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Technology Selva* and Freeman Justification
Krejci, 2012 2017

Atmospheric Chemistry Instruments Problematic  Feasible PICASSO, IR sounders
Atmos Temp and Humidity Sounders Feasible Feasible

Cloud Profile and rain radars _ Feasible JPL RainCube Demo
Earth Radiation Budget radiometers Feasible Feasible SERB, RAVAN

Gravity Instruments Feasible Feasible Need a demo mission
Hi-res Optical Imagers _ Feasible Planetlabs

Imaging microwave radars _ Feasible Ka-Band 12U design
Imaging multi-spectral radiometers (Vis/IR) Problematic  Feasible AstroDigital

Imaging multi-spectral radiometers (uWave) Problematic  Feasible TEMPEST,

Lidars — Feasible DIAL laser occultation

Lightniﬂg Iﬂ'lage!’c Eoacihlo Eoacihlo

Magnetic Fields | " CubeSaté-,F]\(:J: U rb%@é’éﬁ@“’l‘ﬂ'ftj ‘:ct
Multiple directig l’) /l\ﬁi_"ﬂ:’G%E#o?":%@?ﬁ“d‘ﬁ!k'@%ééﬁ (:7:!:%) r
Ocean color inst| " 7)‘ U ﬁﬁﬁ@ﬂ%%ﬁﬂ"]ﬁﬁ*&)\ 'i%]ﬁ !

Precision orbit Feasible Feasible CanX-4 and -5
Feasible Bistatic LEO-GEO
Feasible GPS refl. (CyGNSS)

Radar altimeters

Scatterometers

NOFr—DFER:FELLIF ‘9

Mission:  Earth Remote Sensing (6.7m GSD, 4 bands: RGB & NIR)
Developer: AXELSPACE, University of Tokyo, NESTRA
Launch: DNEPR launch on November 6, 2014

Size about 50 [cm-cubic]
Weight 60 [kg]
OBC FPGA

Communication UHF, X (10-20 Mbps)
Average power 50 W

Attitude control  3-axis stabilization with
STT, SAS, Magnetometer, Gyros,
RW, Magnetic torquers

- stability 0.1 deg/sec
- pointing accuracy 5 arcmin
- determination 10 arcsec

Optical sensor:  15kg, 6.7m GSD (500km alt.)
- Focal length 740mm (F# 7)
- Swath 27.8 x max 179km (500km alt.)

- Bands(SNR) B(57), G(74), R(80), NIR Optical Camera (6.7r.n@500km).
developed by Genesia Corporation
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Technological Challenges to Expand Space Frontier -

LTS

s Exploration
B i on Planet / Asteroids

L /]
|

Space Station

» Efficient Risk Control based on QRA
with considering various uncertainties

» QRA based on physics-based simulations
- Physics model, Accuracy and Practicality
- UQ based on limited test and field data

P Ultimate Robust Design of Space Systems

This document is provided by JAXA.
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Challenges to establish Risk Control based on QRA

- Overcome difficulty of modeling complicated hazard physics
to control risk by design and operation.

[ Design )—( Operation )

Design for Risk Operation for Risk

[ Risk (Reliability/Safety) )

iIur§3 Modes

Probability

¥
Concorde (2000) Tsunami (2011)

.
Consequences/Severity Challenger (1986)

Reliability

This document is provided by JAXA.
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Reliability Challenges — Efficient Reliability Control

1: Overrun of development cost & schedule 2: High cost reliability & life certification

-Large number of system firing test is performed
and reliability is evaluated by failure numbers
-Efficient accelerated test is not established

-Design is empirical deterministic MOS-based
-MOS is validated in later-phase tests
-Even after certification, failure occurs

Plannin Product l{Prototype/.{Certificatio Oberation
9 Design Test System Tes P
N

Failure *E

S

Reliability =
f(success count,
failure count,
level of confidence)

= Over run 8 I
S /.—\ 5 | I | | In H2A rocket development, 140 firing tests
.« Planned o | I, I i is performed in 10 years.
Schedule % || “ <Estimated human-rated engine certification cost>
ppwwm System test ) 3000 firing tests (few billion dollars) is required,
ks (Over run) Main Cause means twice of whole cost of HII-A & HII-B development.
i \ /

(1)Absence & poor accuracy of analysis
Less consideration of uncertainty of
(2)Product parameter variation
(3)Environmental parameter variation

H Sy

- 68% System test
[ =1139% Component test
LE-7 Development cost

[A] Unknown failure modes [C] Development rework by failure modes in later phases
[B] Design consideration [D] Efficient system reliability evaluation method is not established
[E] Strong dependency on high cost testing

Reliability Challenges — Efficient Reliability Control

>Even in later development phase, failure due to design can be happen.

>In the worst case, large amount of additional cost and time is required
for the failure cause investigation, re-design, and re-certification.

LE-7 Firing Test

This document is provided by JAXA.
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Force ‘of JEDI : Quantitative Risk Assessment (QRA)

>Risk is evaluated quantitatively and minimized by appropriate actions.
>All Risk Approach in which all of the failure mode is considered,
and both probabilistic and deterministic (rule-base) approach are used.

( N\ )\
(1) All failure modes identification (4)Risk mitigation & control
based on parameter sensitivity
o Re desilgn Inspection
| L | |<= requirement
'— 77N
Stress .h “‘\ i. trength i i 2
\ - J A J
e N L] )
(2)Design reliability evaluation (3)Uncertainty quantification
mainly by numerical simulations | | mainly by low-cost experiments
Strength -, Design
Stress = I Analysis
B X
\_ Consequence JAN y

#Risk = Probability X Consequence
Force ‘of JEDI : High Fidelity Simulations |

Reentry Risk Analys Spacecraft Engine

g

Ryl
.%\&é P

Propulsion System

~PEEED
R

Lattice Structure

Rocket Engine

Acoustics
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Quantitative Risk Assessment (QRA)

Elimination of Failure Modes
[A] All failure mode identification
[B] Design for each failure modes

g

Development
Complete

Az

29 % System Test (Additional)

Reliability

QRA-based

Time

58% System Tebt i
ystem Tes Development cost & schedule over-run prevention

9% QnerTesti .. [C] Prevent later phase failures to reduce additional tests
[D] Reliability certification mainly by lower cost tests

‘ [E] Reduction of high-cost system tests

Design |

Freedom

10

Safety
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Safety Challenges for Human Space Flight

[ Catastrophic Hazards (Explosive) ]

3

Pad Explosion Falls back Loss of Control, SUCCE_SS of crew rescue by LAS
during static firing  (Atlas-Centar,1965) Aerodynamic breakup Pad Fire (Soyuz T-10-1, 1983)
(Atlas C Able,1959) (Ariane 5,1996)

Failure of crew rescue (All crew fatal accident)
SRB Explosion (STS, 1986)

Both reliable launch vehicle and crew rescue system are essential.

Improvement in reliability

[ Crew Safety Improvement

Space Shuttle QRA Result
L | I
£ Mo 4, Challenger Columbia . 0.0 1/500 1/250 1/167 1/125 1/100
1 1 2
s 1/12 ! H = 1/5
o o ! 1 E
1 1 3
2 ; . )| s 1/10 1/10
2 H 1:21 i - < 1/20
- 1 1 ;
o oo T T
— 36 1371 1:38 B e
5 . 4w 1/90 5
2 | 1 1§ 5 1/10° ,1/100
o 1 | 1 ] )
- e " e s 0 e %00 T R0 R e el ™ P s § Improvement in
Flight Sequence # crew rescue system
Teri L Hamlin el al, “Shuttle Risk Progression: Use of the Shuttle Probabilistic Risk 5
Assessment (PRA) to Show Reliability Growth”, 2011. 1/10 such as LAs

Vehicle Failure Rate [-]

Safety Challenges for Cargo and Crew Transfer

Cargo Transfer
Ground Safety :
Flight Termination
Destructive Reentry

-
-

Crew Transfer
Crew Safety :
Rescue System
(LAS, Evacuation System)
Ground Safety :
Flight Termination

Termination

pes

Destructive l
Reentry
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Quantitative Safety Assessment - Efficient Safety Control

[Objectives]
-Establishment of quantitative safety analysis method
(Safety design, TRL increase for future decision)
-Feasibility study of LAS (Conceptual design, safety requirement)
[Development of Technology]
Quantitative safety analysis technology based on high-fidelity numerical simulations
1) Safety design in early design phases, 2) Appropriate reliability/safety requirements,
3) Decrease in validation test cost
[Success Criterion]
-Realization of full phase abort feasibility (as conceptual design)
Failure mode,

Safety System requirement
requirement and desngn \
T v
Hazard

|dentification Quantitatiye safety Analysis
*Hazard Simulation
- Probabilistic analysis

_[ Joint Lab at univ. of Tokyo ]_

Certification
test

Probabilistic Analysis Hazard physical modeling

Epl N VAGA & »x

Destruction Explosion Landing Human injury

High Fidelity Simulations for Safety

D> Models for Failure Mode Physics.
> Joint research with univs and automobile fields.

. ///, Explose to Reslize “ . :
v Aerodynamics — S :
/
- S

--------- £%
7 : rech L %
Vel 7z TSTECH Co,Ltd.
. o Kumamoto University T OHOKY
’ N,
/ N,
/4 A CA N AT
Ao — ® UNIVERSITY

Effective PDA

I
,:" Explosive Yield PDF
y ( Destruction / Explosion )

);‘ Landing Load
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Objective - High Fidelity Simulations for Safety

[Crew Injury]
- Japanese decision making for JAXA’s astronaut missions.

- Establish physics-based injury risk model and investigate mechanism.

[Explosion Process]
- Possibility to ease trajectory restriction by accurate safety analysis.

Additional performance, etc... &g
O

H-1IA/1IB
O

High Fidelity Hazard Simulations — Contribution to Engineering

<Contribution to other fields>
Establish serious research communities and improve high-fidelity simulation capability.

Destruction and explosion

-In the fields of hydrogen automobile, fuel cell, LH2 storage tanks, transportation of

nuclear waste, investigation of the hazard mechanism & QSA for rare event is essential.

-Demands for the QSA getting significant.

-Since hazard simulation technology is key to keep the quality of Japanese products,
the investigation to establish QSA is meaningful.

Hydrogen Tanker (KHI ...) Hydrogen Vehicles (TOYOTA.. ) Plants High-Fidelity Model

0 E m m m Destructi.on Ignition

Explosion

Occupant Safety

-Safety is the key for the international competitiveness for the automobile and trains.
Open collaboration framework is employed in this research project to achieve the goal !

e 0 (
Automobile Train for Euro (HITACHIL...) Aircraft / Heli High-Fidelity Model

sl v R

- —~——
Destruction Human Injury
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Explosion Process Modeling - Motivations

> Motivation to establish explosion process model are
(1) Understand hazard physics
(2) Cost reduction of uncertainty quantification test ( = Less uncertainty )

> In order to achieve goal above, numerical model for destruction and explosion
process & efficient risk assessment technique are essential

Experiment-Centered

Simulation-centered

Explosion Test

Explosive Yield Model  Blast-wave(BW) Model
(Uncetainty/Variation)  (Speed, OP Decay)

Destruction

+Hot Spot
+Electric Shock
*Bubble collapse
J AN J

Explosion Process Modeling - Destruction

> Constitutive eq. and failure criterion for liquid rocket tank (Al-alloy) were developed.
> Strain-rate and temperature dependencies are modeled to predict destruction process.

N

.l.“|“h~ud‘

PwrTEEn

Johnson-Cook
(Strain-rate Dependency)

3
f;r 1667602 |
0.000a+00_|

LS-DYNA keyword deck by LS-PrePost ~
Time = 0.007231 5000603

Fringa Lovals

Contours of Effective Stain (v-m]-Stainate 403 e03
Win=3,84571, at elams 30362 e
Wak=150.557, at sk B0 4500003
sectian min = 179383, noar naded $133) Prstae

section max = 11173, near nodes 43583 5

[rry
5.000eed2 |
3333602

No Dependency

Ref: #31f, K BXT BAZE—H RIET, BHEN, FIIEEABDENT HEEAZ
BIRIT S M BIREF LA, FISHER L ARRS S UFRAAR, 2017.
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Explosion Process Modeling - Destruction

> Constitutive eq. and failure criterion for liquid rocket tank (Al-alloy) were developed.
> Strain-rate and temperature dependencies are modeled to predict destruction process.

LS-DYNA keyword deck by LS-PraPoat = Fringe Lwvsis
Time = L001364 v 100012404
Comours of Eflective Suain (v.am)-Stainrae 5.6588403
rin=15 75T, ot £lami 95812 303
meax=13407 §, at ahemé B9GT1 5, 0Be+03
2620
23390405 _|
80076403 |
76T
7302e03
7.01be03 _
67803
[F
6045403
5 B1ey |
54903 |

77K

——T=203 15K

True Stress[MPa]

Explosion Process Modeling - Destruction

> Constitutive eq. and failure criterion for liquid rocket tank (Al-alloy) were developed.
> Strain-rate and temperature dependencies are modeled to predict destruction process.

130 40 |50 wo 170 180 190 2(
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Explosion Process Modeling - Destruction

1) Multi-Physics Analysis

- Structure / Fluid / Heat transfer of Multiple Shape in 6-DoF motion
2) Deforming Complicated Shape

3) Coupling analysis with Fluid Dynamics
- Condition dependent flow structure
- Evaporation

- Reactive Flow (Combustion)

Peridynamics

=]

Flight Termination / Fall back failure

Destructive Reentry

-

47.7 ms Close View

[1] Lambert, R. R., “Liquid Propellant Blast Yields For Delta IV Heavy Vehicles,” 34th Department of Defense
Explosives Safety Board Seminar, National Technical Information Service, ADA532286, July 2010.

Explosion Process Modeling - Ignition

> Ignition delay, its location and energy are key driver of the explosive yield.
> Ignition mechanisms and conditions at which ignition and flame hold were investigated

[ Freestream Stagnation ] A<

—Total (Freestream)
4 10 Expér/ment b y S taﬂforo’
Freestream Mach number

3500

—Total (Separation region)

g

2500 —Max static (Separation region)

000 & High-altitude

N Middle-altitude

Temperature [K]
- g B2 .
g

3
8
g

so0 ™ Low-altitude

Ref: 1. Toshihiro, F. Keiichiro, M. Daiki, and T. Nobuyuki, “Numerical Simulations of
Transverse Jet in Supersonic Crossflow toward an Understanding of Interaction

Mechanism,” in 31st International Conference on Shock Waves, 2017.
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Landing Acceleration — Validation study

Analysis :LS-DYNAALE, CIP-LSM HTV-R6.8%

Approach : Analytical, HTV-R6.8%, Apollo1/4 Y

Condition : Velocity and pitch angle
(incl. off-nominal)

, , 1.5k - 51.95k
[ Grid Resolution Study J g &

150
s Bl coseNome | CellSize [m] | Az Max[G] |
130 meshl

110 mesh2 — Mesh1l 0.065 9.381
@ N Mesh2 0.070 10.065

% %\Q}; “we Mesh3 0.080 9.881
40 J’

Az [m/s?]

—— Mesh4 0.100 14.276

-18 i Mesh5 0.150 13.766
0.07 0.09 0.1 0.13 0.15 0.17 0.19
Time [sec
| HTV-R6.8% | [sec]
20 120
100
5o F — ' i
(72 | \ll ,l-- T — b LKL 4
~ ¢ T T R O w0 I A QaL =S e —
£ o IV Lo 2 80 =
— 1 WA 20 ra —=
. . gl | - — b
é 20 i i— Numerical N ,22 ] —— Numerical [
-30 1 —— Experiment < I —— Experiment
-a0 -60
0002 0003 0008 0013 0018 0023 0028 0033 003 0002 0003 0008 0013 D018 0023 0028 0033 0038
Time [sec] Time [sec]

Work by Shunnosuke Inoue, Shinsuke Sakai (Univ. of Tokyo)

Landing Acceleration — Validation study

| Computation Experiment
\ Vv=9m/s l Vv=9m/s
11 11
e o A A A A oA e o L] ® A A a
7 7
N Horizontal
@ stable H\‘I’enlzi?ttyal | ®stable Velocity 5
A turn over (m/s] , A turn over [m/s] ,
Pitch Angle[degree]
1| 1
o o ® 000 00 00 00 e o ® ee0 00 0 00 o o
-40 -30 20 -1-10 -40 -Pitch Anglefdegree]P -1+-10
3 3
16 Computation 16 Experiment
. A L] Vv=7m/s A A Ao ®stable Vv=7m/s
= 34 A turn over
S 12
16 10
A AbAA e ®© MAAAAAAA G
&
8 8
— A& —® ¢® Horizont | ®stable Horizontal
al g Ak Velocity
+ Velocity 4 [m/s]
. b4 [m/s] . LN ]
Pitch Angle[degree] 2 Pitch Angle[degree]
' . *e & e 0000t e o o
-40 20 0 20 40 40 20 0 20 40

Work by Takuya Furumoto, Takehiro Himeno (Univ. of Tokyo)
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Quantitative Crew Safety Analysis

> Physical models have been developed with joint research with universities.
/

(1)Acceleration (2)Human (3) Injury Risk
Response
N Risk Curve
- Various magnitude and — Z . i
direction Numerical Analysis g - ? |an u‘:y
- Design for Safety Engineering Model 'g t y ’/;:‘ IS
( Dumper, Seat, etc ) Brinkley Dynamic Response név /' .
Blast wave Multibody FEM 52 /f i —
= (Dummy) - (Human) Injury Scale
\. &> 1
& z
_ kel
I Understand mechanism §
Model validation © sy
c 2 My
— Test, Field Data S Y
Landlng (Dummy, Volunteer, Animals) 5 [ TonoKv
LY T Vertical Velocity
-Attitude A3
’ -Velo TG Injury Scale Model \
M ST T ™| &= {[ﬁ/:a(t)de]” (cz-e.)}m i
o UNIVERSITY \

Effective DoE

1. Fujimoto, K. Wada, E. Sakai, S. et. al, “Development of Spaceship Crew Injury
Risk Analysis Method for Impact Load, " 2017 NASA HRP Workshop, 2017.

2. BERE— BHENRIBES, “BAFERICHIFSHENEEIZH T EREZL
BB EDHE-F I, FOOEF HFFHRMESHFER 2016,

3. F. Keiichiro et al., “Investigation on the Crew Injury Biomechanics at Water
Landing for Human Space Flight,” IRCOBI 2017, Short Communication, 2017.

[ Design for Safety ] :ﬁlﬁfﬂ

Work by Kazuki Kuriyama, Akihiro Ueda, Shunsuke Imaizumi,
Naoki Saito, Kodai Nak , Akira Tkahashi (Univ. of Tokyo)

> FEM-based dummy model has been validated for the design spacecraft seat.

> Further crew safety improvements have been achieved
by the comprehensive consideration on the design for safety.

Lateral I.oad Spine load Comparison of
reduction reduction

dummy models

)
Arm Rest T e : A’.
o | Universal = |
R — — o | cylindrical -~
O° Revolute ”
Bracket B ; % ; 3
D ¢ :
; THOR Hybrid-11

THOR — THUMS  —— 100

e

Work by Kodai Nakagawa (Univ. of Tokyo)

st contd, ’ Work by Akira Takahashi (Univ. of Tokyo)
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Efficient Design-of-Experiment — Dynamic Sampling

> To establish practical probabilistic analysis for QRA, efficient design-of-experiment

Time[s] {{:’%‘s

002 004

methods have been investigated.

006 TOHOKU

[D]uoneIs|e00y

responsey

* Horizontal
velocity
[m/s]

x1

Dynamic Sampling Regression for Time-Series Data ]

BriC

Ref: F. Keiichiro, S. Koji, and N. Hideyo, “Comparison of Dynamic Adaptive iy,
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Table 3 Computed injury metrics calculated using THUMS.
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An efficient methodology for combustion flow simulations with large
detailed chemical kinetic mechanisms
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[ Backgrounds ]

* Understanding combustion flow fields of liquid rocket engines

- CFD (Fluid dynamics) simulations » Combustion-related problems
- Detailed chemical kinetics in developments

Combustion

Fluid mixing

High- diti
Cryogenic fluid injection 'gh-pressure conditions

Schematic for flow fields of a coaxial jet in liquid rocket engines

SSME injector damage
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( Issues on CFD with detailed chemistry )

9pYy)

+ V- (pY,u — pD,VY,) = @,

Spatial resolution sl :
Transport properties

I) Stiffness in the chemical reaction equations

» The Navier-Stokes equations ot
» Species-mass conservation equations /

- Alot of species : At=O(1)~O(-15) -- wide range of timescale

d¥; @; ODE
» Time step size is usually determined by the fastest timescale T
N .
- This issue is the case even with small reaction mechanisms d_T — _M
dr pc,

2) The number of chemical species

- The number of species to be advected; the cost proportional to the order of O(N)

. . . . N N
- The cost for calculating the transport properties for mixture with the order of O(N2) Z Z i
required in conventional mixture models — LT

¢ J

3) Spatial resolution

- The grid requirement may be severe due to the interaction between chemical species and fluids

RRAF-JAXAL EEBE S VRY U4, 201801.22

[ Computational costs of various terms ]

» Estimated from computational results of a combustion problem with n-C4H o, | 13 species

VODE » a standard implicit ODE solver usually used for detailed chemistry

100 0
o
s 95.34% 2 TV =0
80 a(pu)+V-(pu®u+p6—T)=O
Q = ot
& OE
> 60 | E+V-[(E+p)u—‘r-u—q]=0
=
S B (pYy) .
=% —— + V- (poYu — pD;VY,) = w
2 4} o ! '
Q
o s T / T
20 | Chemistry
| 3.7% Time integration and
/ 0.08% 0.88% flux
! ] ! diffusion
Chem Visc Tran Others
."ﬂ Comp. part ‘\\ Transport
viscous, heat, and diffusion terms flux, time integration for fluids and exchange part

Occupancy of CPU times of each computational part
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[ Explicit methods for stiff ODE

¢ Runge-Kutta method

137

(Kennedy and Carpenter, 2003) W0
| — VODE A
------- CHEMEQ2
N 000k MTS
° CHEMEQ2 E --—- Present method | e
= .
(Mott et al., 2000, Quresh and Prosser, 2007) g
=3
£ 2000 .
- Predictor-corrector method based on quasi-steady-state =
assumption (QSS) i
- Numerical instabilit 1 1 1 I I 1 1 1 1
4 robustness 1000 10 20 30 40 50
Time /s x1073

e MTS method
(Gou et al.,, 2010, Terashima et al.,2014)

0-D ignition problem for CH4/O, | atm, 1300 K

T T
e At

=1le-6s

10?

-l At=1e-7s

—O— At=1e-8s

- Chemical species grouped and integrated based on their characteristic

” times
2
> - Start-up cost for generating groups of chemical species required at
o L i . o .
z 10'E E each step: faster performance limited with O(1-2)
: ok E
¢] r ]
i ! faster with O(2-3)
10° E AA E
200 400 600 800
Number of species Speed-up factor by MTS compared to VODE

RRAF-JAXAL EEBE S VRY U4, 201801.22

*Extended Robust Explicit Numerical Algorithm (ERENA)

[ ERENA: fast and robust explicit integration method ]

Y. Morii, H. Terashima, M. Koshi, T. Shimizu, and
. ) E. Shima, Journal of Computational Physics, 2016.
Governing equations

Cs  :creation rate of species

dY; Wy % Cy d, dy  :destruction rate of species
dr B ? =45 T sty where  ps=—, 45 = pY. Ts  :characteristic time of species
5
uasi-steady-state assumption (QSSA

- If constant quasi-creation and destruction rates assumed, an analytical solution and the discretization
form is derived

Ar*

Y=Y+ ——7>-—
1+ o pi At

o 1-0a- €PN [(pAL)
B 1 — e piAr

(g = piYy)

where "
s

—> The form is almost unconditionally stable

- Deviation of mass conservation due to the QSSA

N . N At* . o
= ZYS +Zw(% -piry)

At*

N
= 1+ — " # 1
Zl+a§"p§"At* s
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Maintaining mass conservation property
An optimized problem formulated by the Lagrange multiplier method

I

n+1_y
z _|_)\ Zyn+1_1

i

: Predictor values from integration methods

A Lagrange multiplier

i=1
’ € :Auxiliary function
* N
1 Y; 1->"0"0  yF
— T ey | a2 R
Zi:1 Y; dim1 Vi
Deviation error of mass conservation
A< A" A >\ =1x10"% | User specified

To the next step

!

*
Recomputing ¥; with smaller time step sizes so that

the mass conservation is satisfied

» Possible instability caused by the deviation of mass conservation can be eliminated
» Simple formulation — Program written in approximately 50 lines

RRAF-JAXAL EEBE S VRY U4, 201801.22

[ Validation of ERENA )

- Validated by experimental data and VODE solutions

- Significant performance (robustness and comp. time) compared to an implicit ODE and explicit solvers

4000F T T T T a.
3500l 340 times faster for n-C7H ¢
¥ 3000F e o
e o VODE .
£ Hso0k — ERENA Ll
g [T T T T T L T T T T T]
£
£ 20001 g 1000 | n-C10H22 -
1500 B C ]
1000 b I L L L o i i
] + : rE—— 5 L n-C4H10 .
Time /s E 100 | 5
n-C7H¢/Oz, | atm, [ 100 K, At = l.e-7 s o, F
=] L CH4 ]
10" F T T T T T = =
X Ciezki and Adomeit, shock tube g
100 F O Mebletal 4 w 10 —A— ERENA -
" -~ KUCRS 3 E
S0k ] i —& CHEMEQ2
5 . [ —— MTS ]
T w0k E A ]
g
E‘) 107 F E 1h \ ] \ ] \ ] . 1 . O
0t E X ] 0 200 400 600 800 1000
10° b ) ) ) ) ) ] Number of species
06 08 10 12 14 1.6 1.8

Temperature, 10007T Comparison of computational time ERENA and other methods on several
Comparison of ignition delay times with an experiment 0-D ignition problems with pure oxygen (the time step size of |.e-8 s)

in case of n-heptane/air mixtures
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[ CPU time histories )

* Time history of CPU time per iteration to see superior performance of ERENA

CH4/O5, | atm, 1300 K,At = |.e-8 s

3500 T T 10°

N EET!

I  —— ERENA )
3000 O VODE .

T
i
Q
=)
o)

-
L
>
3
3
3
r
3
3
3

z 3 H
% L J qé 10 3 MTS E
£ 2s500f 4 2 : ]
2 I T < - CHEMEQ2 LAl .
E 2000 i E 104 1. [P BTV P TR 3
bl L ]
0 i [ ERENAl ]
N T 10-5 S T TR T S
Time / s Time /s
Temperature history CPU time history
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95.34% \Veln | ----- >

[ Transport properties ]

0} %
° Oc<}:1upancy of 'CPU| times of §; 60: % 2
6(:2(): computational part § M % §
. + V- (pYu — pDVY) = wy ol '%///’

1
v \ A o oss%
Species# w Vise  Tram  Others
Transport properties Comp. part

» Species bundling technique for diffusion coefficients

(Lu and Law, CNF2007)

- n-C7H\¢: 373 species bundled to 21| groups
- n-C4H 0: | |3 species bundled to 19 groups

57 times faster with 2| groups in n-C7H¢ ST
. Laminar flame speeds|
3 T T T,
10'F ' ' RN E
E 1 40F 4
3 .’ ] n-C7H¢ g ©
© CH, ,' @'D 1 T 8 g
’ .
N oL & n-C4Hy ¥ o | g 0k |
E 10" E & n-C;Hy4 = E 3 8
r [J 1
g A @
§ ,Dv ) ) 20 0 No bundling T
& 101 i Y 4 O Bundling, eps = 0.1 (10% error)
E 8 v Bundling, eps = 0.5 (50% error)
] 10k . . . . . d
s 06 08 10 12 14 16 18
10° & e e+ v+ Equilivalence ratio
w0t 10t 107 10! 10" 10'

Threshold value Speedup factor as a function of threshold values
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[ Internal combustion engine: knocking

simulations ]

Terashima et al., CNF2015,2017

- ERENA/Species-bundling applied

*n-C7Hi6 (373 species, 1071 reactions) and n-C4H o (113 species, 426 reactions) reaction mechanisms are

directly considered (Terashima et al., CNF 201

Eng-gas region

Flame propagation

End-gas autoginition

|

Rapid heat release

|

Pressure wave generation

|

Knocking

Schematic of a knocking combustion problem

Pressure /atm

[ Rocket combustion ]

5,2017)

T T T T T T T T T T T T
26 4
v @ n-CHj,
241 v v n-Cie ]
221 v 4
20t v g
1.8 v 4
16| v v 'v v 4
v Qo o
14 v Ve g
12+ ° -
v
1.0F o o ]
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Temperature / K
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Interaction —— 1:1=8473¢3s 6 4
o 2t | !
224t i
SOF L yaa H 1
Temperature — ZitHAA 3
| wave £ —- 2454 s |
. B o40F o 2:t6At ) i 4
> - - 2:t+7At [
H |
2 At=2.0e-6's
&

30
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|I. Kendrick et al, CNF, 1999.
2. Candel et al., CST, 2006
3. Lux and Haidn, AIAA JPP 2009.

B Effects of recessed length on combustion flow fields of rocket-typed injectors [1-3]

e

Face plate

:I\

—

| Non-recessed post injector

[~ Post

Recessed

— o o
Recessed length

j—

| Recessed post injector

p Limitation of optical access into recessed regions

mm
GOX internal diameter, d; 4
GCHy internal diameter, d» 5
GCHy external diameter, d3 6
GOX post wall thickness 0.5
I Recessed length 0,3,6,9,12 l
P rao referred as RO,R3, Ré, R9, R12
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[ Results: unsteady behaviors ) Chamber wall

B Near-injector flow fields with R9 case Face plate Recireulaton region

in the corner

Temperature

“or [ N |
L 300 1400 2500 3800
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0.

CH4 wall

CH4 —> _/ Y2

02— Small recirculation region
—> (flame anchoring region)
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0.4 Schematic of combustion flow fields
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04f
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e Effects of recessed length on mean combustion flow fields
1600 K contour for flame shape

[ Mean temperature fields )

oor [ m—— Increasing the recess length,
::- CH4 —» 3
R3 - . ond @ larger amount of combustlon.gas
wiat : produced in the recessed region
CH4 —
04l .
- @ larger flame angle in the chamber
1 0.5 ] X o5 il 1.5
® higher temperature in the corner
06F [
g | 330 1400 2500 3300,
0zp [ <
R6 > o 3 <
L2F - |/
04 Non-recessed Recessed
46 L . I L
0.5 Q 05 1 1.5 .
X R12 shows a different trend
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o2f EEEEEL R 02
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( Mean temperature fields )

R3

R6

R9

06
0&p

o0zp

> U

L2F
0&p

{6

06
0<fp

0z2p

> 0

L2rF

RIS

06

| 300 1400 2600 3300
CH4 —»

02—

CH4 — B

]
i |
|30 140 2600 3330

06
04f

0zp

> U

L2
R

06

30 1400 2600 350/

2500 T T T T T T T
2000 b
4
E 1500
£
2
5 1000} 1
F
500F b
1 1 1 1 1 1 1
-06 -04 -02 00 02 04 06
y/cm
Mean temperature profiles at x = 0.75 cm
06 |‘
aek 12 1400 2600 3300/
0z
R12 . ¢

.2 e
R

06

RRARFE-JAXAL REREERE > L, 2018.01.22

( Mean velocity distributions )
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Increasing the recess length,

@ larger amount of combustion gas
produced in the recessed region

@ combustion gas accelerated and
higher x-velocity field generated

» Reducing a flame angle in the chamber
with longer recessed cases
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[ Temperature in the recirculation region )
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Larger pressure differences in the recessed

region with increasing recessed lengths

» RI12 may have higher performance than R9; larger pressure loss and similar heat loss
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Conclusions

* An efficient method for reactive flow simulations with large detailed chemistry has been
originally developed under the collaboration between the University of Tokyo and JAXA

- ERENA for time integration method of chemical reaction equations and species bundling
technique for transport property calculations

* The present method has been successfully applied to various combustion problems

- Tani et al., PCI2014 for hypergolic fuel combustion in spacecraft thruster

- Terashima and Koshi, CNF2015 for knocking simulations of n-C7H16 and n-C4H10
- Morii et al, JLPPI2015 for high-pressure hydrogen spontaneous ignition

- Daimon et al,,AIAA2016 for 3-D N2H4/NTO combustion flows

- Matsugi and Terashima, CNF2017 for flame instability

- Terashima et al., CNF2017 for hot-spot in knocking combustion

- Tani et al., CST2018 for hypergolic spray combustion in spacecraft thruster
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film cooling fuel
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p . density
V. velocity
D : diameter
N : fuel/oxidizer
q : local flux
o : oxidizer
f: fuel

doublet(N=1)
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Experimental conditions

Heat flux 5,10, 20 [kW/m?]
Run tank pressure 0.10 ~ 0.15 [MPa]
Mass flux 70 ~ 2000 [kg/(m?*s)]
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LaunchDome @ JAXA/USC Payload TestSection
(a) 8-310-43 (b) Payload Section (¢) Test section module

Discussed and proposed by the joint team of JAXA, the University of Tokyo and Waseda University.
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Sloshing caused by slight disturbance in lateral
direction under low-g condition during
coasting flight of upper stage.

Numerical code : CIP-LSM
Hybrid PLIC-VOF and level-set
developed in University of Tokyo
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