vays

=d e aTdReR Sl cd == 1 Srd 10

VLU UL U VAVI

ISSN 1349-113X
JAXA-SP-10-010

FHEZR A FEFEEBRRIEN

JAXA Special Publication

(-

RRAZ OvY bhIVIVEFTUVISKS MU—
(JAXAHRERERE) Y VIRKID L

O v c I Y V@R O R

" New Horizon of Rocket Engine Modeling and Simulation "

/

% hl &

RRARZFTZRIAFE
Oy bIVIVETYVIIRS bU— (JAXAHZEIHEBEE)
FHMZEMAFEFEEE BR - StEIZ (JED) V5 —

20114 3H

FHEMZMFAREFERS

Japan Aerospace Exploration Agency

This document is provided by JAXA.



EJ A

EaEOFE ey hTHHIH-TTADLE-TAT D0 DL ) RikEary ho P
XA IR ORI AKE &R R 2 HEEA & LRI L T E T2, BREEENORE X
3000K (ICHELET, nr vy bz Pr v alb—y g rOMRIIMIKIENSEIRE TO,
Loyt @mED TR (281 28R T, ZORFITE SITREERORTHY . £
< ORI ZREENE L THWET, —F T, FEOa v a—F LEFTETOERC X
D, BTy by Ialb—ya YOEMITHEICERL THT, WS ODREEZR
PE LR ORONRZBD THE I ICbB2Ed, oV Ry s nry oy
T URNTEAN OFEM ] X, BUREBB T L L bIcABor Yy Fm Yy al—
Yaro THER] 2X57-00ZshiTZzontrl E 2 A E LTl S, ks
THRMER e 7y b DT Y TR T b — (JAXA HES ) b EiiLe
WFERHsERERE (JAXA) OfF# - FHE T (JEDD ko #—Ddfg TS E Lz,

JAXA ML, nry b Py a b— g VEITOEEICET S HE -
WFFe a4 LCI10 R THR Ny 77 T AOEM DB+ 251 2 L2 HEE LT,
2008 44 H X VISEIZ4AD, AFED 9 HTH X 5 & 200080 U E Uiz, AGEEE I ZHK
BEREER DR 7y b DU OBREE TICBIT 2 - LB BOMA, BX
D IUCHES W FZET VOBELHE L TV ET, 4 Iz F vy BT —v 3 >,
(V&S - ki b, Q)EERREE. (WP - L7 a BB 4 SOWEIN—T R £9, 2
O DOIFE 7 NV — 7 13AGEE & JEDI & S FHRIZZR Y | FOROMIZEFH L HH, Hk T7
AT oL LT, R - HF7EEs L OBEEAEOMEEIC L VRSN TV T,
EWRCPIE SN 2220 E LUEEILTRBY £9, KU URY T ATARGED &K
PO 228529 LEHEBHOFMHEETLH £,

o, RHERIZHARTO HSEH#EHEE ] O—>Th Y | B IARFICTE
7o, W98 & BB OWRE 2 DR D8 L WA O E T3, KFPITBE T 2 RO R T
YURNVEANL, HAEREXTEE 21T 5 I L ARSI oM Th D LA
WET, A JAXA S EEEEIZ I RO BRI ER TE TRV, 20k
OO RT v Vb AL TEBYET, LrLann, BELZERT D200
FHRHNTINWELF D LEEZARVA LD, < OMRIRT REIFEL WA TNDLOHFEE
TY, RVVARTVT AT LW TR ZERIE., 2o OEORRO X ST &
LTAENLTEWEESTEY 4,

R URY T AOBMEIZS =0 | MR S DT IS T AR R SRR
AR OGN OERL, TBIMNTIZWT R, £ L THEBROERICZ DGR Z B L TR
<HEHLH L B £,

k. REBHIEATOWERD ZEZIC LY, BERERZ pdf 7 7 A /VICE#H LT, FIRIL
TebDTTN, LT LHA Y DT IVOREKERLZHILLENTWRWESNED & &b,
i C OV TIIMIE CIXEZE S5 28 EHEATLE, ZRLBDEICHOVWTIR, &K%
BN LET,

BURKFE LERER JAXA i e
R B %

This document is provided by JAXA.



ii

FOL R T 2R
a7y b UET I TRT MY — (] AX AR
SURT TN Tk hm D R OO TR

B &

(G )

1) FrETF—ra O~ VF R — U mmmmm e mmmmm - 1
HRRRY: L RPIER IARTE—RR B

Q) LOIVGTHITBIT A REHY I 2 —vaORE —------------- 35

HORKY: AEPEBANMTIERT I T=2 %
(FEF Y I a—a vt #—F)

(3) MR KFMZEFH LPrHHIIB T 50y MEEOHIED) ----------- 61
HORRY LR eRi 25 Ll A o=

EHEST 20!
(1) Overview of Pratt & Whitney Rocketdyne Modeling & Simulation
Practices for Liquid Propellant Rocket Engines -------=-------- 81
Dr. Munir M. Sindir, Pratt & Whitney Rocketdyne
(2)Astrium Space Transportation's Liquid Propulsion Heritage

and Simulation Capabilities @ —==-=======-—-—“—-—-—-—-—-—----- 97
Dr. Oliver Knab, EADS Astrium

(k]

(1) JAXAOBEfE Ty b vrvIal—yay ——--mmmmmmmm o m - 115
FHMUZEAT TR SR 15 - FHR Ly 2 —  [ulEfhR

2 vfry bV UBRICBIT D ERMBHTIZANT 2B A —mmm - m - - 125
FHMZEATTEHFERSAE 15 - SR T2 — A E

(3) FAEMAIT ¥ U IRBEE BT A Sl T 2 R BE B e s L OVE T VR - -~ 137
THMZEAT TR 15 - FHR Ly 2 — K #

(4) Overview of CRUNCH CFD Simulations For Liquid Propulsion Systems --- 147

Dr. Ashvin Hosangadi, CRAFT Tech
(B) EffERIE 2 Ry N ZE5yIEE AW TEBER FUEBREE T3 2 Wi 1E O B E T

FHMIZEOTIEPH RS W - SR LYt 7 — SRR
(6) BABEARBHMHNC 1T 72 B0 ML A— L Y 1 — & & BRBERR DR R R A — - - - -+ 175
FHMIZEOTIEPH R T - SR Tt 2 —  HEACKER

This document is provided by JAXA.



iii

(1) vty NMREERROBRBERBRBENOBUR L3 --mmmmmmmm - 187
FHMLZZ B0 B 7 B
FHEEI v a VA T VU S L —7 EHER
8 LEX =V icBiFbp v a b—y a UIITHEIROIEH  -------------- 195
FHMLZE B0 B 7 B il
FEE@EI v VAR DU U S L — T BRI —ED
(9) MHIL i2B I Dk e 7y v b= VUit ~D v 2 2 L—3 3 Vi O Bl 2

----------------- 207

—EE TENRASH A TEFEHE S X7 2 UERT NeRSE

Qo) ury h= U RN B L Rk~ mmmmm o mm e 219
FRASAE THI #Bui =

QVRFEOEERBESOCHRE  mmmmmm e e e 231
HOLRY: T RUTER o hi7eréts  Bovs #dx

12 v - NRBEREAT IS LB 72 BPEE T L & JUEfRT = mmm e e e e 239
HORLRY: T RUMER MG hr7essts  T5KfoR Bh#

()HEMEIE D R EME S & AR I B U 7= BB Bl - ---------- - - - 251
FORRY: L RUPERI A Ll s aye ez

(192 ETrEeA Xy T —a VETLVOBRERE ----------------- 267

EMRTE TR e — Bha

This document is provided by JAXA.



v

BRASE - INAHSEHRE O RUD L TO7y b oY TR OHRRER)

wislyi¥N

[Frk2 298288 10:30-17:40)

10:30 - 10:40 MR EHRRE ERRAEXERZTERMRER)
10:40 - 12:00 JMADBiEI RSy bV ZalL—a Y
—fEEE | PG % (FEMMZEZRmFEE)
Oy T URRIZHE T HERAENTIZM T -ER YA
B B (FEMZETIEMANLE)
BEAEHI L O UBIRERRR BT SRR IEES K UETLEHE
KXY 8 (FEMZEHZFRERERE)
Overview of CRUNCH CFD Simulations For Liquid Propulsion Systems
Ashvin Hosangadi (CRAFT Tech)
13:20 - 14:20 SRHEED N\ FEMNEERVVEESRRERE TIIH T SEREE D BUBAET
—REGEE 2 F5 FE FEMZERRRAEE)
PRGEREMINE [+ 7B Y $iA— L 2—3 & RSERR iR Sl —
JEK KRER (CPEMZERRRFEE)
B4y MABERORBEERERE T OIRK & 328
20 #X CGFEmMEmRRFEEE)
14:30 - 15:30 LEX T UIZHIT5H S 2 2 Lb— 3 VTR D;ER
—fi%eEE 3 FH BB (FHEMZEMEHRARE)
WHI 2B+ 5&FED Ty FTUOUERETADY = 2 L— 3 EROEREA
IMEE £ CEETEMAR)
A7y b UYL RREHETRI — TR & R —
AL %5 k=t HD
15:40 - 16:40 Overview of Pratt & Whitney Rocketdyne Modeling & Simulation Practices for Liquid Propel lant
BEE Rocket Engines
Dr. Munir M. Sindir (Pratt & Whitney Rocketdyne)
16:40 - 17:40 Astrium Space Transportation's Liquid Propulsion Heritage and Simulation Capabilities
Bi5EE?2 Dr. Oliver Knab (EADS Astrium)

[(FR22%9H829H0GK) 9:00-14:50]

9:00 - 10:00 F ¥ ET—2 3 VFNDTILF R r—) LR
HEREE 1 WA B #x GRRERKE)
10:00 - 11:00 LD YRFICHBTIREHL I aL— 3 VDEE
EEEE2 EE = B EEKAD)
11:00 - 12:00 HRAKHMEFHEIFERICEST50485 v MEEOIZEES)
IR 3 Bl AofE R (REKP)
13:20 - 14:40 IKFRDE AR ICHAE
—fEEE A AR R GERERKH
A4y MABHRATI S EREWIMEE T )L & BUEREAT
JEK N B (REEKE)
HoEFEDEEEST & MR ZBEE L - BNRERER
ey BUE OEER GRRKE)
Z2EJOVREXTvET—2 3 UETILOBRIK S FRE
EH — B (BINKH)
14:40 - 14:50 AR 1B HE (FEMZEHIRREEE FR - fAEIFtE 4 —F)

This document is provided by JAXA.




KN HE

This document is provided by JAXA.



WHAY Oh g bV VEFYYSIET MY — (JAXA (S HHE )

VYRV T L 1

rj THE UNIVERSITY OF TOKYO

IYET—aviEng

TILFR— LT

RERAEIFZZRMRER
AR F— B

Fluids Engineering Lab. FEL

>

[FL&HIZ

H-RUADE

AT DEE

mAEROTvET—avIn—o3y

HEnYIZ

FEL

This document is provided by JAXA.



FHIATZE TR SRR R JAXA-SP-10-010

FYET—2avIZBFBEIRILFRT—IVEAFEVIR

Volumetric oscillation

B-B Interaction [

&
L
. .
Temperature » ® ¢ "L
Distribution —

Internal Phenomena _ Cavitating Flow
of a Cavitation Bubble Bubble Cloud around a Hydrofoil
Micro Mezzo Macro
. FEL

o [XL&IC

- B—RBDEE
« SUBVTVRDEE]
 MAEWMOITVYET—3TO—3Y

s BHYIC
% FEL

This document is provided by JAXA.



WHKE OZ 9 bV VEFYVIIART MY — (JAXAMSHIERE) L VvRY YA 3

Time history of bubble radius

} |

S £
Z 2.0+ P = s
: ] Ry=13 um
2 /3 =02 MHz
[aa)
“;10 Po= 100 kPa
% 0.5 Ap =50 kPa
8 0 5 0 C 15 20x10°
Time (g)
T oo .
240 840 [K]
B L D
. Temperature distribution inside bubble FEL

(1) Gases inside the bubble and the surrounding liquid move
maintaining spherical symmetry.

(2) Gases inside the bubble obey the perfect gas law.
(3) Non-condensable gas obeys Henry’s law at the bubble wall.

(4) Classical theory for generation and growth of mist under quasi-
equilibrium condition is applied, because the temperature inside
the bubble does not change so rapidly .

(5) Coalescence and fragmentation of the mist are ignored.

(6) Mist has the same velocity as the gas mixture and the effect of
diffusion by Brownian motion is assumed to be small and
ignored.

(7) Viscosity of the liquid is ignored except at the bubble wall.
OF FEL
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Governing equations of
Direct Numerical Simulation (1)

O Full conservation equations in gas phase with mist

- Conservation equation of Mass

- Conservation equation of Momentum

- Conservation equation of Energy
O Nucleation rate equation of mist by homogeneous condensation
O Conservation equation of number density of mist

O Energy equation in liquid phase

O Diffusion equation of non-condensable gas in liquid

. FEL

Governing equations of

Direct Numerical Simulation (2)

Motion of bubble wall

O Equation of bubble wall motion (Fujikawa & Akamatsu, 1980)
— Considered
» Liquid compressibility (1st order approximation)
- Phase change at bubble wall

. 2R M 30 4R 4M MR 2R M
1- == SR (1 - - ——
Jru - ﬁJ — Hiw R(p w ) £
(R i Pia = Pw (Prw ‘Pc 1) — 0
ploc 2,0100 pi'oo !)Eoo C’Oo
B 4 du; . . 20 4 Mimg  Umg
Phw = Pmgw — §;ul (E - ?)m - M (”-mgu,' - H) - E - gﬂamg ( 8?" - T .
. 7 FEL
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Time history of bubble radius

Ry=13 pm
fy =0.2 MHz
P, = 100 kPa

Ap =50 kPa

R.—P. Eqn.

— Isothermal
— Switched
— Adiabatic

o ) FEL
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Radius (R/Ry)
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504

Pressure (kPa)

-50- 0 T T T
00 02 04 06 08 10 1.2

Time (ms)

. Comparison between simulation and experiment
% P P FEL
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Maximum bubble radius

0. Ry=3~40 um
fy =0.2 MHz
- po= 100 kPa
sl Ap =50 kPa
1.0_6 10 %, ) - 30 40x10°
. FEL

Time histories of bubble radius, temperature

and mist density inside bubble

Ry=13 um, f; = 0.2 MHz, p,= 100 kPa, Ap =50 kPa
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Radius (R/R,), Temperature (777,

Distributions of temperature, vapor

concentration and mist density
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Distributions of temperature, vapor

concentration and mist density
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Maximum bubble radius

£ — D ANALI->
Id — £ IVIlNL
27 p, = 100 kPa
N 5p=1.0 x 10°(Pa)
©2.0- Py —-— §p=0.5x 10"(Pa)
Q\:é L - 5p=02x10°(Pa)
o —— 8p=0.1x 10°(Pa)
15 | . If \.\."._
I .
1.0
0
o Ry [m] FEL

Spherical bubble model

Internal thermal phenomena are considered
» Mass and heat transfer through the bubble wall
» Phase change at the bubble wall
» Counter diffusion of vapor and non-condensable gas

» Mist condensation and evaporation
Matsumoto, Trans. of JSME, 1986.

» Temperature gradient model at the bubble wall
Preston et al., CAV2003, 2003.

FEL
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Governing equations

I The motion of the bubble wall (Fujikawa & Akamatsu equation) I

REl1-2R M |, Sgefg, 4 M 4R
c pc) 2 3pc 3¢

as 3 3 3 . . _ R'
_mR[l_zhm]_m[mmjﬁm Pue _Rbre g
P C pAc) p 2p, P pe

mz(pvi + Pgi _pl)204M[RmJ

P (pvi + Pgi ) R, R P
The energy conservation equation in gas phase with mist

(C M +CWMV+CV|MC);—7——pV—MV%

vg g

pl,r:R =p+ pg -

LM g,
dt or

dM
+Ah g+Ahv[dMV+dM°j+AhI dm

9 ==0
R dt dt dt

dt |

The energy conservation equation in liquid phase
The diffusion equation of non-condensable gas in liquid
The nucleation rate equation of mist

e FEL

Present model vs. DNS

. - 104 I I —l Presentlmodef
Internal gas: nitrogen E100 oo DNS |
Initial bubble radius: 2 um ©
Initial pressure: 100 kPa ) -
Initial temperature: 293 K ® 0981 : . : : T
0 2 4 6 8 10
DNS: Takemura and Matsumoto, time [us]
JSME Int. J., 1994. 100 kPa — 90 kPa — 100 kPa
IP;fv.asem‘model il Tk I = F'resent‘model |
- DNS o - DNS
- m [
x 1.2 s
- § 0.8 -
1 | E | | | 1 1
6 8 10 0 2 4 6 8 10
time [us] time [us]
100 kPa — 50 kPa — 100 kPa 100 kPa — 10 kPa — 100 kPa
o FEL
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Heating Mechanism of Microbubbles

Energy affecting the heat near the bubble [

,l
-
: thermal conduction
: temperature
: viscosity
: density

Heat deposition
a
or
Viscous dissipation

WV:4M%R.47zR2

W, =— 47R?

Acoustic emission
(RR +2R?f

W, =p -47R’

: sound speed

Energy escaping to large distances

FEL

Energy Radiation
sob —— thermal | 35
_ ——viscous | |
E QQ [ acoustic |+3.0
Rmax / Ro
% 30 ————1 425
£ 20 s 2.0
10 : """"""""" — 1.5
0 = L — B E—— 2410
2 4 6 8 10
bubble radius, Ro [pum]
Frequency :1.0 MHz
Amplitude : 100 kPa
Initial radius : 1 - 10 um
Internal gas : air

[-] 0y / xewy

FEL
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Properties of Microbubbles

Bubble radius
//_\ / (~ 10um)

Shell (material, thickness ...)

Internal gas
microbubble B———

Specific Gas Heat
heat ratio|| constant |conductivity
[-] [J/kg=K] | [mW /m-K]

Argon (Ar) 1.67 208.1 18.2
air 1.40 287.0 26.9
Sulfur Hexafluoride (SFs) 1.09 56.9 14.8
. FEL

Ar bubble

g :j:sgﬂ Frequency : 1.0 MHz
B B R/l 126 3 Amplitude : 100 kPa
. fg e ™ Initial radius : 1 - 10 um
e = GRG[_] 5 10 Internal gas : Ar
(Air bubble)
60 T 4.0
50 _ thermal 135
— —— viscous 2
E 40 acoustic [+3.0 3
YN e Rmax / R X
3 30 € max 0 o5 5
; NN 3
c 20 * 20 —
0] ) \\\\ \ i
10 Py - \ T “\ 15
0 ’_ég — ——=s¥==s ===11 0
2 4 6 8 10
bubble radius, Ro
o 3 [nm] FEL
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SF¢ Bubble

P e | 125 Frequency :1.0 MHz
B R mRen Bl 126 5 Ampiitude : 100 kPa
’ fg N I ™ Initial radius : 1 - 10 um
S AN N MM Internal gas : Ar
bubble radius, Ra [yum]
(Air bubble)
60 i 4.0
_ —— viscous ' -
E 40 acoustic |93.0 3
> 30 ”‘\\ ----- Rmax/ Ro | o5 =
1 AN\ 0 2
£ 20 0 20 —
() .'\ \ N : LN
10 et \ - ’\ \ 1.5
”’l \ .
0 4 1.0
2 4 6 8 10
: bubble radius, Ro
% [m] FEL

Acoustic emission from a microbubble

Acoustic velocity of water
o \/ n(p + B)

PL
n="7.15, B =3.049 x 103(Pa)

=1.478 x 103(m/s)

Emitted acoustic pressure from micro bubble in far field
(Fujikawa, 1979)

p = L [ZRRQ + R
T
- — (PPR + 6R*RR + QRRS)] + o(c)
Coo
o FEL
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Nonlinear oscillation of a microbubble

Ry =1.5um, p, =101.3 kPa, f, =2 MHz, Ap =100 kPa

ambient
pressure [-]

bubble
radius [-]

acoustic
pressure [Pa]

0.0 | 1;0 I 2;0 ; 3..0 I 4.0 ! 5.0
time [us]
7 Time history of ambient pressure, bubble radius
o 4 and acoustic pressure from the bubble FEL

Nonlinear oscillation of a microbubble

um, p, =101.3kPa, f, =2MHz, Ap =100 kPa
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p = % Asin(2zf,t)x10° + p,,

o

Calculation Conditions

Initial Bubble Radius, R, 2.0 [um]
Initial Ambient Pressure, p..q 101.3 [kPa]
Initial Temperature 293 [K]
Waveform of Ambient Pressure sinus
Ultrasound Frequency, f, 1.34 [MHZ]

Amplitude of Ambient Pressure

0 [kPa] ~ 1 [MPa]

Formula of ambient ultrasound pressure

2
time [ms]

FEL
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| | |
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Amplitude of ambient pressure [ kPa]
Time history of bubble radius
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Bifurcation diagram of bubble radius
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Acoustic Turbulence

frequency, f /! fO

200 400 600 800 1000 200 400 600 800 1000
amplitude of ambient pressure [ kPa ] amplitude of ambient pressure [ kPa ]
| |
—150—‘50*0 Sg -100-50 0 S0
amplitude [ dB ] amplitude [ dB ]

Power spectrum of bubble radius

e

Power spectrum of acoustic pressure

FEL

Experiment of PMs in Water (pepth = 30 m)

FEL
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Simulation Model

 Assumption

(1) Gases inside the bubble and the surrounding liquid
move maintaining spherical symmetry.

(2) Pressure and temperature inside the bubble are
uniform except the thin boundary layer near the
bubble wall.

(3) Non-condensable gas obeys Henry’s law at the
bubble wall.

(4) Viscosity of the liquid is ignored except at the
bubble wall.

o FEL

Time History of Bubble Radius

=== p_ =100[kPa] —-= p_ =200[kPa]
—— p,, =300[kPa] — p_ =400[kPa]
= p., = 500[kPa]
g 1.0
2
08
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2
Y
- 04
(0]
N
£ 02 L
S ]
0.0% L I L I l N
0 5 10 15 20 25 30
time [ms]
% FEL
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Time History of Pressure Distribution (poco=400kPa)
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Time History of Pressure Distribution (pco=400kPa)
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Time History of Emitted Pressure at 0.7 m
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Bubble Collapse and Shock Wave Formation

00.0msec
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o MIAEWMOXvET—3arIOo—T3y

« HHYIC

o FEL

Model of a bubble cloud

The following phenomena are considered.

» Compressibility of the liquid

» Evaporation and condensation
of the liquid at the bubble wall

) Spherical
» Evaporation and bubble cloud

condensation of the mist 05"}
inside the bubble

Re: cloud radius

» Heat transfer through _ i
Ry’ bubble radius
the bubble wall it S
quid
Shimada, Kobayashi and Matsumoto (1999)

o FEL
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Assumptions for a bubble cloud

Assumptions for each bubble

» The bubble cloud oscillates maintaining spherical symmetry.

» Bubbly liquid inside the cloud is treated as a continuum fluid.

» Bubbles move with the surrounding liquid.

» Coalescence and fragmentation of bubbles in the cloud are ignored.
» Viscosity of bubbly mixture is ignored in the cloud.

» The temperature of the liquid in the cloud is constant.

» Each bubble oscillates maintaining spherical symmetry.
» The pressure and temperature inside the bubble are uniform except
for the thin boundary layer near the bubble wall.

» Temperature at the bubble wall is equal to that of liquid.

» Mass of non-condensable gas inside a bubble is constant.

» Gases inside a bubble obey the van der Waals gas law.

» Coalescence and fragmentation of mist inside a bubble are ignored.

FEL

Governing equations 1

The motion of the bubble cloud interface

3 R lg. 1 R, R d R
1—R 1+ =+ — 4 —=
E D a3 G LY

The mass and momentum conservation equations

o {rz(l—a)p,u,} =0

1 a pu 10 ap
— r—zg{rz(l—a)p,ulz}+5=0

The conservation equation of the number density of bubbles

—+——{r2nub}:0

The governing equations for each bubble (The motion of the bubble wall,
The energy conservation equation, The nucleation rate equation of the mist

FEL
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Governing equations 2

I The motion of the bubble wall (Fujikawa & Akamatsu equation) !
Rﬁ[l—2R+mj+ 3 R2(1+4m_4 Rj

. 2 m) m(. - RE
_mR[l_ZR+mJ_m[R+m]+ P Pe Rbn
c pc) p 2p, el Ac

mZ(Pvi + Pgi _P|)_26_4/1|{R_mj
P (pvi +pgi) R, R Pi

Pirr =Pyt Py —

I The energy conservation equation in gas phase with mist I

T M, d
(C M +CWMV+CV|MC)£_M&_LMV%

Vg g

dM, dMm
+
dt

+Am(

dt or

r=R

I LM g, I

The nucleation rate equation of mist

% FEL

4
10 —+ Ap= 10kPa
3 ! N —+— Ap= 25kPa
— 10 ARy “x Ap= 50kPa
% 5 ! \ Ap= 75kPa
= 10 / /\ Ap = 100 kPa
A% o (&% / §\77‘+Ap=125 kPa
o / YR
I>-< 10!; /Y ‘4553%‘ i % p= _'_
2 10 -
10-2 L1 T

! 10° 10° 10*
frequency [kHZz]

10

Maximum pressure inside the bubbles in the cloud
% FEL
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Natural modes (Ap = 10 kPa)

& T 20 ' | ]
2 z
&£ $ 10
¥ ~ o
o ]
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2 g -10 - .
8 _ o f =600 kHz
o Z - . A o ey i 1; i o IR 1 "

0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0

radial coordinate, r/ R, [-] radial coordinate, r/ R, [-]

Water pressure inside the bubble cloud

/_(Natural mode shapes)

- 1.0 7 T T T T \
Linearized analysis of a spherical bubble f::Fﬂls L
cloud (d’Agostino & Brennen, 1989) E
« Continuity equation Eoof —"=1 =
* Momentum equation % = i |
\ " Rayleigh-Plesset equation " radalcoonnate, 1R, H )
o FEL

4 :
10 —+ Ap= 10kPa
- : - Ap= 25kPa
S ;
10 \‘ “x Ap= 50kPa
. m Ap= 75kPa
10 ; \ Ap =100 kPa
1

\ —8— Ap =125 kPa

/ £ WAl
o ,L_ , ﬁ.;_;;:j%ﬁﬁé%;%

\ .

(pbmax = Ppo ) / Ap [']
=

10" 10° 10° 10*
frequency [kHZz]

Maximum pressure inside the bubbles in the cloud fgf
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Pressure wave in the bubble cloud

= r T T T T 1 T T J !
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pressure [MPa
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The sloshing and following wave breaking observed in the experiment (Case 9)
were appeared also in the computation.

As to the surface deformation, not only the earlier period of excitation,
the shape of wave caps were well reproduced in the computation,
even after the occurrence and settlement of wave breaking.

At the same time,
it was found that the bubbles and droplets smaller than the grid scale
were not resolved in the computation.
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Before the occurrence of wave breaking,
since the contours of T were almost parallel curves to the liquid surface,
heat conduction was found to be dominant in the temperature stratification
near the interface during this period.
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When the wave braking took place in the following period,
shear flow and vortices were induced and found to disturb
the temperature stratification near the surface.

The convective heat transfer was thought to be dominant in this region.

At the same time,
the vortices accompanied by the droplets mixed
almost whole region in the gaseous phase.
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It was suggested that
the large deformation of liquid surface induce shear flow and vortices
which enhance convective heat transfer,

and that
the magnitude of heat flux and dropping rate in pressure become
much larger than that in the early period of excitation.
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$ ACTIVE STORAGE
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Pratt & Whitney

A United Techrologees Company

OVENRIEW, OF
Rratt & Whitney Recketdyne

IVIedeling & Simulation! Practices

M uId Propellant:Recket Engines

New Horizon of Rocket Engine
Modeling & Simulation J

|| September 28, 2010

Munir M. Sindir, Ph. D. Iniver<i ' £
Director UﬂlVGI’SIty of Tokyo NP
Engineering Technical Disciplines N TSR \\\‘\

Pratt Whitney Rocketdyne NG o \\ ;
United Technologies Corporation NSNS l \\\1 \

818 586-1627 N U
Munir.sindir@pwr.utc.com — g

Pratt & Whitney Rocketdyne

Rocket Test Video

» Liquid Rocket Engine Characteristics

* Key Rocket Engine Components
* Function
* Physics
» Examples of Current Modeling & Simulations Practices
» Engineering Needs & Technology Gaps

Challenges in Rocket Engine Development & Future Direction

Pratt & Whitney Rocketdyne
Page 2
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Development is Challenging

, Thaenargy rsleased by thise of Spate Shutie
Wain Engines is squivishent o the outpst of 21
Hoever Dans.

* Tremendous Power Output

3 Space Shuttle Main Engines (SSMEs) produce
as much power as 23 Hoover Dams

37 Million
puch Soure e Brgine 440 Horsepower!

=

* High Power Density

Thrust produced by a single SSME
is more than 20 F-15 turbofan engines

- P « Extreme Environment

= SSME operates at greater temperature extremes
o than any mechanical system known to man
e ——— (from 6000° F in the combustion chamber to fuel at

-423°F just a few inches away)

ratt & Whitney Rocketdyne Attention to Every Detail is Essential

Page 4

Typical Liquid-Propellant Rocket o

Engine Components
il Staged Combustion Engine Cycle (e.g. Space Shuttle Main
Engine)
Externals & Feed System _

=
* Manifolds
* Ducts
* Valves Rotating Machinery
* Turbopumps
Thrust Chamber

(high & low pressure)
* Preburners

* Main injector
* Combustion chamber
* Nozzle

New Engine Development Cycle
Conceptual Design ~ 2-4 months
Preliminary Design ~ 6-8 months

Detailed Design ~ 12-14 months

Pratt & Whitney Rocketdyne
Page 5
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Rotating Machinery

Typical Turbopump Cross-section (SSME HPFTP)

Rocket engine rotating machinery generally consist of pumps
driven by turbines (turbopumps). The function of the turbopump
is to receive the liquid propellants from the vehicle tanks at low
pressure and deliver them to the combustion chamber at the
required flow rate and injection pressure.

Pratt & Whitney Rocketdyne
Page 6

Turbine Blade Cascade
Crossover

Duct

Stationary elements
that convert kinetic
energy imparted on
the fluid by the
rotating components
to the static pressure
as well as provide the
correct flow angles
to the downstream
elements

Blade cascade that provides
the power to drive the pump

Inducer =

The axial inlet portion of the
turbopump rotor whose function Impeller
is to raise the inlet head by a
amount sufficient to preclude
cavitation in the following stage

Volute

Scroll type devices required

to capture the flow out of the
turbopump stages and direct
it into the downstream piping

Centrifugal flow devices that change system

the flow direction from axial to radial
and impart kinetic energy by doing

Pratt & Whitney Rocketdyne .
Y Y work on the fluid

Page 7

This document is provided by JAXA.



34 FHIAZE TR SRR R JAXA-SP-10-010

=

< Pratt & Whitney

& Lo

Turbopump Physics =

Rotating machinery flows are among the most complex internal flowpaths

» 3D, large regions of separation, strong flow non-uniformities

» May contain incompressible, subsonic, transonic and even supersonic
flows within the same turbopump

* High speeds of rotation (e.g. 38,000 RPM for the SSME HPFTP) create
a highly turbulent, and strongly anisotropic flow dominated by vortical
motions, separated boundary layers and vortex shedding

» Multiphase flows (cavitation in inducers and liquid-gas mixtures around
some types of bearings) are also observed

» Extremely high dynamic loads and thermal gradients (e.g. temperatures
change by ~ 2000° R within a few inches)

Pratt & Whitney Rocketdyne
Page 8

Centaiftgal Pump Moedeling

and Simulation - Aerothermal

it

Advanced Pump Designs + High efficiency single-stage and multi-
/ - stage centrifugal pumps for high power
density applications

+ SSME, RL-10, J-2X, RS-68
+ Excellent rotordynamic environments
* Hydrostatic bearings
* Long life, high-speed turbopumps
» Cavitation-free axial inducer research
* Active and passive tip-vortex suppression

* Advanced pump design and simulation
tools, DigitalTurbopump
+ 1-Billion node flow simulation
demonstration using commodity hardware,

Advanced Simulation Capability
collaboration with Microsoft in 2007
AIAA-2004-2641 * Rotor-stator interaction

I “ + Cavitating flows

Near Tip Vapor Distribution » Coupled propellant tank and feedlines
High NPSH  Low NPSH

Pratt & Whitney Rocketdyne
Page 9
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Turbine Moedeling and Simulation|  $e fetts ey

-

= Ae othermal

MB-XX Flange-to-Flange Simulation

» Applied to several booster and upper
stage liquid rocket engines — validated
with multiple data sets

* SSME, J-28, J-2X, RS-68, RS-68A

» Advanced turbine design and simulation
tools provide advanced analysis
capabilities

» Subsonic and supersonic turbines

* Fully unsteady rotor-stator interaction

» Single- and multi-stage analysis

» Periodic sector and “full-wheel” analysis
with large high-resolution computational
grids (¢ 100 million grid cells) NASA TPO Validation

* Provides unsteady loading for -
complementary structural analysis

Suati Prowiare (pe)

Pratt & Whitney Rocketdyne
Page 10

L

Turbepump Modeling and 2% rmtam@
__Sim;”uljation — Structures & Dynamics =

R Parametric Design Meth nd Tool
obust Bagametric Desig ethods and Tools State of the Art Analytical Design Technologies

Flight validated structural solutions over wide
range of rocket engine turbopump pressure &
temperature environments

Unsteady dynamic pressure analysis linked to
turbine life prediction for full whéel geometry

< Cavitation free inducer design & analysis
Efficient turbine damper technologies
Low leakage seal design & analysis

« Transient load prediction for journal bearings

Integrated Pump &
Rapid 3D Meshing and Stress Analyses Turbine Analysis & Optimization

Pratt & Whitney Rocketdyne
Page 11
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Turbopump Engineering Challenges 3 & Whitney

& Technology Needs

* Ability to rapidly predict the flow and thermal environment in the entire
turbopump (a CFD challenge — dynamic grid adaptation; highly efficient
solvers for 3D transient mixed flows; workable turbulence models; PC-based
parallel computing capability (~ 1000 PCs); and large database management &
postprocessing technologies)

Interfacing CFD predicted flow and thermal environments and loads with
stress and structural dynamics codes and material databases to determine
part thickness, yield and failure limits, and margins of safety (dual

challenge — CFD has to provide what stress needs, stress has to understand

CFD’s limitations and areas of uncertainty)

Understanding turbine disk instability mechanisms including acoustic
excitation

* Developing a user-friendly methodology to include secondary (thermal)
stresses in fracture mechanics analysis

« Acquiring quality test data and experiments to validate models and predictions

Pratt & Whitney Rocketdyne
Page 12

%‘% Pratt & Whitney

Thrust Chamber—

Injector Main Injector
Elements

Combustion
Chamber

Thrust chamber assemblies consist of three major components:
the injector,the combustion chamber, the nozzle. The injector delivers the fuel and
oxidizer to the combustion chamber through gas-gas, gas-liquid, or liquid-gas
injector elements. In the combustion chamber, the fuel and oxidizer
are injected, vaporized (if necessary), mixed, ignited, and burned. Once the
propellants are combusted they can be expanded through a convergent-divergent
nozzle producing thrust in the process.

Pratt & Whitney Rocketdyne
Page 13
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FY T

ThrustChamber Physics

o

Rocket engine thrust chamber design provides many challenges

» Spray combustion process encompasses many physical processes of
different types, temporal and spatial scales, tightly coupled to each other
(two-phase mixing, combustion, turbulence, kinetics, instabilities) making
environment definition and modeling very difficult

« Extremely high heat loads require exotic materials and active cooling

» Transient phenomena can lead to severe instabilities in the combustor
and nozzle

» Performance and durability issues require trade-offs and limit the
design envelope

» Test data are difficult and very expensive to obtain

Pratt & Whitney Rocketdyne
Page 14

)

Thrust:Chamber Modeling and el el

Simulation - Aerothermal

State of the Art Analytical Design Technologies at PWR
Computational fluid dynamics (CFD) (mixing, vaporization,

Thrust Chamber Assembly Analysis - combustion & nozzle performance and loads)
Selected Mechanistic Models * Boundary layer codes

* Gas and liquid film cooling
Injector Acoustics + Linear stability analyses (baffles, injector, cavities)

* Finite element acoustics
Igniter design tools
Atomization / Mixing «  Thermal protection system analyses
+ Disciplined / integrated engineering design processes

Nozzle Start-up Transient Load Analyses

Contour 1

Contour 2

Manifold and Injectof
Elent Contour 3
Baffled Injector Acoustic

Response

Pratt & Whitr
Page 15
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Thrust.Chamber Modeling and 2# P !%W'"}_'"?h*
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Sim;'uljation — Structures & Dynamics

State of the Art Analytical Design Technologies

Flight validated structural solutions over wide
range of rocket engine thrust levels

« Expert structural analysis proficiency in strength,
fatigue, fracture, dynamics, creep, plating, brazing
Small & welding
‘ Thrusters « Large system dynamic interface load and

environment prediction for random, sinusoidal,
shock and acoustic loading sources

. Hi?lh frequency accelerometer and strain gage data
co

Upper Stage ection, analysis & storage

+ Automated multi-disciplinary analysis and i
optimization system for nozzle and chamber design

ooster Stage

Rapid 3D Meshing and Stress Analyses Detailed Analyses & Optimization

Generation 1 Generation 7

Pratt & Whitney Rocketdyne
Page 16
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Thrust Chamber Engineering . !’:?“8'"‘_!.._"E,.E;;;E?*r

Challenges & Technology Needs

Ability to rapidly predict the flow and thermal environment in the combustion
chamber (another CFD challenge — dynamic grid adaptation; highly efficient

solvers for 3D transient mixed flows; workable turbulence models; mechanistic
combustion models & correlations; PC-based parallel computing capability (~ 1000 PCs);
and large database management & postprocessing technologies)

Interfacing CFD predicted flow and thermal environments and loads with
stress and structural dynamics codes and material databases to select
materials and coatings, yield and failure limits, active cooling requirements,
and margins of safety (triple challenge — CFD has to provide what material scientists
and stress engineers need, and they have to understand CFD’s limitations

and areas of uncertainty)

» Chamber durability and injector performance
» Combustion stability especially with hydrocarbon based fuels
» Acquiring quality test data and experiments to validate models and predictions

Pratt & Whitney Rocketdyne
Page 17

This document is provided by JAXA.



WEKY ¥y bV VETFTYVVYIIRT M) — JAXAMSHIEERE) v VRV YA 89

¢ Pratt & Whitney

Externals & Feed System

Fuel Flowmeter

Propellant Feed System is an assembly of ducts, valves, pipes, and manifolds that
deliver the propellants to the turbopumps from the fuel and oxidizer tanks and
then from the turbopumps to the combustion chamber.

Pratt & Whitney Rocketdyne
Page 18

« Pratt & Whitney

ot Uy

Externals & Feed System Physics PN

These are largely incompressible internal flows in complex geometries

» 3D, large regions of separation, strong flow non-uniformities

+ Strongly anisotropic flows dominated by vortical motions, separated
boundary layers and vortex shedding

» Two phase (liquid/gas) flows may occur in some valves

The challenge is to minimize the flow non-uniformities, total pressure
drop, and the static & dynamic loads across the system

* The goal is to minimize weight

Pratt & Whitney Rocketdyne
Page 19
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Lines/Fuel Systems Controls

System Modeling and Simulation

Active and Passive Thermal Control

‘ SpeCIaI purpose, custom programs Fuel System Chilldown, Lines and
Externals Modelin
* General purpose tools- SINDA/FLUINT, 9

Excel . * = =

» Transient thermal & conjugate hydraulics

* Built-in pressure drop and heat transfer
correlations (SF)

* Pump performance curves (SF)

* Capillary devices

* 2-phase flow

* Fluid mixtures

¢ SINDA/FLUINT enhancements

* Process dynamics & control system
algorithms

» Advanced accumulator transient
simulation methodology

* Extended fluid property databases
including cryogenic propellants

Pratt & Whitney Rocketdyne
Page 20

Externals & Feed System L Pratt& Wh ney

s

Engmeermg Challenges & Technology Needs

* Ability to rapidly predict the flow environment (a CFD challenge — dynamic grid
adaptation; highly efficient solvers for 3D transient mixed flows; workable turbulence
models; PC-based parallel computing capability (~ 1000 PCs); and large database
management & postprocessing technologies)

* Interfacing CFD predicted flow environments and loads with stress and
structural dynamics codes and material databases to determine
part thickness, yield and failure limits, and margins of safety (dual
challenge — CFD has to provide what stress needs, stress has to understand
CFD’s limitations and areas of uncertainty)

» Acquiring quality test data and experiments to validate models and predictions

Pratt & Whitney Rocketdyne
Page 21
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=

New Rocket Engine Development . "'3“8""“.3'_‘3*

Prog@_rams Face Many Challenges

hert 1o

* New engine development is expensive and requires multi-year commitment

* Product integrity and performance can not be comprised in any way —
especially in human flight

* However cost needs to be considered as an independent variable to
establish the business case (go, no-go decision on the program)

* The design process is still a mix of engineering, science, experience, & art

» Since the SSMEs there has been no new flight engine development in the
USA for a quarter of a century until the RS-68 engine (first flown in 2003)

Pratt & Whitney Rocketdyne
Page 22

Critical Issues in Rocket Engine L

Development - Technical

Lt v

+ System level design and analysis capability
« Component level (e.g. turbopump) vs sub-component level design
(e.g. impeller) considerations - entire engine being the ultimate goal
» Fast enough to enable tradeoffs early in the design cycle

« Efficient and accurate simulation of dynamic flow phenomena and loads
« Start-up and shut-down transients
* Nozzle side loads, structural response to off-design loads
* Instabilities (combustion and flow driven)

» Quantification of risk and uncertainty
* Tool validation/verification/calibration issues
» Scarcity of benchmark quality data
* Limited success in modeling key phenomena (e.g. turbulence)

Pratt & Whitney Rocketdyne
Page 23
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Criticaldssues in Rocket Engine L o all

Development - Other.

Lt v

» Experience base diminishing
» Current SOP blends experience, new tools, art and science
» Experienced resident with key people retired or about to retire
* Knowledge capture not progressing fast enough

* Less testing, more modeling
» Cost considerations significantly reduce development testing
* Programs assume first time success
* No margin for error

* Rocket propulsion industry is changing
* Driven more by the commercial market (fixed cost deals)
* Global competition
« Significant investment of Company resources required to stay competitive

Pratt & Whitney Rocketdyne
Page 24

New Processes are Changing the g%°

T_raditional Design & Analysis Practices

Lt v

* Boundaries between design phases are shifting
* High fidelity analysis is being pushed earlier into the design
cycle due to increased computer speeds and automation
 Tools from detailed design (3-D CFD and FEM stress) are
now being used in preliminary design
* Preliminary design cycle times for some disciplines are
approaching conceptual design cycle times

* More demands are being placed on system level tools
» Operate in scalable heterogeneous computing environments
» Control expensive analysis codes
» Support optimization techniques utilizing more variables
* Guide multiple disciplines

Pratt & Whitney Rocketdyne
Page 25
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"

New Processes Enhance Engine . Pratt& Whitney

Reliability while Reducing Development Time and

Cost

History 73% of program cost related Where We Need to be
Cost to Test-Fail-Fix cycle Cost

/-EliminnhFl'ImHudn

Engineering Support

Concurrent Dasign 4  ertfication
Engineering & 4
Snghserieg Supic Robust Design '
Time  Practices Time

« Streamline design, analysis, & test processes

* Identify all possible failure modes early

* Fully explore the design space

* Account for variabilities

 Quantify risks, sensitivities, margins, system & component reliability

Pratt & Whitney Rocketdyne
Page 26

"

PWR Rebust Design Computational % a““‘_!!'fi_:__f*

Sysstem(RDES)

RDCS Strength Is Equal Parts Design Algorithms, Code Integration

Interface to i
: Interface Paradigm
. = Min Cost, External oM
Design/ Analysis Approaches Weight s to Test
- s : Data and Test
Max Processes
Reliability (e.g. Design
Reliability Interface to Explorer)
; Based ROE0
Min cost, Risk -
Weight R Ranking
9 Reliability EEG
i itivi il Max Robust External
Typical Sensitivity
Case Variable Space Performance Probabilistic |Optimization| ~Design
WS Ranking _cxploration | Probabilistic | Sensitivities Process
Case ] Deterministic Analysis Interface
perermimSTE | Sensitivity | aoaoy | OPUMiZation
Design ATy Scans Under Development
e Nk

RDCS System

” Parametric Analysis of a Set of
Multidisciplinary Codes
Connected Together

CODE 3

Sequential, Parallel and Iterative Closely e TP ;
Coupled Codes Networked Together Distributed Computing Tlmely

Pratt & Whitney Rocketdyne Results
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Major Components of Multi-Disciplinary, g fetts Whitne
AnalysSIS; Optimization and Design Erameworks

» Automated Multidisciplinary Workflow Modeling
« Significantly reduces the design cycle time

« Captures correlations and facilitates a consistent design

* Gradient, Genetic and Robust Design Optimization
« Weight minimization and performance maximization

« Reliability based optimization of designs

7]

ney

A Lina

o a qa °
[

A) Partial and Full Factorial Designs B) Design of Experiments

* Design Space Exploration

+ Systematic evaluation of design alternatives
and sensitivities

« Efficient sampling in high dimensional space

« High Performance Computing
« Suite of Linux clusters
« Use of high fidelity models

« Parallel computation

« Efficient optimization technologies in multi-dimensional
Space

Pratt & Whitney Rocketdyne

ISS Thermal Management System

e -

Z Pratt & Whitney

Modeling and Simulation
- i Automated Thermal System for Space-Based Platforms

RDCS (Robust Design Computation System)

Automated TSC (TRASYS-SINDA Cycle)
screening
parametrics: . Automated | ORBIT SETUP |
- orbit angle analysis cycle 1
-+ altitude « Multiple orbit ﬁé\gingON ANALYSIS
1SS setup tools 1
i i * Orbital
Z:;g: o mechanics :T\IAFDEIQE,IA%TN%ESULTS

* Hundreds of
cases with
single submittal

* Environmental T
heating THERMAL MODEL

» Radiation TEMPLATE UPDATE
. interchange
* Massively & 1}
parallel * Detailed THERMAL SOLUTION
. temperature (SINDA/FLUINT)
processing
response

Total Productivity Increase ~ 20:1

Pratt & Whitney Rocketdyne
Page 29
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tney

Some Closing Thoughts

A

* The future of Space Transportation will be controlled by market forces in
military, commercial, scientific applications

« Safety and Reliability are essential but cost will be the discriminator
(both non-recurring and recurring costs will be considered)

» Upcoming decision on the direction of the US Space Program is critical
* New NASA vision seems to favor more international collaboration
* Global competition will however intensify especially in the commercial market

* Future development programs will rely heavily on system level thinking,
robust design principles, multidisciplinary analysis and optimization, and
on the use of high fidelity predictive tools even in the conceptual
design cycle

» Development testing will be significantly reduced in favor of large scale,
high fidelity simulations and virtual engineering practices

Pratt & Whitney Rocketdyne
Page 30
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N

New Horizon of Rocket Engine Modeling and Simulation
September 28-29, 2010, Tokyo

Astrium ST's L|qU|d Propulsion Herltage and
Simulation Capabllltles

- Oliver Knab

Astrium Space Transportation
Development Launeher Propulsion -
Head of System Analysis

TP24-P-167/2010

“Astrium Spacé-Transportation, Ottobrunn

© ASTRIUM

AN EADS C°OM

All the space you need

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
EADS - The Company

Propulsion & Equipment

EADS - The step beyond
EADS

Airbus Eurocopter Astrium Cassidian
Airbus Military

European Aeronautic Defence and Space Company

——————

All the space you need Q ASTR'UM

September 2010 p2
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Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Astrium’s Activities within the EADS Group

Astrium:

= 15000 employees
in France, Germany,
the Netherlands,

Airbus

Airbus Military

Eurocopter

Spain and the UK

_

Astrium Space
Transportation

= ranking first in
Europe, third in the
world

Astrium
Services

Astrium
Satellites

= € 4.8 bn turnover in
2009

= shareholdings in
Arianespace (Ariane
launcher), Starsem
(Soyuz launcher)
and Eurockot
(Rockot launcher)

© ASTRIUM

uipment

Operator:

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
European Access to Space: Europe’s Launcher Family

Arianespace Starsem Eurockot Arianespace

i
i
&
B .
L ]
i ]
i ¢ o
_ :
Ariane 5 ME Ariane 5 Ariane 5 Soyuz Rockot Vega
(in development) ESC-A (de-commissioned
by 2009)
GTO capability
( 12t 10t 6t 24t/3t | LEO capability
>20t 25t/5¢t 11t 15t
300 km - 51°6 1,400 km 700 km 700 km
© ASTRIUM
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Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Astrium Space Transportation (Astrium ST)

Propulsion & Equipment

(=
EADS
Airbus Eurocopter Astrium Cassidian
Airbus Military
{ Transportation
[ | | |
Business Division Business Division Business Division Business Division Business Division
Defence Launchers Orbital Systems Propulsion & Competence
& Exploration Equipment Centre
Functional Unit Functional Unit Functional Unit Functional Unit
Technical Strategy &
Authority & Market Prograr_nme Compa_ny
Quality Development Sourcing Integration
All the space you need 9 ASTR' UM
September 2010 p5 <

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Astrium ST’s Product and Capability Portfolio

Propulsion & Equipment

(=

Ballistic missiles, missile defence

Launchers: Ariane, Soyuz, Rockot, Vega

Future launchers

Orbital systems: Columbus, ATV, Operations,
Atmospheric re-entry systems

Propulsion & equipment

System design, system integration &
production

T ———— (&) QSRIUM

September 2010 p6
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Astrium’s Liquid Propulsion Heritage & Simulation Capabilities

Propulsion & Equipment
From MBB via DASA to EADS

Year Company

1955  Ludwig Bolkow (helicopter & airplane development) >

1965  Bdlkow GmbH (also missiles and space propulsion) QQ

1969  Foundation of Messerschmitt-Bélkow-Blohm (MBB)

1981 MBB-ERNO (merger with the Northern Germany space company)

1989  Deutsche Aerospace DASA (subsidiary of Daimler-Benz) v
1995 Daimler-Benz Aerospace Q?‘:o
{1998 DaimlerChrysler Aerospace

2000  Foundation of EADS (merger of the German DaimlerChrysler
i Aerospace, the French Aerospatiale-Matra and the Spanish CASA) S
2003  Reorganization of space activities = EADS Space Transportation Q,V’o
2006  Reorganization of space activities = EADS Astrium

Allthe space you need Q ASTR'UM
September 2010 p7
R Astrium’s Liquid Propulsion Heritage & Simulation Capabilities

south)
1959

1955

Allthe space you need

September 2010

i &
(development ring

~ December 1966

Astrium’s Propulsion Heritage and Business

15 hydrogen

December 1992

HM-7/B engine
LUELEY S
upper stage

1985

HM-7 engine
Ariane 4
upper stage

27 kN engine
ELDO upper stage

1995

1% fluor engine
in Europe

LOX/H2 or HC Staged
1990 Combustion Engine
Ariane 5 upper
stage EPS with
Aestus engine

Roll control
system (SCA)

1% staged
combustion
cycle P11
LUELEY )
1966/1967
S
19700 . ©

. Pastfiight of
. & the Ariane 1

1965

400 N bipro=
pellant engine
for postioning
the Eldo
upper stage

i

1966/1967

1960

1%t hydrogen ;
engine in Europe " Vulcain

EPC A5

Y June 1968

Hydrogen high pressure

Maiden flight
thrust chamber (280 bar)

Dec. 1979

Aug. 1984 June 1988 October 1997

© ASTRIUM
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Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
LOX/Kerosene Heritage: The P111 Engine

Propulsion & Equipment

= Development 1956 — 1967 by former Bélkow GmbH.

= Feasibility demonstration of a LOX/Kerosene, staged
combustion cycle, ox.-rich preburner.

= Single shaft turbopump, axially integrated with
preburner and main chamber (for interceptor aircraft
integration )

. = LOX-regenerative cooled main chamber.

= Copper liner with milled cooling channels, electro-
deposited copper and nickel close-out for high
pressure applications.

= Main performance data:

Feea = 49 kN
p. = 85 bar
Ppg = 116 bar

All the space you need
September 2010 p9

ene = 10.6
OfF e = 2.7
Tog = 920 K

© ASTRIUM

Propulsion & Equipment

= Began in early 60s

= Data Exchange
Agreement in 1962

= Modified Master
Data Exchange
Agreement in 1967

= Success of 1968
testing was a key
factor in NASA
decision to award
SSME to Rocketdyne

= Also a key factor in
Germany’s propulsion
industry becoming a
European leader in
thrust chamber design
and production

All the space you need
September 2010 p10

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
LOX/H, Heritage: The Bord 1 Thrust Chamber

BORD 1 — BOelkow/RocketDyne

‘@ l'l e T e e e

BORD 1 / P320
LOX/LH2 HIGH PRESSURE THRUST CHAMBER

Achieve ments
First cryogenic rocket thrust chamber  § \ 3
with 4,090 psia (282 bar) chamber
pressure - WORLD RECORD

Feasibility of milled coppor thrust

ated

P
with hydrogen cooling

Feasibility of face-cooled,
coaxial injectors at high pressures
demonstrated, no film-cooling

Stable combustion over
wide mixlure ratic and
chamber pressure range

=130 kN, p, = 283 bar, O/F,,cc = 6.0

sea

© ASTRIUM
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Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
MBB / DASA Ottobrunn Thrust Chamber Background

Propulsion & Equipment

= |nvention and Patent for
Regenerative Cooled Copper
Combustion Chamber Liner

= Successful LOX Rich Preburner
Staged Combustion Engine
Demonstration — P111

= J-2 Engine Coax Injector
Technology acquired through
Cooperation with Rocketdyne in
BORD-1 Program

——————

All the space you need Y gASTRlUM

September 2010 p11

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Astrium’s Current Rocket Propulsion Portfolio

Propulsion & Equipment

0.5N 1N 2N 5N 20N 400N 4N 10N 200N 400N/500N

System SCA
Main Stage

Vulcain 1/ 2 Thrust Chamber
for Main Stage

© ASTRIUM

* HM-7B Thrust Chamber  Aestus Engine
.for Upper Stage ESC-A...Upper Stage EPS

All the space you need
September 2010 p12
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Propulsion & Equipment

Status Pre-development
Engine 3 — 8 kN Storable
Pressure Fed
Engine
i Astrium ST Includes foreseen
participation ~ development, test
and production of
the engine
[ Thrust 4-8KkN
i Propellants NTO/MMH
| Performance > 320 sec

All the space you need

September 2010 p13

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Upper Stage Propulsion Pre- and Development Activities

Pre-development
Aestus Il / RS-72
Storable Turbo-

pump-Fed Engine

Pre-Development
ROMEO LOX/CH,
Gas Generator
Cycle

Includes foreseen
development, test
and production of the

Includes foreseen
development, test
and production of

the engine engine
35-65kN 420 kN
NTO/MMH LOX/CH,
> 338 sec > 345 sec

Development
Vinci Engine
Ariane 5 ME
Upper Stage

Development, test
and production

- thrust chamber
- LOX/LH, -valves

180 kN
LOX/LH,
464 sec

© ASTRIUM

Propulsion & Equipment

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Engineering Competences for a Huge Field of Application

= Engineering capabilities 5
480 T needed for a huge field of £ 20
460 - application, including also L §
LOX/HC engine studies 2
440 A
420 A
8
2 400 1 Z
[0) 1 O
3 =
3 380 - s
€ = : %
S 360 ﬁﬂﬁ n%i\ - i 25
= 3 S eS8
(] - o
2 340 g J /\
oy =
< = S
300 (%) (%) &
280 /N JAN
5 S RCS and LAE Thruster Upper Stage Engines Main Stﬁgp Engines
1 10 100 1000 10000 100000 1000000 10000000
g vacuum thrust / N (log. scale)
All the space you need e ASTR'UM
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Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
TP2 — Programmes & Functional Responsibility Matrix

Propulsion & Equipment

TP2 Programmes
Launcher Propulsion
Development TP21 TP22 . TP23
G Systems Technology Booster Propulsion Upper Stage & In
. Langel & R&D Programmes Programmes Orbit Propulsion Prog.
D. Preclik R. Nicolay G. Hagemann
TP21
Systems Technology
& R&D Programmes ® ® ®
D. Preclik
TP24
= System
2 Analysis —@— A ®
o 0. Knab
i L=
= TP25
= Engineering
L Analysis @ @ o
M. Terhardt
TP26
Engineering
Design @ ® o
G. Taubenberger
All the space you need Q_;/ ASTRIUM
September 2010 p15

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Propulsion Engineering Analytical Efforts

Propulsion & Equipment

| Propellant Performance / Fluid Properties

| Engine Cycle Optimization

| Turbopump Performance

| Thrust Chamber Performance I/ Englne
| Injection / Combustion Modeling |
| CC / NE Contour Optimization | focus of \ .
| Heat Load Management | presentation Propulsmn
System

Thermo-mechanical Analyses

| CC High Frequency Stability Analysis |

| Propulsion Feed System Performance

Engine and
| Engine Transients Analysis Feed System

| Prop. System Chugging Stability Analysis

| Dynamic Feed System Analysis

All the space you need b ASTRIUM
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Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Engineering Tasks of a Rocket TCA Responsible

Equipment

Among others, main engineering tasks during a TC trade or development phase are:

= Sizing and contouring of combustion chamber and nozzle
extension (I, e, exe)

= Definition of injector pattern and injector element configuration

= Evaluation of heat
transfer into CC & NE
cooling circuit and

= Assessment injector face plate

of additional
heat management
devices such as film
cooling, thermal barrier
coating, transpiration
cooling, etc.

= Tailoring of cooling
channels and wall
thickness distribution
to fulfill pressure
budget and life
requirements

= Performance optimization
I, Life, Reliabili ,0St)

© ASTRIUM

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Astrium ST’s Thrust Chamber Simulation Practices

Equipment

3D heat transfer into
structure and coolant

3D channel
inflow

3D injection
element flow..

poony ) V0 100 Vi 2 50 300 31 400 44 A6} M) e e T TG BOK)

3D injector head flow

3 nster

3D combustion & heat transfer

© ASTRIUM
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Propulsion & Equipment

Hot-gas side
heat transfer

parties without prior

Coolant- side
heat transfer

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Astrium’s Combustion & Heat Transfer Simulation Tools

Misha o

MZV\)G at340s
Rocﬂam»l\lCFX

*

End of cylinder |

w

| Outow

Uﬂ\

Throat |
-

RCFS-II

Rocflam-II

CFX

Advanced boundary layer
approach, equilibrium
LOX/H,, LOX/HC,
MMH/NTO chemistry, 2D
flow expansion

v

2D/axisym., multi-phase
Navier-Stokes code,
propellant disintegration
and evaporation, turbulent
LOX/H,, LOX/HC,
MMH/NTO combustion

/

Nusselt-type correlations
coupled with 1D/2D
structural heat conduction
computation, analytical

pressure drop modeling

I

3D Navier-Stokes code,
dense gas turbulent LOX/H,
combustion

V'

Restricted to heat
conduction through walls
and radiation cooling to
environment

3D Navier-Stokes code,
fluid/structure coupling, H,,
CHy,, N, H,O real gas fluid
properties

All the space you need
September 2010 p19
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Astrium’s Liquid Propulsion Heritage & Simulation Capabilities

The Rocflam-ll Spray Combustion Tool Features

= compressible, sub- and supersonic flows

= k- & turbulence model
= 2-layer model or logarithmic wall function
= compressibility effects

= chemical reaction models

- multi-step global reaction schemes
(turbulence & kinetically controlled)
= Hydrazine/NTO, MMH/NTO, LOX/H,

- Presumed PDF with tabulated equilibrium
chemistry

= LOX/H,, LOX/HC
= Air/H,, Air/Kerosene
= Air/HTPB, LOX/HTPB

= real gas data
- down to the injection temperature

- for temperatures below the boiling/melting

temperature: treatment of liquid water and
ice as dense gases (quasi-condensation)
= Lagrangian partical tracking (Stochastic
Separated Flow model)

- multi-class, bi-propellant, discrete particle
injection and sequential tracking approach

g = supercritical LOX & Methane gasification model

All the space you need
September 2010 p20

= annular liquid film cooling model

= advanced droplet-to-wall / film interaction model
= secondary droplet break-up

= viscous heating, species diffusion

= heat conduction in solid walls & radiation

= porous walls and crack simulation

= standard Jannaf property data base

= coupling with Astrium’s RCFS-II code

(Regenerative Coolant Flow Simulation)

= 3D conjugate heat transfer analyses by coupling

with commercial CFX CFD software package

= 2-D, axisymmetric, finite volume

= Favre-averaged Navier-Stokes

= SIMPLE algorithm (pressure correction)
= implicit Stone solver

= structured,

= non-orthogonal

= curvilinear meshes
= multi-block

© ASTRIUM
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. Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
L_ Key Issue: Droplet/Spray Initialization

“virtual” H, droplet parcels
evaporating instantaneously

A

LOX droplet parcels

3
2

LES simulation
(J. Oefelein):
Sommerfeld
experiment

Astrium’s methodology of spray initialization 0.04

| & Method is suited for liquid, transcritical wa
and gaseous propellant injection (LOX/H,,
MMH/NTO, LOX/CH, and LOX/Kero)

= Method is suited to initialize droplets ] ROCFLAM simulation oﬁ High resolution
on injection rows for 2D simulations e ot 10 bar

© ASTRIUM
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L Development Philosophy for Hardware & Tools

2

=

T

c Eullseale BEngine—

(0] Tests

[}

(0]

a

(0]

o Laboratory Tests

Complexity

Fullscale Multi-Element

!

model verification

e —— Subscale Multi-Element mode validation
-~ Single-Element )
Allthe space you need © ASTRIUM
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Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Astrium ST’s Subscale Thrust Chamber Hardware Portfolio

Propulsion & Equipment

Injector Hardware
2
l: MCC Hardware
_§ £ @ NE Hardware
= 2| 2 S
S| o £ B 3 3 ®
o (5 = & = E 5
HEIRIEIE IR 2 5| B 3
£ | B| 5| = 5| = 3| & =
g§| 2| 2| 2| g| 2 = HEAR ~ | 8| B« g
S| &| o &| 8| £ e| 2 HEE =|E[S|&|-|=
o| Wl O & £| g z| 8| _|E|=7]3 A IR IR
HEEIRIEIE HEIEHEIE HHEIHEE
gl | 3| 8| 3| = £(5| 8|5 8| % 328|885 »|=
= | E| 2| E| 8| & S|IS|Zl3|=|d| cElo|213|¥]3
Objective Objective / Parameter Objective / Parameter
Performance, C* X | X X | X X || P c XX X Flow Separation Characterisation X
Wall Heat Flux X X X | X X | X |[Axial Wall Heat Flux Evolution X X Material Characterisation X X
Injection Element Type X X Global Heat Flux X| X X [ X || Axial Wall Heat Flux Evolution X X | X
Effect of Film Cooling X X X Effect of Film Cooling X | X Global Heat Flux X X X
Injector Pattern X X Margin Testing X Effect of Film Cooling X X | X
Number of Injection Elements X [ X New Start Up Sequences X Side loads X
Faceplate Heat Load X X X X Risk Mifigation X P logy, Data Base Generation X X
= | Type of Faceplate / Cooling X H20 cooling X | X | X | X | X ||LH2cooled X X
Fuel Temperature X X X LH2 cooling X | X | X | X ||GH2cooled X | X
Baffle Elements X L* variation by hardware combinatien X | X | X | X | X ||H20 cooled X
Injector Thermal Behaviour X | X | X | X [[LinerLife Investigation X || Ablative cooled X
H2 / CH4 Injector Behaviour X | X X Hot gas wall contour variation X X Radiation Cooled X X
Low Frequency Oscillations X X PLD, APS, VPS thermal barrier coating [§ Film cooled X X
Injection Velocity Raio X X X X Water Condensation X
Recess Length X X X X ] —
Element-Wall-Distance X X
Margin Testing X X

=> a huge data base for model and tool validation is available

Allthe space you need
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Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Astrium 40kN LOX/H, Calorimetric Subscale Combustor

Propulsion & Equipment

- L=

Megsuretd
Teatfluxprofite

E I
3 pmdf
> 7
E - =7
= r__..-..f el S =1
=
I .l 1
Za LT
vall § =
Fi -'ir 1
-03 -0.2 0.1 Q

X
=>» validation data obtained from calorimetric heat

flux and wall temperature measurements
© ASTRIUM
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- .. Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
2D versus 3D Flow Field Resolution

axisym.
layout

Capabilities for all propellant
combinations (MMH/NTO,
LOX/H,, LOX/CH,, LOX/Kero)

TI[Kl: 400 1400 2400 3400

3D design
verification

Resolution of 3D Effects
« circumferential heat load heterogeneities
» non-uniform face plate heating

 impact of injection element pattern on propellant disintegration

© ASTRIUM

g - Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
3D H,/0, Combustion & Heat Transfer Modeling with CFX

= Dense gas approach (single phase) =
restricted to transcritical H,/O,

= Real gas properties down to cryogenic
temperatures

= Flamelet combustion approach
Resolution of injector pattern on propellant disintegration

= PPDF turbulent combustion

Temperature [kl

Resolution of heat load heterogeneities

Resolution of 3D effects
[ = = ] close to the injector head

© ASTRIUM

This document is provided by JAXA.
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Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
3D H,/0, Combustion & Heat Transfer Modeling with CFX

Ision & Equipment

T[K]: 90 403 715 1B 1341 1654 1966 2279 2592 2905 3217 3530
—Test Nec+ Qint,rel
o : 3 -
2 |—ocrxayg Rocflam-II 98.80 102.00
& [-- - cFxmin CFX 96,63 9%.86
. I il T — I Test 9850 100.00
'== /,l' fpﬂ—*-iﬂfdt‘.—_ g
E 1= &~ | = Ahigh level of representatively has
C Il v ——— . already been reached with the 3D
Sz - dense gas approach
= However, some subjects may still be
-350 -250 -150 -50 50 improved

© ASTRIUM

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Coupled Hot Gas Side / Coolant Side Heat Transfer

sion & Equipment

Resolution of channel flow characteristics: End of cylinder

Temperature

= thermal stratification effects

g3g#i

= secondary flow (curvature) effects

= channel surface roughness

= in- and outflow effects

“EEETEES i
|
i
]

"

coolant side +
structure (3D CFX)

wall heat flux §

w

Resolution of liner surface roughening:

= temporal liner degradation

TKL 400 1400 2400 3400

= local heat flux enhancement

© ASTRIUM
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Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Modeling of Temporal Liner Surface Degradation

Propulsion & Equipment

Modeling approach:
allowing for surface roughness in 2-layer wall turbulence model (I, = f(R,))

calibration of wall roughness value to damping factor in turbulent length scale
correlation via tube flow simulations and respective experimental data

in future: approximation of rough- 1.2 , : : : ‘ , ,
ness evolution as a function of wall increasing roughness : t=0s
temperature level and firing time 1+ , t;g;gs """""""""
,,,,, 1230005
" ‘ ‘ ' - SmT, e 0.8 | gttt L .
14+ Bp.R, @ |44 e
I | B B _
12 1.2 0.6
. _ t; T,
T 10 /_/\ o il . AQegrar [%] FE
<o 1eee T f(x,0s) 0
T . 1967 o2 lo| f(x610s) 5 ]
4 1 04 2 |
21 1 02 . . ; . . . .
- ) 0
P . . -1 -08 -08 -04 -02 O 02 04 08
-1 -08 -06 _GI:J'LK::I._IQC’ 9 L] 0.z 0.4 &6 XfLKaI’T‘II’TIef [_]
. . : Te—
T =>» essential for accurate liner life prediction !! € ASTRIUM
September 2010 p29 -

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Condensation Modeling Along Subcooled Walls

Propulsion & Equipment

wall temperature

with condensation model
saturation

temperature

wall temperature Tw

AT

without condensation model

axial coordinate x

P&W CECE

Modeling approach:
consideration of liquid water and ice species in Rocflam-Il chemistry tables
energetically correct homogeneous mixture (dense gas) model

coupled hot gas side / coolant side conjugate heat transfer computation

=>» essential for accurate heat pick-up computations
All the space you need '\f;_/ ASTRIUM
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Propulsion & Equipment

iE
2
g : 167
: - X [m]
-li 133
3
:g 1
Rocflam-II predicted liquid water s _,,, - o0
; mass fraction distribution jeira e 1
measured and calculated heat load enhancement
All the space you need e ASTR'UM
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! borobions ' coupled Rocflam-1I/CFX

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Condensation Modeling Along Subcooled Walls

heat transfer model
Iniagral 00

N-layor Noxzle sntonsion t

i

Propulsion & Equipment

All the space you need
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Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Liquid Film Cooling Modeling in MMH/NTO Thrusters

MMH film deposition rate -
MMH film evaporation rate
— 1L

Employed Rocflam-II models:

= annular liquid film cooling model

= advanced droplet-to-wall / film
interaction model

y-position

mass flow rate

= secondary droplet break-up

$400-15 | p, [bar] | n. [%]

1 1 1 1
Test data 10.46 96.5 0 OB Spuetionpe] g

Rocflam-II 10.74 971

2400 3400

= currently the 500 N
EAM thruster is
under development

= Rocflam-Il analyses
support configuration
layout (I*, &)

EAM double swirl
configuration

© ASTRIUM
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Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Novel Rocflam-Il Modeling — Pre-burner & Gas Generator

Spray combustion simulations at: // .
H,0 lig. %‘ﬁ

Ision & Equipment

= low mixture ratios — |

= liquid/liquid injection conditions

A3
>
2
2 injection point H,
% injection point O, ® O/F iso-plots
o
._g E film injector
g
static temperature T jets
double swirl
=> essential for thermall Jets
integrity justification and
P . jet SE -
! quantification of thermal =2
‘- injection point LCH, e

injection point LOX e 9 ASTRIUM

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Novel Rocflam-ll Modeling — Hybrid Propulsion

sion & Equipment

Air/HTPB combustion including a regression rate wall boundary condition |"=f(TS)

i begin of burn
o lorr!_p: 400 G20 760 900 1040 1180 1320 14G0 1600 1740 1000 2020 2160
ED.OI
,-.D.Ol
.03
e o BA X[l o o
i il end of burn
ok fomp, AB0 B20 780 900 1040 1180 1320 1460 1600 1740 1880 2020 21680
Eo.m
"D.Dl
0,03 - —
= oE o]
< o MOde“n a roach Combustion Chamber
: \ g app e I~ x
- 12 SpeCIeS Oxidizer flow (gas) boundary layer edge “mvmnwﬂl-\\
chemistry table T~ \
flame zone. f
= heat balance et products 9o
pyrolysis model ' ™
my, [ka/s] | ne [-] | py, [bar]
begin of burn | 0,9049 0,88 5,8 5
endofburn | 09123 | 0,90 | 6,1 Environment z
DLRtest | 09080 | 0,90 | 6,0 .
need © ASTRIUM
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Astrium’s Liquid Propulsion Heritage & Simulation Capabilities
Concluding Remarks

Propulsion & Equipment

... and at the end some thoughts on lessons learned

= understand the physics

= analyze and understand the data

= always think one level up (systems understanding)

= flight loads are not ground test loads

= jit's the transients that cause the most trouble, however difficult to analyze

= value engineering judgment over analysis only

= give the talented and unexperienced a chance — they will learn quickly

All the space you need Q’/ ASTRIUM
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Propulsion & Equipment
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e

« CRUNCHCFD (GKECRAFT Tech IC TREF)

« 2Bc73%2T\: 3D Compressible Reynolds Averaged NS eq.
(Density Based) with Pre-conditioning

« ZEREZED: 2 order Upwind
- BFEFED: Implicit Gauss-Seidel

« PRIGEE S )L: Laminer finite rate proposed by Petersen and
Hanson JPP Vol.15 No.4 1999

« BLRTET)L: Standard k- model with near-wall models
— Model 1: Low-Re type [Papp and Dash AIAA-2001-880 2001]
— Model2 2- Iayertype [Wolfshtein IntJ Heat and Mass Transfer 1969]

Low-Re type 2-layer type

2 =W 1-w
= © k? H H +( )nut,alg
lut,alg = C,up'\/E[cwy(l_ Rek/70)]
f:Damping function wol {1+ tanh( Re, —Re, H
2 10 ;

ERIUSREICH T DIXEE

EL/)ILiﬁ%E‘t_a’—D(75P¥@/$ﬁﬂ¥@f7)b®$§oj
— DDEREAR
- J X
— DOEMILKE

« GH2/GO2Y VT IV U XY FiklgEss
— R EREHMD

[ .
50 1775 3500

This document is provided by JAXA.



WHKE Oy b TUPVEFTYVYIIART M) — (JAXAMSHIERE) VR YA 141

T+

EEILOEEETILOK

DOERMZAR J X NEMAKE
-
—
* Exp.
25— Tezve . 50 7
e IS N Iy ; o
20 oce! B = 40| artz($RER = —_ odel
——CFD Model 2 £ 0 ——CFD Model 1 5 ——CFD Model 2
151 Z 30| ——CFD Model 2 84
10 + g 20 % 3 /}
o 2.l
5k L o0 e 1B -
0 0 o 'z IS o 0 L .- N L 0 L
10 10 015 -01 -0 05 0 0.05 0 5 10 15 20 25 30 35 40
X [m] X[m]
— Flat Plate m Expansion tube
Model 1 (Low-Re) Fair Good Bad
Model 2 (Two-layer) Good Fair Good

* /)Ibniﬁ@q%&m;c}:jt & D73 F*@ﬁﬁﬁ%@]b‘\,

9
GH2/GO2Y VT )V U XY ~HRGEERHT -steaskit-
s BRITXIR: SRESREHEDOGCH2GO2 @EEY VD)V IT L XY ~PAGEES
¢ %ﬁ:;\ Marshall et al. (Penn. State Univ.),
- WNRET) = 5.2MPa AIAA-2005-3572, 2005.
~ JRBIRE = 800 [K]
- BRMEENRE =7T11[K]
- PRRIB SRS = 3.31X10-2 [kg/s] = r
- BREBIBERE = 9.04X10-2 [kg/s] g o
SEEIRE = —7F (see right fig.) 2 ol
° TR¥ E 500 |-
— 322000 nodes 200 ettt
— ER/NVE&FI8 = 0.3 um (Y+ < 1in all zone) L
Constant mass flux No-slip‘is\o-thermal wall Symmetry
No-slip adiabatic wall S
Super
sonic
outflow
70
Points
------------------ 10

This document is provided by JAXA.




142

FHIAZE TR SRR R JAXA-SP-10-010

~ =
GH2/GO2Y VT )V T U XY FREESER
Single Element Injector Expansion Tube
25 : : : -
® EXP. ! ® EXP.
= 0L ——CFD Model 1 6r CFD Model 1
§ o ——CFD Model 2 . 5 ——CFD Model 2
= 1 g+
3 4 | £
L =
= 214
e s Tk
0 L : : 0 S S S S
0 005 01 015 02 025 03 0 5 10 15 20 25 30 35 40
X [m] X m]
—..
Temp. with Stream line Vel. with Stream line
« I Jb_Il/X‘JI*f'?M‘E% yTH(EModel 2 DFFHY, Modell KD ERL S
RamU LD,
- RECEUERZFED.
o WY MILWYINCIIBBER BIERICRT DRURRU AL ZBUICFT
1@?%51@,%&?@]’&7)1/5@DM\ED‘EZD.
11
A/ N
KBTI )IL—T EDLLER
) ® EXP.
5 ! ' ! ——RANS(JAXA)
— 20 N LES(SNL)
S 0 Y -=-= LES(GIT)
% 15 @0 (GIT)
5
= 10
©
£ 5
0 1 1
0 005 0.1 015 02 025 03
X[m]
. LES (Sandia National Lab.
o BUREDMIEITERDEMTLUERANS - BTRE 2ER, SlFEI0BRNM, 3D, FER
CLESTLESHEVEIZRS L), LES (Gegrgla |hS’EItL£,Ite of Tech)
© EROASSORANSELESTRAS. - el sSo5ER = # e e
o BECIEHIZSDEEBEEMENY VIV I LU X - aougan. tat‘; S -
S FRERRIC D SRARBEEEE . Aans e AR, 20
OB (K2S, EEDT, 2R _ BTEHE25M. ObEE10RRM, 2D, £
LNV DEETHD.

This document is provided by JAXA.



WEKY ¥y gy bV VETFTYVVYSIRT M) — JAXAMSHIEERE) v VRV YA 143

SESUSIR Z SHICIREE

« REXADRDOEA
- SRK, HBMS/\1 T w R

— FRR D

13

SSIEMMEIRDEA

Temp. [K] EEE@ED\ZD_ '\ﬁrﬁgtb_if)—tl/\é

sees  FLUENT
342e+03

325403 -
308e+03

2.90e+03

272403
255e+03
2.30e+03
220e+03
202e+03
1.85e+03

LOX Post

Cross Section on
Inlet Boundary

1328403 LOX Droplets
= _
i CRUNCH | FLUENT TOLOX/GH2D$1 FIBHET )L

= e
JICRZD.

« CRUNCHECFLUENT TIEim et
NBOBFHIAZ<RAES, | [T

— WFEHET)EBRT BEIC

3, BRI TERERET DY |

\ it Cubic BUEoSZRNDCET, £

gb @é' f:%:lﬂ‘. 1808 kg/?n3®@§5§£,%?%f
.70e-01 b\é.

MFOBHICEFEL, BEDT

Density [kg/m?] o
A Bt qAY-Y

273002

e, 3
z

BENT

14

This document is provided by JAXA.



144 FHIAZE TR SRR R JAXA-SP-10-010

GH2/LOXVILTFIT U XY FRGERR T st eas -

o BRMTXISR: BBERRGH2/LOX Y ILF L XY Mﬁkkﬁ%%
o Fit
— PABEED  5.0MPa
- TUXYEAR 12K
- FIERBF
— 1700000 (Full Injector) + 900000 (Half Injector) + 4200000
nodes (Top Chamber) + 300000 (Nozzle) = 7.1 M points
— ERIVIEFI2 = 0.5 um (Y+ <4 in all zone)

"'—'

e —
i
1
1
1
[

No-slip iso ;hermal wall
No- sI|p adiabatig waII

______________ 20
: Points

I

Symmetry

Constant mass flux 15

GH2/LOXV)UF I XY FRGEER AT st et
T it pate | Nomle | Expansion ube

Model 1 (Low-Re) Fair Good Bad
Model 2 (Two-layer) Good Fair Good
I\/quel 2 I\/quel 2 Moqlel 1

- WBIFICK > TCEmIMOEE)ETILZEZ]C.
- BILKE, 1T CTIItwo-layer model (model 2).
— J Z)LEFTI3Low-Re model (model 1),

16

This document is provided by JAXA.



WHKE Oy b TUPVEFTYVYIIART M) — (JAXAMSHIERE) VR YA 145

GH2/LOXV )UF I L A MRGERRIT

® EXP
?50 A CFD i
= 4 |——Bertz (BEBR=)

® EXP.
— CFD Model 1
——CFD Model 2

Heat Flux [MW/m2]

0 : 1 1 1
0= foo 200 300 400 500

X [mm] : ‘

Multi Injector Case Temperature
KEAFELE i

Single Injector Case
Temp. with Stream line
VJbﬂbX‘}b“@lat, LATBBC RIS DERRE —
OB, NKROEEONMEICXTINT B.

— /‘/7 WIVXYMDERR E — D (S BBIRIY S
BICXT L, VIFIVVNE SRS DMBIRSR

BN TN,
— WFIVAYNC 31 BIEEI28 E PR R e D EE RS
(& Y MM E BT TIN, o

REORECSEDFTE

R

o W) MIUXVIDIERDBED, BREIRRINZ+DIEFEICIEFRIZT
=TULVZ0),

- RANSEENTCTH > CERTEETN S,

s RNEGBFNBICHTDERE DR ELIE,

SEOE
o BLTRRABEE T )L DR,
« BETIV (SEKFBRIFFRMETIL) DEBA.
o BRT =)L\ DILK.
- SRR
— BEs{EIsat DIREY

ZOMKUCIZI>TCLNDCE
o BEEfHATORIN
- B35

18

This document is provided by JAXA.



146 FHIAZE TR SRR R JAXA-SP-10-010

HRRMMSE L, ERMERED W@%ﬂé@fTwmﬁa EEAYD
H@%AE%%bE.&E,iw PARESILER Z 1R I D C & CEmRFHImIC
BEhET DIRRZIEAE LT,

[ 1. |FlatPlate |Nozzle |Expansion tube |

Model 1 (Low-Re) Fair Good Bad

Model 2 (Two-layer) Good Fair Good

« ERDIDDFIHER DELRIRERBEI N CRNSICTH TS
DEMEHOENETIVIIED DI,
- SOECA, BAICK>TEFTIVEBNDITTIND.
l\/loc}eIS MoquS Model 2

fJEIE RO FRR D

MU EERD, NRTE
CENDD DL,

A
2.
o/
'S

19

59 &%

VILFIUXY FRAGGEERZREL, T—H 2RV EEESEUCA
BFEEYY-—08K MHZGEFRSHEY X7 ARFIOSERKICXY
LT, CCICHRENLIET.

20

This document is provided by JAXA.



WA Oy bLUDVEFYUYSIART MY — (JAXAM SR Y VvRD L 147

Overview of CRUNCH CFD® Simulations
For Liquid Propulsion Systems

A. Hosangadi, V. Ahuja, J.Sachdev, J.D. Shipman, A.Zambon,
C.P.Lee, and S.M.Dash
hosangad(@craft-tech.com
Combustion Research and Flow Technology, Inc. (CRAFT Tech)
Pipersville, PA 18947 and Huntsville, AL 35801

New Horizon of Rocket Engine Modeling and Simulation
September 28-29, 2010
University of Tokyo
Tokyo, Japan

S

CRAFT Tech Background

EMPLOYEE GROWTH
+ AeroSpace R&D Business started in 1994 i
— Principals migrated from Propulsion Sciences §§ ]
Division of SAIC and our President is Dr.Sanford ‘§
Dash i 8 8 8 § § 8 &8
< Spedcialty -“high-fidelity” computational fluid dynamics (CFD) Ph.D.

Broad range of problems areas addressed from “sea to space”
» Underwater propulsion to high altitude DSMC flows M.S.

Propulsion: Liquid/Air-Breathing, AeroAcoustics, Aerodynamics are key
areas - advanced R&D in these areas supported by DOD/NASA

High-tech staff, many have worked together for 25+ years

 Cutting edge research leads to modeling advances
which get incorporated into the codes we develop and
license

S
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CRUNCH CFD® Applied to Rocket Engine Components

Turbo-machinary with
Cavitation Modeling

Multiphase subcritical

Heat Exchanger ™5,
fluid analysis

—
™ am am - -

S.uper-Critit.:aI
Multiphase injector
Modeling

GENERALIZED PRECONDITIONING FORMULATION
+ Strongly Coupled Time Marching

Algorithm for Generalized Real %% %E_¢. p.
Fluid, Multi-Component at  Px
Formulation 20 s B

— Preconditioning used to obtain “all b= 20, #=% 20,

speed” algorithm
» Versatile Formulation P P

— Pressure and Temperature are = =
solved for directly allowing “stiff” 0= P 0= :
components to be modeled pe &

— Flux formulation retained in pY, Y,
generalized thermodynamic form i

(pP1 pT1 Hp= Ht) 0 P,

— Thermodynamic properties can be Pr Pr *
specified as user input either in I'= upy, p upy upy,
analytical form or tabular look-up Hp,—(-ph) pu Hp.—(=ph)Hp + ph,

- Framework has been used to model .0 0 Yo, . p' . p5'
wide range of problems ranging - e
from transcritical injectors, low- do<lap_Lar_ 5|\ M_M
speed tank problems, to cavitating P p P\, ", [

turbopumps

S

Compressible Multi-Component Systems
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Modeling for Combustion and Cavitation

» Focus of development in CRUNCH CFD® has been to develop a
generalized thermodynamic framework that will allow the rigorous
modeling of both non-ideal single-component fluids and multi-component
mixtures

— Currently SRK EOS is used to model thermodynamic properties of near
critical fluids

— Other EOS routines can be easily added due to modular nature of formulation
+ Combustion models for both LOX/Hydrogen and LOX/Methane are
available

— Using QSS methodology efficient , reduced mechanism for hydrocarbon
combustion is used

—  provides accurate ignition and flame speeds
» Advanced bubbly cloud cavitation model for unsteady effects including
cloud collapse
— Simpler steady cavitation models also available
+ Extensive validation performed for both fundamental data sets as well as
with component test results

S

TRANSCRITICAL SHEAR CO-AXIAL NITROGEN
JET EXPERIMENTS

» Experiments with transcritical liquid nitrogen o2
flowing through inner tube and Gaseous nitrogen i r
flowing in co-flowing stream

— Tests conducted at AFRL.( Dusty Davis, 2006) |

« Tests conducted at three pressures (1.48 MPa
(subcritical), 3.55 MPa (critical), and 4.93 MPa R —
(supercritical) - "“:L .

» Range of velocity ratios and temperature ratios
between inner and co-flowing stream

» Temperature profile measured at jet exit

« High speed shadowgraph images used to
ascertain both mean and rms fluctuations of jet
core length

S
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3D LES SIMULATION:

Temperature Isosurface at 131 K Mean Temperature
220 /[_-_,
EE 200 7
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- ;
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SUPERCRITICAL LOX/HYDROGEN INJECTOR

Temperature (k) _ﬁ

10000 24323 59161 143897  3500.00

E—

; Yoh
OH Mass Fraction L e ———————
0.00 0.03 0.06 0.09 0.12

Normalized Heat Flux

:;::::::f:;:;:: g3 ' * Initial rise rate of
Temperature flame dips B “+ |  heattransfer
— ; . compares very well
£F with data
i * However, dip in
I flame after
. O sl recirculation ends
\ # causes heat transfer
00 HI2 2ABcii2 SS2I02 LAl 3803 to drop before
TR DO WO S O R picking up again
—amiGwscingel  gnd coming close to
Jones, G. Protz, C., Bullard, B, and Hulka, J., "Local
Heat Flux Measurements with Single and Small data
Multi-glement Coeudal Element Injectors, Paper No.
w FIAR-2006-5194, 427 AISSIASME SAE/ASEE JPC
Conf. Sacramento, CA, July 1013, 2005.
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CRUNCH CFD® Multi-Physics Super Critical Coolant Passage Analysis
with Chamber Wall Thermal Model

LHZ; 4.3 MPa, T (inf<26 K Hot Gas Heat Flux:

T
e ey
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SUB-SCALE SSME LPFP CONFIGURATION

* Sub-scale (0.5031) configuration tested in the
water-rig at NASA MSFC simulated numerically

— 6.044 inch diameter, tip gap 0.014 inch, 5800 rpm

+ Single-phase flowfield at two off-design flow
coefficients computed to validate back-flow

— 90 percent of design (flow coeff 0.0559) and 70
percent of design (flow coeffl 0.043)

— Swirl and axial velocity profiles compared with Test
data

« Cavitating calculations performed for 90 percent of design flow rate (0.0559
flow coefficient)

— Focused on rotational cavitational mode at N of 20000

— Dynamic pressures at leading edge tip compared with experimental data
— Propagation of pressure waves upstream of the inducer analyzed

— Radial loads on shafts quantified and compared with other inducer data

S

ISOSURFACE OF VAPOR CAVITY FOR SSME
LPFP at N_, 20000

This document is provided by JAXA.



WEKY ¥y gy bV VETFTYVVYSIRT M) — JAXAMSHIEERE) v VRV YA 153

SSME: Instability Frequency and Radial Loads

e BTSN (0 E s B e

L.l

e 0

[ £ T T

]

lsllllllc|""|"'l—LE.ShIOU.d

Fy (in 1bf)

1 5] {545 L

0 250 500 750 1000 1250 1500

Component CFD Analyses - Valves

Configuration 800 psi Mesh Motion

Streamtraces
e ___Q'.". y

Inlet P0=4400 psi %

+ Axial Instability Responsible for Chatter Identified buffer region
+ Hybrid RANS-LES Simulations Coupled to Structural Motian absorbs motion
+ PoppetAnalyzed with Forced Vibration and with a Spring Damper Model
Normalized Force on Poppet Mach Number Distribution
' Forced Wbmtion | Modal Analysis: SI

| Forced Vibration case
has twice as much
energy in the 7KHz
| mode

- Spring Damper Model
case has equal
energy in 7kHz and
3.5KHz frequencies

Vomaitbomary vl 2
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LCAC FAN DESIGN OPTIMIZATION SUMMARY

* Landing Craft Air Cushion (LCAC)
— Design Effort for High Performance Ceatrifugal Lift Fan

— Objective: Reduce Required SHP While Retaining Fan Lift®*
Side Pressure

*  Multiple Components Optimized
— Hub/Shroud Profiles
— Blade Shape and Number
— Bellmouth/Intake Profile Lift-side

» Genetic Algorithm Coupled with Flow Solver ~ **™**

— Evolutionary Optimization Suited to Multi-Objecuve
Optimization and trade-oftf Studies

— Blade Shapes steered after optimization to meet additional zss:wmg: v, et ‘p’m’?:‘;‘?l‘#"’”"" of an

constraints and objectives Vehicle: Impeller Design And "
i . Proceedings ofAfME 'I"wb_a Expo 2008:
* Resulting Design Improved Fan Performance Power for Land, Sea and Alr, GT2000

— Blade Number Reduced from 13 to 11
— Required Shaft Horsepower Reduced to meet Requirements
— Optimized Blade Mitigates Flow Separation And Improves

Wdency

Design Optimization - Application To LCAC Fan

2-D Optumzed Blade
Steered to 3-D Shape

Bellmouth/Shroud Radius changed to Hub Re-designed by
reduce flow separntion near shroud reducng flow separation
close to leading edge of blades near back plate

Shape of Bellmouth/Shroud Curve

Dictates Flow Separation at Leading
: Edge Near Shroud
CRAFT Tech has developed a framework that combines
design optimization with high fidelity unstructured CFD & 7 il
7 % ! -._,_\"_N__% / a
A i 2

Desigan paeiseters i ] = // S e

- BN o

- R e
scorToR e AR5 |-
Neart Desi : Pty e o . —— =13
revIols aue fotm = : N )¢
Dl 104w il biwed o pAMBHILE mmw'icm:m-jlllwi‘w Mt | as - r”“;‘_; SN ..f.:
values throuch vse of the Arbitrary Shope imtial cuess ¥ .
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Application of System Analysis Tool

\J
------ - i { e b m—:'_ogf Bend
ahics” i . (1._!_ .
e L — - i I P I "
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Comparing TM Prediction and j_ Expanson _
Experimental Measurement Ps
G S S R T : : Duct || Duct . Duct . !
palrt NS [ pf = [Orifice] [Bend][Expansion] p:
7 N B $ A B C |
] h Product of trantmission sateix of each conponent )
Pressure and Velocity are in Phase Pressure and Velocity are out of Phase
M=0.3 < W § s
B | \ .h Eu i
E ik P 'I.-, E = 3 3|
g i I : — il
\ i == . -

K.K. Ahuja, S. Munro and R.J. Gaeta, Jr. “Flow Duct
Data for Validation of Acoustic Liner Codes for
Impedance Eduction”, NASA/CR-2000-210634.

SUMMARY

- CRUNCH CFD® has well validated capabilities
for non-ideal fluid systems for combusting and
cryogenic environments.

» Excellent performance on parallel computers
with good scaling demonstrated upto 1026
pProcessors.

» Extensively used for accurate, high-fidelity
simulations in a design support role for
performance predictions, design optimization,
and investigation of system instabilities

S
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BACK UP SLIDES

S

Modeling of Pressure Rise in Tanks Due to External

Heat Leak

A lumped parameter code was originally
written under funding from MSFC for
supporting pressurization of ARES upper-
stage tanks

Significant additional development was

done to improve predictions for tank

pressurization in the presence of gravity

where the ullage gets stratified

— Heat transfer from ullage to liquid interface

has to be modified to account for
stratification

Calculations have been done for AS-203

tank (low gravity) as well as all three fill

levels of the Van Dresar case

Good results have been obtained for both
pressure and temperature rise with uniform
set of correlation parameters

S

pressure  (kPa)
g & a
'\%1\1 T T
i,
| \\ ; |
% =
by

T T T
g 5 /
g ;
3 “r
E Jp o
s ol
é 2l % el
e
E 4% mosky
L frast)
25 e
mmmmm
= ) 5
time (hn)

Van Dresar case: temperature at top of ullage vs.
time at 3.5 W/m2 for different fill levels, compared
with experimental data from steady boil-off starting
conditions
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Comparison of Experiment and Computational
Flowfield with Gas-Liquid Iso-Surface

Ex erirr;ent

ISOBARS AT P=49.3 BARS FROM HYBRID MODEL
FOR N2: Density and derivatives from HBMS EOS,

Enthalpy and derivatives from SRK EOS
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3D LES SIMULATION:
Animation of Vorticity at Z=0 Cut

METHANE INJECTOR: COMPARISON OF OH
EMISSION |

0

Instantaneous OH Emission Abel Transformed OH emission

RANS SIMULATION: OH CONTOUR
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UNSTEADY CAVITATION MODEL

e  Assume that a vapor cloud is comprised of bubbles
whose Sauter mean radius 1s
— Mass of gasincloud=  p#, = pN4m;' /3.0
_ Surface area of bubbles in cloud = Ss=N47;

*  Solve conservation Equation for mass and surface area;

3 x
7, = 9¢g
A = d
oS, g U 7
g — i . =
61‘ + ax —bf 1 pgSg df
O0pde  ndt 58 GEE T
+ =m, 1 -
ot ox r, dt

S

UNSTEADY CAVITATION MODEL (CONTD.)

 Two independent parameters control the cavitation
growth and decay

— Net surface area of cloud: ~'g
— Growth/decay i?te of each individual bubble:
.

*  Growth rate jcan be specified using a fundamental
bubble cavitation model

— Simplified model used in present study

dr.

. Surface area S o 1s obtained from the solution

»  Superior results obtained for unsteady cloud shedding
— Results for unsteady cryogenic hydrofoil presented in CAV 2006

*  Model needs to work in conjunction within a hybrid
LES/RANS framework to model unsteady dynamics

S
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MERIDIONAL AND SWIRL VELOCITY
CONTOURS FOR 70% OF DESIGN CASE

Axial Velocity
e
m
uvel
[ ——— ]
2 -1 1 3 4
Swirl Velocity
I
viznabs
-8 -6 -4 2 0

S

VELOCITY PROFILE COMPARISONS WITH
EXPERIMENTAL DATA

Axial Velocity Swirl Velocity
3-|--|||-r||-||-[|||-|--|‘ L o s e B B
zE A2
SSE =—=a EXPT. 300 PLANE o
SE #—s EXPT 500 PLANE =
E »—= EXPT 700 PLANE L
& B SE # # CRUNCH 300 PLANE E
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- E
= E 3
g E 25F
g %
E E LSE
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Gk #—» EXPT 500 PLANE Z osk
i »—= EXPT 700 PLANE i E
£ +—+ CRUNCH 300 PLANE u of
N # @ CRUNCH 500 PLANE ] E
E = = CRUNCH 700 PLANE ; t D5
e Y PRI R RPN B B
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PRESSURE PROPAGATION UPSTREAM OF
LEADING EDGE FOR SSME LPFP at N, 20000
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New Horizon of Rocket Engine Modeling and Simulation
The University of Tokyo, Sep/28-29/2010

BREEID /N FEDRERBWICBRAERET
\CHT B IS D BB

A high-resolution scheme for jet mixing flows

under supercritical thermodynamic conditions

S5 F5% (JEDI/JAXA)

20109728 H XIEH 1

Key topics

» BEEFEIRIE NC BT 5 IERES

P ORKEE D> /N0 b EDECLAD T AW ICSRERELBUBRENTFE

201049528 H K IEH 2
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Backgrounds

047w kT OBEEE: 3~20MPa
MBS ERE P HAIRIE DT A

- Eﬁkﬁl\}_jj—lc Hlrs Dﬁ/ﬁ/ﬁs ’Pkﬁ”ﬁlﬁﬁ% |
- FFERERBIE DA ' ' @

Pr=2.71
Re=75,281 Re=66,609 Re=42,830

Oschwald et al. (2006)

RANSHEEAfT
-FEBUEORE, ARETILADEKE

5 0. ' CE03 11 T . s _
RANS by Cut tal. (2006)
LES/DNS%@*FI’ 03 MPa y Cutrone et a

- EXIEERRAT, BFREoEm T~ ¢
&5, Tuckeretal. 2007-20087%: &) =

12 16
x/D,, LES by Zong et al. (2004)

20109728 H XIEH 3

Backgrounds and Purpose

» FBERFRETARERICN T 2 S ERE X T — L DB A 6XBEEIY /N FEDELLAD

-ILREBEORS  BRESIRER
DEFHRIERR
- ST F/BEE D HI

- ZURICE T 5 BB OEEIRE)
- ZIERERICE T 2 BERE S

» SRRERIERITADFE

- ZRA DB DE B
Kawai and Terashima, IJNMF 2010

‘- HEFEETREANEA, 5

formation of helium | hock wave in air

201049528 H K IEH 4
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Numerical methodology

« The compressible Euler/Navier-Stokes equations in generalized coordinate

» Sixth-order compact differencing scheme for advection and viscous terms (Lele 1992)
» Third-order TVD Runge-Kutta scheme for time integration (Gottlieb 1998)
» Sixth-order compact filtering for numerical stabilization (Lele 1992, Gaitonde 2000)

7

g

(SRK) equation of state |

RT B aq
V—-b V(V+b)

Sound speed [m/s]
£ 8 & 8

p:

*
-

100
100 150 200 250 300 350 400
TIK]

» for example, the internal energy consists of perfect gas component and the departure function

1p dp
() =eolm)+ [ |5 -2 (8T)p K
Localized Artificial Diffusivity (LAD) LAD method

7th-order WENO

- Cook and Cabot, 2004 wﬂ
- Cook, 2007 o N
- Kawai and Lele, 2008, 2010 5 :

» adding artificial transport coefficients to the fluid transport coefficients

po= pptpt , OVu
B = Bp+p pw upZ%AizA B* _CBPZ oE AL A
K = Kf+rK"
D = D;+D*
3
pc orT
K" = CK— fl Al
T P 3
20104928 XER 6
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Problems set up

KFLEDOMERE, BRAMSHMOICDH, 1, 2XTBERFREREEE T &E L.

1. Advection flows, including trans-critical state
2. Shock tube problem, introduced by Arina 2004

3. Modified Shu-Osher problem

4. Two-dimensional cryogenic jet at supercritical pressure

20109728 H XIEH 7

ERDEEFE
Per = 34AMPa, T, = 126.2K, per = 313.3kg/m®

Result 1: 1-D advection flow

» Nitrogen at 4MPa (trans-critical state) and 8MPa considered

(450.0,10.0,124.6,4.0) 0 < z < 0.3m,
(45.0,10.0,298.5,4.0) 0.3 <z < 1.0m.

(p,u,T,p)Z{

» 101 grid points, CFL: 0.4 (C,, =0.01)

Schematic of an advection problem

1.6 10!
: o Exact for Ce=3.0
14 =g Sharp interface om-
. > X Ce=1.0 =) 10
|<2 = A Ce=30 g
Ce=5.0 e 107"
-
1 2
_ B 107
< o8 g
S s g
0.6 ] ]
= 10 —4— Density A4
0.4 -3 --=--Velocity
62 = ma ~— Pressure
--#- Temperature
0 m-ﬁ
0.5 0.6 0.7 0.8 0.9 0 1 ] 3 4 5
X Cse
Density profiles and maximum wiggles amplitude at t=0.04s
201049 A28 H A BEH 8
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Smooth initial interface
» Centered schemes T8 & 73 % initial startup errorz & % 7 OB A
Smooth initial interface, generated with an error function:
1 o ol 8
1 + erf AR € a SIhn'll'F‘iﬂ‘(rl;I\:(
fsm = [ / ], e =C.Ax % e s
2 0R Ce=5.0
AR : distance from interface
5 0.6
o
(=N
Ce - 00 ~ 50 0.4
q= QL(l - fsm) + QRfsm
02
02 025 03 it at
x/L
20104F9 28 HARER 9
Result 2: Interface thickness ;
q
\ o
» Interface thickness defined as: i = L
Az Axdq/0z|max
)
7 I ] I . Schematic of interface thickness
SHUS with Ce=3.0 | 262 R
& gl _— ﬁ}}:}-ﬁ‘.:_:ji{.‘iﬁ-iﬁﬁ:ik‘;L;I%.P‘-1",11 «“—— SHUS with Sharp interface
7] apiabliacey sl Lol
_g? i A <«——  Present with Smooth interface
ey L
o | LY "
7] 4 ' ,:_{}_,{-;J‘g:L-I"ﬁ Present with Ce=3.0 I—
E ml et R SR
S ¥ [ SHUS with sharp interfuce
2 al bl L
[+
8
= Present with sharp interface
g 3 ]
1 it e N S 0 S TR I | o T I R N U S T S 1 VL
0 0.05 0.1 0.15 02 0.25
time
» Even with smooth initial interface, the present method keeps the interface sharper than
MUSCL (SHUS) with sharp initial interface
20109828 H AR 10
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Result 3: Influence of LAD: k™ B

» The following results are with| C,, = 0.001

16 ............. - 3_2 ..........
sz — Exact for Ce=3.0 | | 3 ' Exact for Ce=3.0
14" . X Sharp interface Sharp interface
U X Ce=l0 | 28 H x o=t
192 = = &  Ce=3.0 26 A& Ce=3.0
y LSl ] Ce=5.0
i 24
L 22
e 08 WiE
g :
[ 1.8
0.6
1.6
04 14}
[ 12
0.2 7oy
05 0.6 0.7 08 09 0.5 0.6 0.7 08 09

» LAD g*effectively can reduce spurious oscillations due to initial startup errors, the effect appears
particularly in the temperature profile as expected.

20109728 H XIEH 11

TRACIRERDERFE
Per = 7376MPa7 TCT = 30422K7 Per = 3488kg/m3

Result : Shock tube problem

» CO2 considered

(o, p) = (348.8,0.0,73.76) 0 < x < 5m,
Py P) =) (3.488,0.0,0.7376) 5 < a < 10m.

» 801 and 8001 grid points, CFL: 0.4, Cg =1.75,C,, = 0.01

1 #r i T T T 04
—— SHUS, 801 points
SHUS, 8001 points
& Arina with RK EoS,

— SHUS, 801 points
SHUS, 8001 points

08 - 501 points a ._\rinu with RK Eo§,
03 | | 501 points
----- Present, 801 points . === Present, 801 points
==== Pregent, 8001 points ==== Present, 8001 points
0.6 4
g £ o2
04 | —
0.1
02
- || . 5 | | [ R
0 0.2 0.4 0.6 0.8 1 0.5 0.6 0.7 0.8 0.9
/L x/L
Density (overall and zoom- rofiles at t=2.745e-3s
20104928 XER 12
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Result : Modified Shu-Osher problem

» Nitrogen under supercritical pressure considered

( | (3.86p0, Myeper,10.33pg)  —5 < 2 < —4m. po = 50kg/m®
P U,p) - . where
(po(140.2sinb5x),0.0,p9) —4 <2 < 5m, po = 4.0MPa

» 201 and 2001 grid points, CFL: 04, Cg =1.75,C,, = 0.01

S et e 1.55 :

Present, 2001 puints — Present, 2001 points
07 [ o Present, 201 poinis B o Present, 201 points
+ SHIS, 200 points & SHUS, 201 points

0.65

= 145

0.5
1.4
045
) P S 1.35 | i i
0 005 01 015 02 025 04 02 0 0.2 04
x/L x/L

Density (zoom-up) and ratio of the specific heat profiles at t=5.903e-3s

20109728 H XIEH 13

Two-dimensional case: cryogenic jet

» Cryogenic LN2 plane jet injected into GN2 supercritical pressure condition

Injection jet Chamber
————— 130.0K 298.0K
LN2
3.97 MPa 3.97 MPa
236.3 kg/m3 45458 kg/m?3

GN2 at supercritical pressure : . ;
Maximum injection velocity V0=10.0 m/s

Velocity profile using hyperbolic tangent

Diameter of inlet D=2.2 mm
Reynolds number: 2.63 X105

» Velocity profile at the inlet

W D D 2 D
Vire = > {1 + tanh (0.256(2—% — 3)>} , where O = 0
» Viscosity from Zeberg-Mikkelsen et al.
» Thermal conductivity from Vasserman and Nedostup
2010697280 AIEH 14
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Continued.

» Four grids used for grid convergence study

’Grid1: 199X185, Grid2: 368 X345, Grid3: 689X 645, and Grid4: 1309 1185.

Minimum grid spacing: 1.5X10°m

Computational domain: 400D X 100D

Slip wall condition

Pressure fixed

,’" e

4§ _ |

Slip wall condition A computational grid (Grid 1) near the inlet

» Statistics during 60ms

20109728 H XIEH 15

Result 2: Statistic (density) o< x/D=200

centerline

——

Grid1: 199X 185

Grid2: 369345

Grid3: 689X 645

Grid4: 13091185

201049528 H K IEH

This document is provided by JAXA.



WA Oy bLUDVEFYUYSIART MY — (JAXAM SR Y VvRD L 171

Result 3: Statistic distributions e

""" U1z 19T 1ES
-— G2: 369*345

- G3: 6894045
—— G4: 1309*1 185

‘‘‘‘‘ Gridl: 199%]85
-— Grid2: 369*345

200 | - Gird3: 689%645
ﬂE Gridd: 1309*1185
E |
A 150
ls T
e
100 ;
| 0N I Y I S o "o, o - 1991
i -—:Elslml'sum
G3: 689%045
50 — 0 1309%1 185
0 5 10 15 20 25 30 bi
x/D By
(=N
=
A
'Q.
v

0.05

0
3

Density: mean on centerline, mean at x/D=5, fluctuation at x/D=5
201059 28H X EH

Result 4: Comparison with MUSCL scheme (SHUS)

» Instantaneous density distributions

Left: SHUS, Right: Present on Grid3: 689X 645

20105928 H X EH
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Result 5: Comparison with SHUS on Statistics

250

= ===+ {irid |
== Ginid 2
il 3
— Gl 4
=— SHUS, Giid 2
sesiases SHUS, Grid 3

Density, kgu"m"
Veleeity, m/s
L

-5 =25 0 25 5

Density: mean on centerline o

Velocity:
mean at x/D=5 (upper),
fluctuation at x/D=5 (lower)

20109728 H XIEH 20

Conclusions

HEREF M ICXN LT, 6 BRI /Y0 FEDACLADIC K 2 SR ERER
EFETEDEAL, 1, 2RaEEEL T, €M BRMEZsHMEL 7.

@Y initial startup error& B 73 Z ¥ T, BIAORERSEC, BHEFIRES
SUHBRAFRREEICERATIS v amlLic

<HFIC, LADICHIT 2 ATMEEREN S, FRmE ThwigglestlblIZXhERMIC B <

BERE SUBBEAERMAICOBRARETH S ¥, BIEShu-Osherf@ T, &
EVREOREREINRRT 5 L TEBNICHEREH DI EmRLC

Q2N TMEEEARBAEICER L, BELKRFHREE T, EBADIEERBECEE)
SEOFHENPIREE 725 Z ¥ R LTC

201049528 H K IEH 21
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YRENABEINGIIC [T TZERD HEH
— U VIR =S RS DRI M ST —
Study on Acoustic Devices to Attenuate
Oscillatory Combustion

BAKARR, JEB%, LA =E—, KPFifE

JAXA / JEDI CENTER
2010.9.28

%

IRENRBEL (L ?

e
-EEKIRED: 1000HLL £ BEE—FICEE
-BEAD G L heat flux: TUDUIZERBEA A—FB | E8IT

RREHNEER

1Tmode
0
POt =L =
7@ 4zlx| o
il “Rocket Propulsion Elements,” Sutton ’

This document is provided by JAXA.



176 FHIAZE TR SRR R JAXA-SP-10-010

SHHA R B A 1 D 451

HEBEERF@ETE T UAXA/IAT:S AR AER &L F)
IRBRBRERESTRIIT —2ZF NG9 % (1B1EER - R R IRIE)

or
o e e
=~ Hispeed -
1ﬁ 1L reeee lglz'ler.gsl]i?'e transducer Faﬁ O &os
2
3 _E‘Jl %D] -
E
=] Loz}
8 500mm 5 - 4 leOde
= L 2 o |
Mi ﬁ 5

1000 1500 H00 3000 3500 00s
@mw Hz]

EHMh, FATEREES VRD ™ LEER & pp.231, 2009.

LA BRI BB

BIEM A2 ALV =07y bOIRENAGE T F A D MEL

) 524 4
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PR ENABE D IBNE - B E K

EOIRLF—DORER

anzEnERR

Vv /Po

~(pv-B
S
Howe, M. S., Acoustics
of Fluid-Structure
Interactions
v

BEE(FERR - FOE. mE T/ M1R)

/

100 110 120
time, msec

Jé» :
e RAr—ILEYIB D 7 B

RENHIHI FiIEDEE

-active device: IRFI DR EBREZINZ S

secondary fuel injection (heat release control), uniform O/F distribution

-passive device: EELI-IREIZRZTIE S
baffle, hub, resonator, (chamber® E A4 1%)

MAIN INJECTOR ASSEMBLY
Spark Fiuted oxidizer posts where
igniter g N Py hot hydrogen evaporates the oxygen

Fuel inlst from
hot gas manifold
Cold hy i
Oxygen inlet old hydrogen cavity

‘manifolds Five compartment

baffle with 75 cooled
g~ injection posts.

Primary injection
plate (transpiration
cooled) with 525 main
injection elements

Ignition flame tube

Oxygen /
from main’
oxygen valve -
FIGURE 9-6. Main injector assembly of the Space Shuttle main engine showing baffie
with five outer compartments. (Courtesy of The Boe¢ing Company, Rocketdyne
Propulsion and Power.)
baffle, hub resonator

) s

“Rocket Propulsion Elements,” Sutton
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resonator&|(d ?

Quarter wave (A/4) resonator: QWR Helmholtz resonator: HR

o C
401+ Al
_Cc |S
. 27 \VI'
Al BOmHEE
CKUVE (RETIZE D) - AR X #90.61E L SER{E S
NG (12 £ D)  SRERETOREDIFEADL r= o
I"'=1+1.3r
) 5 7

resonatorDE=

BEER = (HtE-2=8) + (S - 8EL + GB - Blitietd £ &)
| J

|
linear Nonlinear(>0.1% Pc)
ASHEER
g I
Jé>»
TS Syt 8
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MEEEMEE DR

EDHRBEBEROEKRFREIZE ]
de _i P 2 v
<dt>vis_T££pu‘ V2 o
de 1 ¢ p'? [wD —
== =— -1 ——dSdt
<dt>thermal T !!-(7 )pCZ 2

COEZEERTENTNIEEL

v :dynamic viscosity
D : thermal diffusivity

R
(]
I
/\
‘o_
~ |
...\/
g
g
e
N |-
|
S—

I NSNS
E = E, exp(—a,t) exp(iat) - -
€ BEFEMEQBTATD NSV —)L TEHE T 4E

B EFEMZ R F1 il (FREE)

ADDHENFYETA—ADILE—RFDEEZRHE T
(Searby et al. J.P.P. vol. 24, No.3, pp.516-523, 2008)

cavity :

r =0.005[m]

L =0.5[m]

y=127
a=1884.5[m/s]

p =0.358[kg / m®]

¢, =6257.6[J /kg - K]
c, =4927.2[3 /kg-K]
v=1.35x10""[m*/s]
. Pr=0.79

E = E, exp(—ea,t)exp(iat) D =Prv =1.71x10“[m? /5]

fresonant = 1884' 5[ HZ]

a, =ae/25<3e> /2E=179.3[1/s]
s \ FEMEERI-ESGEEEA,

TEEDHMEEEDIEFEFECFD,
&, cep =178.5[1/5] BERELIFIF—H

=178.8[1/5]

a

)

p_theory

ABRRBBREIEFENTOVEVGREXTORE) .
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R fiZ pR I8 OD S (FE 1% - BB EE)

HIRFTOEES
QWRE! HRZ! HRZ!taper{t
RELE)

J:T:jl

QWREAYAMERIL (QWRMDAY OMED $ 5
—/ B =y
T = &1 {5l
BRI T DREZR B o, DLEE
o fF
45 | —taper{THR
40 + —QWR //\\
35
—HR //\ \
30
a, [1/s] s JARNAN
20 // /\\
> /TN
10 WA
&
5
0
0.40 0.60 0.80 1.00 1.20 1.40
f /f0
E = E, exp(—a,t) exp(imt)
a, =40 725, 0.1[s] T, EHRIEA14%IZET S
IZ SEREFEHATRE GER CHRIRBIRBIESEFEERLLAGLY) »
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FEHR It R IE D

Tam etal., J. S. V. 284, pp947-984, (2005)

& &% % (magnitude)

—
1 a 3 s
o8 8
E; 08 8 e
— E o s

e
®
L

0 L 1 I 1 L 1
[} 05 1 15 F3 25 3 a5

Frequency, kHz

Fig. 8. Comparisons between calculated and measured reflection factors of 90° slit with 0.05-in width. <, Reficction
factor magnitude, caleulited; O, reflection factor magnitude, measured (trial #1% A, mflcction factor magnitude,
‘measured (trial #2); O, reflection factor magnitude, measured (trial #3, slit rotated by 90°) (time dependence ).

K 5t%%% (phase)

Dispersion Relation Preserving method
(WENOIZ#81) 8
£
Ix) o
§ g 5
o
| —
-]
o
’ €\ L L L L L L
’ o as 1 15 2 25 3 35
) Frequency, kHz
Digital Srnevoiiin Cortes Fig. 9. Comparisons between calculited and measured reflection factors of 90° slit with 0.05-in width. ©, Rdfition

™= factor phase, caleulated; O, reflection factor phase, measured (irial #1) 4, refloction factor phase, measurcd (irial #2);

JAXAEFEHEO—RIZ&EE @

CFDDRA+

CRERETICES - BHRRISHE — IEEERFiE (LS-flow, cfd++)
- (KSR (RTALEEE)

B IREEC(EMRETEEECHREBERER)

-ELRETIILAE (DNS)

ANBEEH
150dB, +632Pa(#ABEEDO.6%ZEEHE L), + 1.57[m/s], 1500HzDsiniK
Ay MTEKF 2 H
w/PEF:12.7um

Oscillatory stokes layer, A

ERGETIDENDH D,

) .
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IR O FHMIR:

Tam etal., J. S. V. 284, pp947-984, (2005)

& &% % (magnitude)
—
1 ‘ 3 &
.l . o
— EM 5

Fig. 8. Comparisons between calculatd and mecasurcd refloction factors of 90° slit with 0.05-n width. &, Refication
factor magnitude, caleuktcd; O, reflcction factor magnitude, measured (trial #1) &, mllection factor magnitude,
messured (trial #2) O, reficction factor magnitude, measured (trial #3, slit rotated by 90°) (time dependence ¢=).

R 5% % (phase)
g
i
(o]
i o 5
<
j s § g 5
-]
=]
’6;) N NI I
Mm'w‘._w Fig. 9. Comparisons between calculatod and measured reflection factors of %0 slit with 0.035-in width. <, R.iﬂ;(xim

"= factor phase, caleulated; [, reflection Factor phase, measured (trial #1); 4, reflection factor phase, measurcd (trial #2);

BOEAI L DME DEFE(1Tmode)

L L
M ~0 M, ~0.15

A
v
A

v

e AA0—k

& = const : equipotential
1 =const : streamline

HIRFFSFOEMORELEA BB F L4
HIRFFIFAOBORELBAEEFELD RO BN KECES T2

_V(t—R/C) X 1 _
o= 47R a 'z, zE{gr _(7+1)ue}
V —u'dS B

&=)a+—
& 1o,

r>>r i

P > 2P expi(et—kr)x
4z

JMexp{—ikq(cos¢sin 6sin g, —cos@cos6,)}r,dr,do,
r
S
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kFROVIRFEIR T & RIS

m Second Explosion Limit

= Chain Branching & Termination

» H+O2 = OH+O

s H+02+M = HO2+M
m Third Explosion Limit

= Formation & Decomposition of H202

s HO2+HO2 =H202+02
s« H+H202 =HO2+H?2
s H202+M =20H+M

10 00C

Pressure f torr

-
o
=
(=]

160

1G

T

F

U Third limit

Slow reaction
Second limit g
© Explosion

. BjFirstlimit . -

l
450 A 500 550
Temperature / °C
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RIGEBEO AR
H+HO2=H2+02, OH+OH, H20+0

Extended 2" explosion Limit

(2) H+02=HOH+O HES) + HOOPAY) — S = Hy('S gh+0,(S ¢) R’
(15)H+02+M=HO2+M . k
(5) H+HO2=H2+02 HCS) + HOOCA") —2—» H(Tg)+0,(4) e
(6) H+HO2=0OH+OH ; ) ks
H('S) + HOOCA) ———» H,0('A)+0CP) R3
ks+ks 2k, s . kyo ks .
2k kig[M] H('S) + HOOCA") ~— Hooi* ——=20u¢m R4
10 T T T T T T T = w
reat” — = HOOH Rdw

kj a

H(’S) + HOOCA™)

k -
H00* 2 =y o'ap+0(D) RS

ksy
\—-"’ H,00 RSw

kg kea

014 T vt ] HOOH* —£2 s 20H¢1) R6
& Heipheand Lowis [46]
& Baldwinetal. [18] ®
o Baulchetal [45] HOOH Réw
b Mousavipur et al.(2007)
0.01 . i
850 700 r:'»o stltu B:'Iyu sl;n BGQIEIIW‘IDGO
temperature [K]
Al i ek 3 FERZARNRA
CFF TenhS e AT Y e anapac inin —
Muller etal. (1999) Rocket Engine Modeling Laboratory

Missing Reaction?

No model includes O+OH+M=HO,+M. Production of electronically excited species:
(Burke et al. 2010) H+HO,= O('D) +H,0
4 -150.76
H.0+0(D) HOO + H
-150.80 -{
-150.84
HOy =
1p-10 >
-150.88 -
10-11 -150.92 -
HOOH
5 4 3 2 4 o0 1 2 8 & 5

-12L
1o Reaction Coordinate (A)

K(T) [emi®/ molecule / ]

O(*D)+M=0(P)+M
M=Ar,He,H, :slow (spin forbidden)
M=0,,H,0,N,: fast

10-13L

o] m T T Toooc O('D)+H,=OH+H
atm]
) O(*D)+H,0=0OH+0OH
Germann and Miller (1997) ’ o#0 K #ﬂ FERTARRAN
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R RIGIERIBORENIKEFIE

H202(+M}<=>20H(+M)

H+OH+M<=>H20+M

H+02(+HE}<=>HO2{+HE)

H+02(+H20)<=>HO2{+H20)

HO2+HO2=H202+02

0+HO2<=>02+0H

H+HO2=H20+0

H+HO2<=>20H

H+HOZ2<==H2+02

OH+HO2<=>H20+0

O+4HZ<=>0H+H

H+D2<—=0H+O

OH+H2<=>H20+H

$=0.7, H,/0,/He

H202(+M)<=>20H(+M)

H+OH+M<==H20+M

2H+M<a=>H2Z+M

H+02(+H20)<=>HO2(+H20)

H+02{+H2)<=>HO2{+H2)

H+D2{+Ar)<=>HO2(+Ar)

H202+H<=>HOZ+H2

H202+H<=>H20+0H

H+HO2<=>20H

H+HO2<=>H2+02

OH+HO2<=>H20+02

0+H2<=>0H+H

H+02<=>0H+0

OH+H2<=>H20+H

$=2.5, H,/0,/Ar

= 100 atm
H50atm
= 20atm
H10atm

o1 atm
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BERRIBIRORITHIE : Stiffness

* Recent chemical kinetic mechanisms for H, combustion tend to have
more and more stiffness.

» Under the rocket engine conditions (high pressure and no diluents), it
becomes more stiff.

T L
4000+ -
v i
Z 30001 -
= i
5 i
{="
g2000— -
= —RKF - .
X RK i q
1000 T o
0 500 1000 0 500 1000
Time [us] Time [us]

Fig. Time variation of temperature (a) and time step (b) required in the Runge-Kutta-Fehlberg (R-K-F)
methods, for the adiabatic constant volume combustion: H,/O,=2/1, T;=1000K, P,=150 atm.
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RCCE (Rate-Controlled Constraint-Equilibrium)ik
-Stiffness D EF]—

Gibbs Free energy and chemical potential
N

g=> un; (1) N:number of chemical species. Ny :mol/g
j=1

uy=p5 +RTIn pj/p°=;?+RTlnnj/n (2) p° :1bar
p0 = +RTInp/p° =H°-TS°+RTInp/p®  (3)
n=2,n (4)

Constraints

b=>an (i=1..M,) (5) M.=number of elements

N
de =Y cyn; (k=1...,.M,) (6) M_=number of constraints

Lagrangean:L L=g+Y Ab+Y Ad,

o
% =0 =n, = nexp[_ :‘:’J exp(Z- A48 >8Xp(zk ﬁkcki) )
- i
]

A =-AIRT, B =—pIRT
M AR A TERTRIRRNN
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BNFNHRSTIEFMNFIRBRMY

Thermo‘dynamic h= Zj Hn, (8)
constraints b= neRT )

Kinetic constraints d(d,)/dt= Zj Cyj (dnj /dt) = Z,— ijWj (10)

W, <= From detailed chemical kinetic nechanism

Kinetic constraints: 193

Constraint Al1: H,, O,, H,0, H
Constraint A2: H,, O,, H,0, H, OH

Constraint B1 (3-constraints):
TM (total moles)
TM=H,+0,+H+0+0OH+HO,+H,0+H,0,
AV (active valence) AV=H+OH+20
FO (free oxygen) FO=H,0+0OH+0
Constraint B2: TM, AV, FO and H,0
Constraint B3: TM, AV, FO and {H,0+H,+0,} 10+ . ™
e Pr;gsure (atm) !

H,P=constant
o H2/02=21, T0O=1200 K

Red curve: Direct integration
Triangles: RCCE (Constraint: A2)
Circles : RCCE (Constraint: B3)

Ignition Delay Time { microsec )

s~ *x FEHATARMREN
M UK XA Tanamnnan
Rocket Engine Modeling Laboratory
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[ T.=154.6K, P,=5.04MPa Engine, Journal of Propulsion and Power, 12(1996), pp.1137-1147.

LS

AT —2 DO FEEH

Pressure [MPa]
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1. Van Itterbeek, A., et al.: Viscosity of Liquified Gases at

— 1 1 - Pressures above one Atmosphere, Physica, 32(1966), pp.
Q Merbeck (196" vy 489-493,
o Ki;axa( (195)2) 3) | 2. Kestin, J., et al.: An Absolute Determination of the Viscosity
¥V Kiyama (1956)5:) of Eleven Gases over a Range of Pressures, Physica,
<& Prosad (1952 25(1959), pp. 1033-1062.
; ggﬁ E}gg;; 7 vVVY - 3. Kiyama, R., et al.: The Viscosity of Carbon Dioxide,
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O Itterbeek (1966)° Pressures, The Review of physical chemistry of Japan,
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RS EKR - BRESBIEIS
B9 S RE AR AT

B&

> BERREMREIRR O MIEMR
VELRFOZENGWLSLEBNLRGEEET H-ET, ES TR MR
ROBFICEHNKRFISOVTIRET T S.

HE P30

H
ydrogenl D, = 6,8, 10, 15 MPa
U, m/s D, =50, 100 pm
1000 K u,=2.5,20 m/s
Oxygen .
<«—> Inlet velocity Reynolds number
D, pm, 100 K
20 m/s 240
2.5m/s 30

p, =10 MPa, D, =100 um
Numerical treatment

» Axisymmetric two-dimensional calculation

» Equation of state : Soave D2) 1. Soave, G., Chemical Engineering Science, 27(1972),
: P 3) pp.1197-1203.
> VISCOSIty ) Chung _et al' 2. Soave, G., Chemical Engineering Science, 35(1980),
» Thermal conductivity : Chung et al. 3 pp.1725-1729.
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