to
the collapse of the upper section due to axial buckling in the
vicinity of the first stiffener, followed by a rupture of the
nozzle”

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 59
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Miinchen Flugantriebe

517 Correcting Measures and Consequences

Increase of the LH2 dump
cooling mass flow rate

Thermal barrier coating in
the nozzle

Reinforced mechanical
design

ARIANE 5 ECA launches stopped for 18 months
Restart of ARIANE 5G production (Vulcain 1)

Re-inforced Vulcain 2 back in to flight and is successful since 2003 on
both ARIANE 5 ECA and ARIANE 5 ES versions which are the two
versions in operations today.

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 61
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Early Beginnings
 ELDO and Europe
» Technology Developments

Things That Went Wrong, ARIANE 1 — 4, ARIANE 5

* Failures and Description
» Lessons Learned

The Present
* Vega
* Soyuz in Courou
* ARIANE 5 ECA, ARIANE 5ES

Where does Europe go?
« ARIANE 5ME
« ARIANE 6

The Future of LRE Modeling
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Miinchen

Lehrstuhl fiir //_//%

Flugantriebe

Small Launcher:
*GLOW=~136to,H=30m,D=3m
Four stages:

-P 80 (solid), Z23 (solid), Z 9(solid), AVUM
(UDMH/NTO)

Reference performance:
*1.5 to at 700 km circular polar orbit and a very
flexible mission range
» Equatorial, polar & SSO orbit (5.2° to -
102°)

« 300 kg to 2 500 kg payload mass towards
300 km to 1 500 km altitude

Oskar J. Haidn Europe's Access to Space: Past, Present and Future
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Miinchen

Lehrstuhl far //_/Eg//_//é]

Flugantriebe

Medium Size Launcher:

« GLOW= ~310to,H=46.3m,D =10.3m
Four stages (all liquid):

o st 2nd gnd 3 LOX/kerosene,

* Fregat Upper Stage

Performance:

. GTO: 3060 kg
- MEO (24000 km / 56°) 1590 kg
. SSO (660 km / 98°) 4900 kg

Oskar J. Haidn Europe's Access to Space: Past, Present and Future
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Miinchen Flugantriebe

Soyuz in Courou

« 1st Stage: 4 Boosters, RD 107A,
LOX/Kerosene, T(sl, v) = 84 to, 102 to,
lsp(sl, v) = 263s, 319s, p,= 38 bar, pump
fed driven by H,O,, (Glushko)

« Core Stage: RD 108A, LOX/Kerosene, "" 27 LY —
T(sl, v) = 79 to, 99 to, I (sl, v) = 255s, 319s, Bp T
p.=51 bar, pump fed driven by H,0,,
(Glushko)

« 3 Stage: RD-0124, Lox/Kerosene, T(v) =29.8 to,
lsp(V) = 389 s, p,=157 bar, staged combustion
cycle, kN Vernier thrusters, (CADB)

« 4t Stage: RD Fregat, S5.92 (storable), two mode
thrust capability T=1.98 to / 1.4 to, I;,(v) = 316 s,
p.=97 bar, GG cycle, 12 x 50 N hydrazine thrusters

for attitude control, (Isayev)

T~ Interstage

T 3" Stage

- 2™(Core) Stage

__, 1" Stage Strap-on

/’ Boosters

/

A0«
"o} Liftoff mass

Oskar J. Haidn Europe's Access to Space: Past, Present and | i

i i ita Lehrstuhl fir 7.
m Iﬂeucr]:f::ihe e T h e P res e n t: A R |AN E 5 Flugantriebe @

Heavy Launch Vehicle:
« 750 to GLOW, H =46.3m, D =10.3m

Three stages:
» 2 solid boosters, Core and upper stage: LOX/LH,

Performance:

*SSO, polar orbits: > 10 to for 800 km (0° north)
*ISS (ATV with AR5 ES: 19 — 21 to, mission
dependent for an altitude range 200 - 400 km,
inclination = 51.6°

*Elliptical orbit missions:

» For L2: 6.6 to for an apogee: 1,300,000 km;
perigee: 320 km, Inclination: 14°, argument
of perigee: 208°

« Moon: 7 to for apogee: 385,600 km; perigee:
300 km, inclination 12°

*Escape: 4.1 to, v,, = 3475 m/s, declination = 3.8°
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Flugantriebe

Miinchen

TUM oo The Present: ARIANE 5 ot /5]
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Early Beginnings
« ELDO and Europe
« Technology Developments

Things That Went Wrong, ARIANE 1 — 4, ARIANE 5

* Failures and Description
* Lessons Learned

The Present
« ARIANE 5 ECA, ARIANE 5ES
* Soyuz in Courou
* Vega
Where does Europe go?
« ARIANE 5ME
« ARIANE 6

The Future of LRE Modeling
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Miinchen Flugantriebe

AR5 ME bases on AR5 ECA with an upgrade of
both, Upper Stage and Upper Part:

* AR5 E Lower Composite as it is (no changes on EPC, EAP
and Vulcain-2)

» Upgraded Electrical systems for versatile missions (outside
Van Allen, more than 7 h mission duration)

* New Upper Stage “H28 B5 configuration”, 5.4 m diameter,
28 t propellant loading, common bulkhead

* Vinci engine: T = 180 kN, Isp =464 s
* Increased payload volume adapted to larger and heavier
payloads

New Elements:

» Vinci engine thrust frame and functional propulsion system
+ LOX/LH2 tank and equipment bay structure

* Thermal protection systems

+ Attitude control and propellant settlement system

Oskar J. Haidn Europe's Access to Space: Past, Present and Future . i
m Technische Universitat Wh at iS AR IAN E 5 M E ? Lehrstuhl fur //JEM
Miinchen Flugantriebe
Upper Stage

New Elements
* Vinci Engine and Functional

Vehicle Propulsion System
Equipment °* Engine Thrust Frame
Bay * LOX/LH2 Tank

* Equipment Bay Structure
* Thermal Protection Systems
* Attitude control and propellant
settlement system
Elements adapted from current
\ ESC-A stage:
Inter-Stage - Inter-Stage Skirt ESC/IPC

Structure  including separation system

* Helium High Pressure Spheres
Vinci (re-used from EPC)
Engine * Propellant Filling Couplings

* Neutralization System
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11111 What is ARIANE 5ME ?
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Flugantriebe

Upper Stage / Payload
| ?1 A A =

ooooo

| L
A B )

g ] s || [V

’/
12.728 m %
13.813m %

17.000 m
198 m /
ASE  ASME % /

.

With Sylda+1500

ie same length as ASECA one

ESA UNCLASSIFIED - For Official Use
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European Space Agency
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Flugantriebe

VINCI

LOX/LH2 Expander Cycle Engine

T(v) =180kN LOX =33,69kg/s LH2
., (V) =464s TPO =18015rpm TPH
R, =58 TPO p, = 81 bar
P = 61 bar

R

Purge LOX
Purge LH2

MUB1C—0B%
TPH Baai J —

25) Sovcma ote urs
Synoptique simplifié VINCI 180 GHz == LHy =

260372001 LOX ==

Oskar J. Haidn Europe's Access to Space: Past, Present and Future

= 5,81 kg/s
= 90127 rpm
LH2 p, =224 bar

This document is provided by JAXA.



HRKRE vy b FPEHEET Y V7 IR7 ) — GEESE#ERE) R T L 39
I ab—a UEINOFERM %Rl

TLIT] roorevnvorsa What is ARIANE 5ME ? el /el

Miinchen Flugantriebe

AR5 ME Versatility and Performance:

1. Classical GTO/GTO profile including de-orbiting after end of the mission,

2. Sub-GTO for high demanding mission (e.g.[6 T + 6 T])
3. GTO/GTO+ profile for offering higher energy orbit
whenever possible (e.g. [3.5T + 6 T])

4. LEO ISS servicing or MEO Galileo servicing missions
that is currently requesting a dedicated ARS-ES launche

GTO+ Injection  S/C Av to GEO Sub-GTO
Injection

for lower S/C ~ 1300 m/s

. o S/C Av to GEO

5. Direct GEO injection ~ 1800 m/s

6. Mixed commercial/institutional

mission such as GTO / Escape

7. ...whatever else needed !

~ GTO Injection  S/C Av to GEO
for upper S/C ~ 1500 m/s
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TUT oo v Why ARIANE 5ME ? el /aal

Five good Reasons

1. Implement environmental protection (upper stage de-
orbiting)

Improve launch service competitiveness

Meet market needs more closely and better respond to
changing customer needs

Implement versatility to serve multiple orbits
Keep the ARIANE family alive beyond 2030
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Miinchen Flugantriebe

Current Status
The project is actively progressing throughout phase C in 2013

» Concept review ending phase A has been completed mid of 2011,
triggering phase B that was run between 2011 and 2012,

* Launch System PDR was positively concluded in May 2012,
freezing the launcher and ground segment architecture trades.
Lower level PDR have since all been completed,

* Investments on the new upper stage tank manufacturing facility in
Bremen and on the Cryogenic System Hot Firing Test Stand (in
Lampoldshausen, a unique facility in Europe) have been launched,

+ Testing pace is high, with the 5th Vinci engine test campaign (out of
9) taking place this year : the engine has accumulated so far more
than 15500 s / 60 ignitions for a standard use in flight of 900 s / 2
ignitions.

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 87
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Miinchen Flugantriebe /

Current Status

VINCI M3 engine has seen 11 firing tests with a cumulated duration of
6286s (record for a single Vinci engine, corresponding to a total of 9 flights).
Among these tests were ones with 1 K=

» the complete nozzle extension

« engine throttling down to 30 kN,
 ballistic phases followed by re-ignition

* ignition with sub-cooled Lox
 idle-mode phases (turbo-pumps inactive)
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A6 / FLPP NGL PPH

Target Performance 1st Stage Characteristics

Upper Stage Characteristics

2nd Stage Characteristics

Upper Stage Propulsion Booster Characteristics

* ce Agency
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Flugantriebe

French Position

ARIANE 6 based on a PPH configuration (horizon 2021)
and commonalities on cryogenic upper stage with ASME.

» High energy at lift off and high
speed to cross atmosphere mmm) - Solid

+ High level of reliability and propulsion
availability, and low cost

* High performance and accuracy
to reach orbit

» Customization of mission - » Cryogenic
» De-orbiting after mission propulsior

{
{
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German Position

» Investments in launcher programs must safeguard the balance
between ESA’s overall mission and ISS commitments and other
infrastructure programs.

« Current ESA Member States commitments for running programs
require the use of budget lines up to 2017/18 assuming constant
budgets for the Member States.

* Remaining AR5 ME Development will require about 1000 M€ and will
use up ESA’s launcher budget corridor until 2018.

* ARIANE 6 development will require about 4000 M€.

mmm) \\e have about 3-4 years to clarify “open issues”.

A “European Launcher” without European consensus will fail!

Financially Speaking: ARIANE 6 Development will be
challenging before 2017/18
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Flugantriebe .

Miinchen

Early Beginnings
« ELDO and Europe
« Technology Developments

Things That Went Wrong, ARIANE 1 — 4, ARIANE 5

- F

» Lessons Learned

The Present
« ARIANE 5 ECA, ARIANE 5ES
* Soyuz in Courou
* Vega
Where does Europe go?
« ARIANE 5ME
« ARIANE 6

The Future of LRE Modeling

ailures and Description

Oskar J. Haidn
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Miinchen Flugantriebe

Phenomena Important for Liquid Propellant Rocket Engine
Performance, Reliability and Cost

Combustion Devices / Thrust Chamber Assembly
Steady State Issues

. TR 1T
« Injection / Atomization ." %3 12 ! il bt
« Combustion - =l !.‘..._‘ WY

» Heat Transfer (hot gas /
coolant side)

* Film Cooling

* Material Failure Issues
(LCF, creep, ....)
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LOX-spray pattern in flames
LOX/H, LOX/CH,

b SN 1

~aa, -e o MBS e
Moo - <o i

We=9844, J=1.5

» similar trends for variation of We and J for both propellants
+ atomization significantly more efficient for CH,
+ visible break-up length much larger for H, than for CH,

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 101
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r
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Flugantriebe -

LOX/H,

Flame holding and LOX-spray pattern

J=0.60

We=793¢
J=0.56

* significantly larger flame spreading angle for CH,
anchored flames for H,, lifted flames for CH,

Oskar J. Haidn
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Single Injector Staged Combustion Chamber Modeling

T, K S R __ =

700 1600 2500 3250

_ b |
grid
Studies grid distribution number turbulence model combustion model
(million)
Huo & Yang (GT-1) | 440X 188X60 6.7 ypLEy  Dameletwith detailey
chemistry
Menon (GT-2) 611X 87X 65 3.5 3D LES eddy break-up model
Ocfelein (SNL)  [1536X368X256 22 3D LES AL B s S
detailed chemistry
Merckle (Purdue) 160X120 0.02 2D URANS laminar chemistry
Tucker (MSFC) 98X 98 0.01 2D RANS laminar chemistry
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Wall Heat Flux
T. K
T 700 1600 2500 3250

25
; . Experiment

sa | b ————— LES (Yang)
o~ . LES (Menon)
= Ii' A TE T LES (Oefelein)
=IRT] R A>T ———— - URANS (Merkle)
= : R, ——<—— RANS (Tucker)
5
= 10}
S
u

5t

8.00 0.05 0.10 0.15 0.20 0.25 0.30

Axial distance, m
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Wazal

Mean Temperature Field
Yang, 3D LES, Flamelet model, 6.7 million grid pts

= > .

3250
Menon, 3D LES, EBU model, 3.5 million grid pts I

= = |

Oefelein, 3D LES, reconstruction model/detailed chemistry, 225 M pts. 2250
[ e

1750

Merckle, 2D URANS, laminar chemistry, 20 thousand grid pts. H 1250

750

Tucker, 2D RANS, laminar chemistry, 10 thousand grid pts.

\/
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Technische Universitat

UM LRE Modeling

Lehrstuhl fir

W7

Miinchen Flugantriebe
1 H x=0.05m 0.15m
Radial Profiles of A 6
3250
Temperature and — % H 20
= B 1600
3 750
Hyd rogen MaSS 0 0.05 0.1 [N E] 0.2 0.25 0.3
. X (m)
Fraction - 3600 oT5m
Y . b’% ________
3000 % 3000} RS ~ o
o 2400 & 2400} s .
% E » ™ “
% 1800 % 1800 LES (Yang) ‘
------- LES (Menon) %
=P R S LES (Ocfelein) \
------- URANS (Merkle)
o o ~———o——— RANS (Tucker)
(()).0 0.2 0.4 0.6 0.8 1.0 (()).0 0.2 0.4 0.6 0.8 1.0
0.20 0.20
0.05m 0.15m
0. ='0.15 #
S e r
£ £
Fo 5 0.10 T
& & o*
S0 = 0.0 M
0'0%. 0'0%.0 0.2 0.4 0.6 0.8 i.O
/R
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UM LRE Modeling

Lehrstuhl fir
Flugantriebe

Wiz

Performance, Reliability and Cost

Combustion Devices / Thrust
Chamber Assembly

Dynamic Issues

+ Transients (start-up, shut-
down)

 Launch Loads
e Combustion

* Ignition

* Dynamics

 Buffeting :

* Flow Separation and Side S l
Loads 62750066

Phenomena Important for Liquid Propellant Rocket Engine

T
v

Pl
-

%
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LTI

Technische Universitat
Miinchen

LRE Modeling

Lehrstuhl far .~ _/EE/_//—f']
e

Flugantriebe

Transient Start-up

AESTUS NTO-

filling of dome

Oskar J. Haidn
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LTI

Technische Universitat
Miinchen

LRE Modeling

£
Lehrstuhl fir /_/Ei/_//_i']
s

Flugantriebe

Oskar J. Haidn

Laser-Induced Ignition

Micro—Combustor M3

*LOX/GH2 @ ~80K
» Shear coax injectors

Europe's Access to Space: Past, Present and Future

109

This document is provided by JAXA.



48 FHMLZE 8 B RS AR G JAXA-SP-13-017
m Technische Universitat L R E M Od el i n g Lehrstuhl fur . /_///E_//_i']
Miinchen Flugantriebe

Ignition

Failed Laser-based Ignition

t =1 000 ms

Oskar J. Haidn

Europe’s Access to Space: Past, Present and Future

m Technische Universitat
Miinchen

/
Lehrstuhl fur A _//_i']

Flugantriebe -

LRE Modeling

Turbo Machinery

*Pump / Turbine
+ Seals
* Bearings

« Staging
*Thermodynamics
« Cauvitation

e

Oskar J. Haidn

Phenomena Important for Propulsion System Performance,
Reliability and Cost

» Throttling capabilities

* Critical conditions

T
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Phenomena Important for Propulsion System Performance,
Reliability and Cost e e, e Resuls
Turbo Machinery o

*Fluid Mechanics / Secondary Flows
*Rotor dynamics
*Mechanical Elements

Structural
» Stress
* Dynamics
*Materials
CFD results for unsteady
pressure loads (VINCI turbine)
Oskar J. Haidn Europe's Access to Space: Past, Present and Future 112
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The Future of Modeling in Liquid Propellant Rocket Engine
Development

Requires a Long Term Strategic Approach with ....

» Well designed series of experiments which step by step increase the
complexity of the processes studied in order to identify and
understand dominating physical phenomena and to verify and
validate physical models and numerical tools,

« Clear modeling logic with detailed tools with sophisticated models
used to validate classical engineering tools,

» Accompanied step by step modeling effort to in order to store this
knowledge in numerical tools

« Parameter studies and simulations to gain more insight into processes
and help reduce cost,

....... is Bright and Promissing.

Oskar J. Haidn Europe's Access to Space: Past, Present and Future 114

This document is provided by JAXA.



50 FHIZS T T B R R AR BB B JAXA-SP-13-017

m Technische Universitat
Miinchen
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Flugantriebe

Summary

« European Early Beginnings

* Lessons Learned During the
last 40+ Years

» Current European Launch
Vehicles

« ARIANE 5 ME / ARIANE 6:
What and When ?

* Modeling of Liquid Propellant
Rocket Engines Systems and
Components
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Flugantriebe

The Past

Me invent ultimate propulsion system,
The Wheel.
Propulsion now mature technology.

Propulsion has come a long way ......
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The Future

Me invent ultimate propulsion system,
The Wheel.

Propulsion now mature technology.

... and has still ways to go.
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3. 22ab—2320KBEH (7) mBEREOER=NS
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REEDZEE (VAT SO AR, SET - ARSI DRIKEEMM)
YRIOIRZIAI MDEK, SATAIISZPUIIBEADNBE ?

OSleipner AOEERET ( Sleipner A2)

- Tri-cellBPDET )V EBRICKL D58 E DFEER

DT A NIV RERD O BFRBY R EFH B IR B = AFAT DN

- SESAMIZAVE, 20E s3I RTTY Y NIL D EAEIRERAFT

B =A(CLD. ANSYSZREWZ, [EPRAVRSEE, BLUIFSHMERRART

-NPDARIRDEIE (KEREDREEFREADENM, 1.2-1.3)

- ERAREBDER{L
FEREL T, BREED A B(Sleipner AICEEEIL TAfBICRfz,

DESIGN OF CONCRETE PLATFORMS AFTER SLEIPNER A-1 SINKING, Wenche, K.R. Ove t.G. and Truis

Y LEIPITIR, URERIR MORBEOIETER

TOSHIBA = SRS~ S
LeadingInnovation > © 2013 Toshiba 1.S. Corporation 2013-9-20 RRERARF-JAXAHEEBES RDT A 15

4. >Z1L—23>0OamEHER
FRIHDIEEN

TOSHIBA = SIS ~ 95
LeadingInnovation »  © 2013 Toshiba 1.S. Corporation 2013-9-20 RREARF-JAXAHEIEBES RTT L 16

This document is provided by JAXA.



R vy b FEEET Y 7787 b ) — GEdgREg) v oAy ya 61
Vo b=y CHEIRORR R

4. >21—23>OmEZMER I IHDEE (1)
4.1 ISO9001REYRIAY M I1L—S 3V EFEADIEH

ORBIZ17IHE (IS09001:X)
NAFEMS Quiality System Supplement Rev1.1, 1989 (1987)
Quiality Standard Supplement QS001, 2007 (2000)

HARSTEIZS : TFE331—23 0mEBENRIATN,
HQCO001, 2011 (2008)
OFRTZEFREY Z17 VIS
NAFEMS Safesa Technical Manual to Construct Qualification
Supported by Finite Element Method, 1995
AARSTETHES  TF3Z1L—3a> 02 #EFg,
HQC002, 2011 (2008)
OEHERAAR
NAFEMS Management of Finite Element Analysis,
Guidelines to Best Practice, 1995
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4. 21 —-2320OmBZHERIBHDEE (3)
42 EFUH&IZ1L—33>MDVAV (Verification and Validation )
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Ej<4=§5|$n$4ﬂﬁlﬁm— Z%Iﬁhjﬁl uHH

el : T¥>230—23a>0OmBIRIEEVAY, 112, 2013,p.96.

OKRERFHF= (ANS)
Guideline for the Verification and Validation of Scientific and
Engineering Computer Programs for the Nuclear Industry,
ANSI/ANS-10.4-1987.

OXREMZEFEFE (AIAA)
Guide for the Verification and Validation of Computational Fluid
Dynamics Simulations,

AIAA G-077-1998.
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4. 221—23>0mBZERIDIZHDEE (4)
OXREHMFS (ASME)

Guide for Verlflcatlon and Validation in Computational Solid
Mechanics, ASME V&V 10-2006.

An illustration of the Concepts of Verification and Validation
in Computational Solid Mechanics, ASME V&V 10.1-2012.

Standard for Verification and Validation in Computational
Fluid Dynamics and Heat Transfer, ASME V&YV 20-2009.

ONASA
Standard for Models and Simulations, NASA-STD-7009, 2008.
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Vo b=y CHEIRORR R

4, ‘)E:LD-)EI)@%%T’@E@?%E@@%@J (5)
OlGaEDVAVDRLERIE. National Nuclear Security
Administration (NNSA, EFTZEKEEER) OTFD3D
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5. ISO9001FEBNAI A M1 -3 EFFAOEA (1)
5.1 ISO9001FAENRIA> NEREIA
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VIalb—ya IR ORER  %RIE

5. ISO9001EENRIAY MO Z1L -3V EBADERA (3)
5.2 21 —3a FEFICHBIFBRERBEIMNEREIR

%249 3I1S09001EREIHIGEMERFIAZIMNZS.
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1. iE FAEBEH
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5. ISO9001F@EBNAZI A MNDIZ1L—3 3 EEADEA (5)
7. BEEIR - 185, FHrER

Verification :  (#&3iF)
BEAREIHA IR R I BEICLO T, FRIEEK
FEENEEINTVWAEZERT DL,

Validation : (ZH4H:R)
EEREIHHVEIR RIBLICLHO T BEDEX
SNIERAR X (LHBEARICRET I EREIEN
TSN TWBEZMEER T BT,
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5. ISO9001@ENEI A hD 21— 3> EFBADER (6)
NAFEMS : BIREBERALEERIMOZ £MEFE TS F Rz fet
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I ab—a UEINOFERM %Rl

5. ISO9001EENRI A ;D21 -3V EBADER (7)

5.3 ISO9001DN =17 )MAKZRENAFEMSDNY =17 )
ISO9001DON_—1 7l e .

i&,ﬂzﬁijé Bm(LNAFEMS ISO 9001:2000 “Quality management systems — :

Requirements”

:| NAFEMS QSS001
: | Engineering simulation quality management -systems
Quality manugl \(BEY=17)L) i | requirements (2007) and Primer (2008)

----------------------------------------------------------------------------------

DX_=17ILH o JIS Q 9001:2000 [RENRIAY N RAT [\ — BRI
BE( B3, ¢ B
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(FEHENZ1T

. . i I\\ N4E AL . X
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element analysis

SAFESA technical guidelines to best

manual to construct practice
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E<ERS Management of finite J

- \
by finite element analysis [
Supporting documents %“I-
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5.4 NAFEMS QSS001
NAFEMS QSS001 Engineering simulation quality
management -systems requirements (2007) (3.

ISO 9001:2000 “Quality management systems—
Requirements” JIS Q 9001:2000 ﬂ:‘ﬁﬁ%ﬁ?*9><> NATLA-&E
REIE 221 —230OXARCTHRAEZ T, 221 —2305
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5. ISO9001F@EBNAZI A MNDIZ1L -3 EEADER (9)
QFRTYINIIT DRENESIE

OYINIIFRAFEEICIESQE (Software quality engineering)

gé)%t?)l’i’%;kbfb\é VI RDI17(3{EARICCode Verification
%o

ONAFEMSIX1985EELAENS, ROFY—IF7 A MNREZA0ML _EFEITUL

TW3, EEMPNIRAIRERE, EBHRBECEI AN FI-ITA

NEEREL TULVD,

S Narems
TR : First

No. Title ID Published Pages

Basic and Shape Sensitivity Tests for
1 | Membrane and Plate Bending Finite P01 1985 32

Elements

45 Advanced Finite Element Contact R0094 2006 60
Benchmarks
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5. ISO9001RENAZI A MDD Z1L -3 %EFEAOTEA (10)
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(a) ZFEMIRYREHBV\IEEPIRRAY D EAS ISR
(b) HEOTFBIREICEE T 2EN05H
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U ab—a UHEINOFTER  %RE

5. ISO9001G@ENARI A MDYz -3 EBAOEA (11)
5.5 T¥3Z1L—33>0mEBNARIATN & BEF|E
ISO9001DN =17 IMAREBARTETES 331 —33005
BSR4 CENZAR- Eﬂ%ﬁ$4Atlaa=ﬁ%btb\57_17Jb

----------------------------------------------------------------------------------

ISO 9001:2008 “"Quality management systems — :
i| Requirements”
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HAFL T4 b BAGHR C L pe
JSCES Standards JSCES Standards
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6. 7D &>zal—
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~3>DOVEV
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6. 70 &33Z1L—23>0V&YV (1)
. — Y= = Schlesinger, S., Terminology for model
6.1 Schlesmger%j-}l/ (*%J‘D—) credibility, Simulation, Vol.32, No.3,
March 1979, pp.103-104
REALITY (GRZEHF)
x !
An:alysis Model Quialification
(59%7) (7 )V OIS HEREER
ModelValidation | [ CONCEPTUAL
(EF IV OZ LS IHER) | MODEL
: (*EE,L,\:ET)I/)

Camputer Slmulat|on Programmmg Model Verification
(IDK1— ’5’/\_‘L|/ =) (7D05:/9) (E7 )VOARELE)
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Vo b—va UHEINOFRERE %%

6. ETU>T &>21L—23>DVaV (2)
6.1 Schlesinger®7 )l (F35E

<> (Model) Verification : stEEN3ETIHFEINZEEN
THIZET )N 2REBAEAERIT DL,

& (Model) Validation : 5t&BEN2ET IV B REEH (CHWVTE
FIOBXTZHIREEESENNZI T D RBEEZE I3 L2iE
R e

< (Model) Qualification : B2 IWIEETBHRICTLT
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Schlesinger, S., Terminology for model credibility, Simulation, Vol.32, No.3, March
1979, pp.103-104
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6. EFTUT &1L —33>00DVAY (4)
6.2 ASME V&V 10-2006 (FHzE
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(" Why difficult )

Two main issues for introducing detailed chemical kinetics into CFD

1. Stiffness of reactions

- Reaction : At=0O(1)~O(-14) -- wide range of timescale dYy/dt = wi/p
dT/dt = = exion/(pcy)

2. Massive number of the species-mass equations

- Proportional to the number of species considered, possibly over 1000 species

- Time-consuming calculations of transport properties for mixture

This document is provided by JAXA.
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( Stiffness in combustion problems )

¢ Stiffness: difference between maximum and minimum eigenvalues

* H2/O, =2.0/1.0,T=1000 K, p = 0.1 atm

3000 |
-=0-- At=1.e-8 s
At=1.e-9s
4 | solution diverged
® [N
g RPN
s 2000 |
Q
o
g
o
[_‘ =
1000 1 1 1 1 1 1
0.2 04 0.6 0.8 10
Time /ms %107

Temperature history of 0-D Hy/O; ignition problem

«»Euler explicit method used for time integration

Characteristic time / s

102
10'E i Hy
0 E ~H
10_1? 0O
0 e N 0
B . ——OH
g —— HO,

1076 E
107k &
107k \
10~ M
-10E | | | 1 |
10 0 04 0.6 0.8 1.0
Time / ms x1073

Characteristic time behavior of each species

Tk — —
k

where () k

= Cy — Dy,

( Use of implicit method:VODE )

Brown, PN., G.D. Byrne, and A.C. Hindmarsh, Vode - a
Variable-Coefficient Ode Solver. Siam Journal on Scientific
and Statistical Computing, 1989. 10(5):1038-1051.

* We have useful and powerful packages for stiff system, e.g.,VODE, RADAUS

This is not happened in multidimensional case, i.e., when coupling with CFD

( The powerfulness of ODE limited to 0-D problem )

e CPU time would be proportional to at least the square of the number of species: N2

... Each grid point has different information:
" | Start-up cost required

This document is provided by JAXA.
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( A dynamic multi-time scale (MTS) method )

Ref.: X. Gou,W. Sun, Z. Chen, and Y. Ju, Combustion and Flame, 2010

Group
At
H—+—+— Fast group

A AL,
FH—+—+—>+——+——+— Intermediate group

dY,
a  p’
dar XY e,
dar pc,

H Atbase
At : At At '
———t———t t £} - > Slow group
Time Schematic of MTS
o Y
* The characteristic time Tk = D
N The ti . . _ Atbase Atbase
ime step size determined as | N, = max{0, [log,, I +1, Aty =B T
Tk 1 l_
. (m)
Y <y Ay S
* The time integration | * g e
N (m) . (m)
D) _ plm) _ Aty Zy:] e, wy
i ncs/m)
( Comparison between MTS and VODE )
* CH4/Air, equivalent ratio=1.0, p=1.0 atm, T=1500 K
* Detailed performance of MTS and VODE presented
x1073
3000 F —— MTS, le-7 . 20F
————— MTS, 1.e-8 3\34
M .......... VODE, 1e-7 %}) i MTS, ].6—7_\
> 2500F -~ VODE,1.e-8 5
= oy
I= ®
g E 10}
15 =
£ 2000 g VODE, 1.e-7
= £ B L—VODE, le-8
8 1 TN (IO LN LR
1500 &
] ] ] ] ] Ok 1 1 i ] ]
00 1.0 2.0 3.0 0.0 1.0 2.0 3.0
Time /s %1073 Time /s %1073

Temperature profiles

Performance of MTS and VODE: operation time
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(

CPU time comparison

)

¢ Computations on iMac, Intel Core i7 (2.93 GHz)

/Air species # initial initial Atpgse l.e-7s Atpgse 1.e-8s
" pressure | temperature | gave* /% | VODEMTSs save®* /% | VODEMTSs
I 1500 67.2 '3"32 83.24 I.O::
CH4 8 103 1021
10 1300 54.42 o 82.93 z
| 1300 61.18 ':58 90.4 ||65377
nCsH o 146 © 5
10 1100 61.41 i) 911 &l
I 1300 83 ?:; 95.99 83 '22:
nC7Hie 373 1 T
10 1100 86.24 o 96.6 =
*(VODE-MTS)/VODE*100

[ New explicit method based on MTS: oM TS j

* |dea based on MTS (Gou et al.) and xQSS (Mott et al.)

¢ Euler method used in the original MTS replaced

~N

-
dYk _ Wy
db p
G 2D
= qr— prYk B= Py
A A L
Pk
(m) q(m) (m)
Y(m+1) — Y(m)e—pk Aty; 4 Tk 1 — e P Ay
k k (m)
Py
(m) (m) y,(m)
_ oy, Ao g - p"Y")
g 1+a," p"Aty, |
-

J

» Applied to the time integration form in MTS

. (m)
(m+1) _ y(m) k
Yk = Yk + AtN,- p_”

» Multi-stage Runge-Kutta methods not work

Group
At
+——++— Fast group

A A,
FH—+—+—>+——+——+—— Intermediate group

At

base
Atg

et |

> Slow group

Time
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( Performance of new cXMTS )

* CH4/O3, equivalent ratio=1.0, p= | and 20 atm,T=1300 K
* The original MTS fails for the conditions

* The time step size: |.e-7 s

4000 T T T T T T T T T 4 5000 T T T T T T gl T T -5
| — VODE ) - — VODE ;
------- CHEMEQ2 ] 4000 F CHEMEQ2 ]
¥ a000 |~ oMTS = M —— aMTS
E --------- E I CHEMEQ?2, 1.6-8 v
E : EE S
= X = 3000
Q Q
= = |
5 2000f 1 5 1
2000 | J
1000 1 1 1 1 1 1 1 1 1 1000 1 1 1 1 1
0.0010 0.0020 0.0030 0.0040 1.0E-4 2.0E-4
Time /s Time /s
Temperature profiles in p = | atm Temperature profiles in p = 20 atm

( A faster method with a different concept )

* Extend Robust Explicit Numerical Algorithm (ERENA)

» FH FE OB BK BSIEREES YRY T LA, 12A58 (K)
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C End-gas auto ignition for an example J

* n-C4H0/O2/Ar premixed gas (©=1.0)
* |13 species & 426 reactions mechanism

W
o

§1347.9

.y
(=)

999.3

W
(=)

Pressure / atm

g
o

._
o

1
0.0 1.0 20 30 4.0
Time /s x1073

Pressure histories at three different locations

C CPU time comparison on |-D reactive flow simulation ]

¢ Computations on Intel Core i7-3960X (3.3 GHz)

l.e-7 s l.e-8s
species #
Save / % MTS/VODE Save / % MTS/VODE
CH4/O2/Ar 68 60.5 3077/7791 70 20412/67837
n-C4H\0/O2/Ar 113 59.3 7626/18762 71.5 46566/163137

*(VODE-MTS)/VODE*100
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( Chemistry or Fluid ) o n-C4H10/Oo/Ar (113 species)

Percentage / %

Percentage / %

100

80

60

40

20

100

80

60

40

20

B time step = |.e-7 s
59.3%
38.8%
1.9%
1 —t— 1
CHEM ADVCT TRANS
time step = l.e-8 s
64.6%
322%
32%
! —T—1 !
CHEM ADVCT TRANS

Percentage / %

100

80

CHEM, 1.e-7s

1
20 40 60 80 100

Number of species

Scaling of the computational times for CHEM

and FLUID with three reaction mechanisms

120

CNote: chemistry is always time-consuming with VODE

( Mixture of transport properties ]

sAttention needed in detailed chemistry simulations

tyis/tair

30
25F nC4Hg nCoHao
20F
[~ nCoHa
15F
. CH,
1 O 1 1 1 1 1 1 1 1
’ 200 400 600 800

Number of species

Comparison between costs of viscosity and
diffusion coefficients

Ve

¢ Method of Wilke (1950)

N

Hm = Z =

N X5
i—1 Zj#i X, Pij

* An empirical approximation (~10% error)

1
Nm:§

o (£3) |

" i
i

Speedup factor

Comparison between costs of Wilke model

300
Wilke model/empirical approximation
- (AN2+2N-1)/4N
200
100 |
O 1 1 1 1 1 1 1
0 100 200 300

Number of species

and an empirical approximation

400
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( Ongoing work on diffusion coefficients )

* Care for diffusion coefficients computations still remains; species bundling ?

* Correspondingly, the number of species-mass equations could be reduced in CFD ?

For corporation of large detailed chemistry into CFD, care must be taken of
calculation parts which require computational time of N2

( Hydrazine combustion simulations in 2-D )

* Application of our reactive flow simulation code with detailed chemistry to space propulsion
* Ongoing work

Ligquid-liquid impingement/atomization

Multiphase mixing

480h g
- \ % >
E b Adiabaticwall
N204 4.1h |
[ NO2-N204 mixture
NzH4  h=7 e . Temperature 400K " Pressure
I:V MM|| |initial condition: precgyre 0.1 atm constant
Velocity = Vs oo
NO3- 4.1h Yt K,
N20a M=y Adiabaticwall
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C Numerical methods ]

» Fluid (a compressible N-S equations)

- HLLC/HLL hybrid solver (Kim et al., 2009) for numerical flux

- 3rd-order accuracy (MUSCL) with Minmod limiter

- Central differencing for viscous, heat source, and diffusion terms

- TVD Runge-Kutta method for the time integration (3rd-order accuracy)

» Chemical reaction (internal energy and volume are constant)

- ERENA (Morii et al., 2013) for the time integration
- A detailed mechanism of N2H4 (Daimon et al,, 2013a,2013b): 39 species and 261 reactions

[ An animation from 2-D simulations ]

= 4.12E402
'4.06E+02
4.00E+02
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C Dynamics and flame structure of hydrazine combustion )

3000

2500

R1-R4IZ & B 03, *
e GANBRETHE. 5 2000
f) 1500
t=5.4msec(7& X ELHI) v ;ﬁgﬁém%ﬁ;w 1000

L L
-1.0 0.0 1.0 20
y coordinate, cm

L
-20

t=6.6msec (7& XE£)

t=6.6msec

Mass fraction

=S

.. . 0.0
Sequence of ignition and flame dynamics —20 -0 00 10 20

y coordinate, cm

Temperature and mass fractions of
several species at a sectional line

y A, FE, KFI, B FBSIEMEEY VRY DA, 12B5H (K)

( Turbulent combustion modeling for LES )

* Need to be addressed in the future

* Developing a model suitable to the fluid/chemistry splitting method

This document is provided by JAXA.
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( High-pressure and Cryogenic fluid modeling for LRE )

y REOT Y hIVYVIESE MEED TBERAE) "RER REEE - R

PANNY

Transcritical mixing behavior Chamfer

ecess K-H instability

Gas-like mixing under supercritical conditions

A schematic of atomization/mixing process in liquid rocket engine

9,

a*’:+v<(pu):v<(@pvp),

9,

%+V»(puu+y677—):V~(g,,(u®g)Vp),

op e eVeoutr 2 (Y rue

al+u Vp = —pc°V u+6vﬂT pV (r-u—q)),
RT asrna(T)

P b VbV

* AIAA |. (2012), ). Computational Physics (2012), Computers &
Fluids (2013), J. Propulsion & Power (2013)
* AIAA Paper 2011-3955 (2011),2013-712 (2013), EUCASS (2013)
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