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The multi-scale method for the hydrogen/oxygen supercritical combustion flow under
high pressure is applied to understand the thermo-physical phenomena. The present
study is focused on (1) the construction of thermo-physical properties and equation of
state, (2) the modification of the chemical reaction model, and (3) the improvement of
the compressible Navier-Stokes solver by using the preconditioning method. For the
first task, the temperature and density saturation curve for the molecular dynamics
simulations were compared with those for NIST data to show the agreement under the
small rotational quantum effects. For the second task, the chemical reaction model was
improved to show that the ignition delay times and the laminar flame velocities for the
present model agreed well with the experimental data. For the third task, the
compressible flow solver with the preconditioning method showed the ability to solve
such the low speed flow around a cylinder and an aerofoil.

SR TERR
(BAEHAT - 1)
[ERESETE LiEESE & @t

2007 42 1,400, 000 2,220,000 9,620, 000
2008 4 4,900, 000 1,470, 000 6, 370, 000
2009 4 2, 800, 000 840, 000 3, 640, 000

FHE

FHE

e
=>4

it 15, 100, 000 4,530, 000 19, 630, 000




AT I I

P D43 F - A E - BT - BSOS

F—U— 8 ROSHE, BERFIUTER, v F R r—, REE, Bt

1. WFEBRAE SO 5
TAEOEZE AW EmAam= Y U idm
W 2155 DIz | B bz n-o2o5H
0, PREESE N ER O KR O R AE | T S (AR
SR A OB RS R EB D D O
£\, LvL, fEkETonry hmoPv
T 4 — BNV ORI X R RE
T COMFEDOHFRICESWTHRITIEE O
HEIUZ L > T INTX 72, B
FEAHE T, BB, BMREER B AMKIC
b, B, SOSIEE DB 7 £ O
WaEHTH., F LTRSS EBZ D L RIEN
REBREE WAL LT OME, KUK L
BEZFRIFFCA L, [URCIRIE L 1387257
%3 Ok (BEESRR) L LTIRA%#ES 2
EREBND. IS OB - FiRIK T
A 5 M 28 FEBR AT M B S U - R EE & R AL
FIOBRIAL - IREG - BREERRICED XK 5
BEE 2500, FEHDICHLNMNIENT
WRU.
ZD XD REEARIEZ DS DIZONTO
MFRIE, KRR EIRFBIZHOWTITOITE
0, KIZOWTIISN BRSO S B - flH A
8, TEMERFBICOWTUIAKREEDE
DAL/ P T TW5. UL, BRBER
IR AR S BERRVEIAICE L TlE, MkFEa s
v NV UNELIREITH DM, MBS
NIEFEICHE S LTV, BEEDO H-ITIA ©
BB U TSR NI O BRBEE A F
K% 10MPa #25. 2Oz OE
OKFE(GHTEEFES - lERBRE XY L&
WES) < JBE THRAT 5 7= DICBE R D
REET, BBEQOXNLRENHEREELL b
RVRIKIREETIRAT A, @Oz &
L8720, LOX (JiEd#) 20m/s) A HY %<
X TBRELD GH2 23 i# 400m/s CTHATIC
N SNAEELZF - TEBY, BUOETE I
X 0 AR EE B OBCRiAL Z e L 72 28 & R
G BRBE~ B D RBEITIE O R L BT
ZENTES. E£72, GH2,LOX 124 i#ag
R E” RRETH DD, MREBEAERM TH 5K
ZRZUCEI U CIXEE AT ) 20MPa X v K7z
DICHEREAREE & 70 D EEEDOFINS, B
BERUEBREE T Tl LOX D85 f 2 AR HEI
720, GH2 L RRFRILOREG E e b XD
2725, F12, BRSO LT HRBIROZEL
NG « B IC R E B h 5 2, R
(2K o TIXBRBEIRENIC L 0 R 2 il &
FCLEIBERRFHICOLORBSD. ZOR

KRR RIE & 72 DT « AR T 200 R,
PRIFERFE DRI N A2 EETHY, vnir
v b DEEEEELIELZ T
5.

2. WHEOHB
AT, HERSURBEREIC BT 5285
0 - SRR SRR, RBERER 2 B S 2T
BT, ETRLIERERDLLUTO 2012
DONWTT—<ERY, WEEIT-o
() BKBIRFERICBIT 29T —2 B LK
REEH R DS
(2) B /K FIRIE S E 7 /L D F 5L
Z LT, ZOETIVHIREE S L CEERE
ENTICRI 3 2854, stiffness THH-0
\ZBhRE 2 E T - RSN O E A ST D
ZENEETHDL., LEB-T, 32007
—< & LTI,
(3) ZhFHy 72 @ T« AR P O JEAE M AT F
1RO
EL, WMEEiT-7-.

3. WFFED ik

3 OOWZE B AR L TIT 2 7= 5IEIZLLT
DOEHY THA.

(D) BT — 2 R REAORHEIZ S
WX, F 3 GAUSSTANO3 % FHVN TR E Tt
T D FELERE Z1TV, B E OIERRN
ROSTHMRT o v VB AREE LT, iy
T, ZORT > VEEE T B M HE
Ra2NFEEHREIC L0 ER L, BEFEOR
BRI 72 AR T VY v VBT VT HE S HEE
fEE L L=, BLEick Yy, HFRRT v
X IV OREENIKEDOBINET — F OFHL
PEIZ 5 2 % 8 % SRR R L 7=,

(2) 100 KEAFUT O = ERREE R 2 092 3 5
72T, ZAIVE THEZE U C& /K E I
JSEF T ONT, CHEMKIN %2 W T K
IR A R EHE 25 S atHE L, *E
BRfGSR & D Lo SO R E B DLk B &
O,

(3) = w80, 1 LAF O JEREMAREE T L D i
HAAREL T 5720, KBRS &R
WCENENIEEFRILEEEZEAL, 2KRT
FIFE3 I OV NACA0012 ZEFIJE ) Dkt 247 -
7.

4. WFIERCR

(1) Lennard-Jones "T >  ¥ /L, 2 Center



Lennard-Jones "7 ¥ b, BILO exp-6
RT % /LD, 3 DOMREHIDDORERI 72
DFRIART R VBB R LT, IRIE KSR
OEVED FENEZFEAR L=, BRI,
Bz IRIREE - BEICBITHESN ENET %
WX Ty TEN B LRk D Z &
T, TNENORERE 2R T v VBTV
NETHAROREE TR EHE L. 20D
2 CHEHENEEET VKIS T 5Kk
HAERR &, FEBROKFE DKL (NIST 7
— %) LDOEEK IR

—_
—_

—
I
T

NIST

emporature T/Ter
o

0.8 CREToR]

g ~ LJ

=07 * ayp-f [(d=20)
0.6

0 0.5 D 1. 1,5 2 2.5
ensity o/pcr

X 1 BREBRART ¥ T LD ET IV

ROKIRIAFRE & NIST & — % OKFEDOR R

) D L

K1 XY, FRICEEEFERICBNT, &5
T2V VBT VISR T IR ORI IR
1%, EBEOKFZEOT —X LIFAEBE LW ER
Db, ZIUTEEOBERNE 2 HILDH A,
Hip L BRI RT v v LT IR
FEEDOKFZ DL FHMEAFEHZR LA T
BTWZ ki, Fo—KNThHB. I T,
GAUSSTANO3 % FHW /=4y THLERHRIZ L D, 7K
FITHT 2 @G EOIERBN TR T v
X NERD, ZTORT UL ATREIST
HVEHER 2 L=, FORERE (EEOIE
EZRBT D%EMR) & EBEDOKEDOEIRR
(NIST 5 —#) & D% K 2 |ZRT.

kv, L Y 100K LU EOREHE
WIZBWTIE, BEOKFZOBMNEE I
BHTEDZ Enbnd. —F, 30K LLFD
REERI BV CE, EBX Y LIMAEEE
FVBEEBEEMCRBELDZ Elbhotz.
DAL, K 1128 Lo RERA 2 RBRA R T
YU VO ERSFEILTH Y, KIRAKE
OB Z FHET 5 5 2 TlE, o FRIMAELE
HOFEMLL B2, 4T WEER KT
MBHDHZ ENbhol-. ZOEBERKFLEIT,

Oy ORESER)C T S E IR THD.
ZDOEEL, SROMEHRE N E TR E —
UEE LW EHRDFHFEICLLILOT
Hol=Z EMBENNTND.

PLEXY, KEFETOREIL, BKEZRD
Wik — 2 MR RE R A R IR T
%9 2T, KIEKFZOBFRENIMD CEE
THDHZ & EEMEMNOERMN 2 Lt =

LORE TR LI AICH D

360 ¢
—opg £ QKM reslts /.
2 i

: O 200K MD results

S0t 100K HIST
Eg bo—oxnsr B
8 1
R - ROTSRPR—- < . 1 -

50 1 o

0 'm

0 10 20 30 40 b0 B0 70 80O 90 100
Density [ke/w?]

(a) 100K, 200K

16 oy g o

® |D results

Pressure [WPa]

-20

0 10 20 30 40 &0 60 70 80 490 100
Density [ke/n3]

(b) 30K

25
e A
RSl SO, .
% 10 ‘MBrestrlts
&

7

4

&

-25

0 10 20 30 40 50 B0 70 &0 80 100
Density [keg/n3]
(c) 20K
B 2 ERBRIIRT v TSN\ -kHE
DOERAE (RFHEFER) & NIST T —F (FERE
DKFEDOERM) L DL

(2) BRBERISET MTHOWTIE, mIEICBT
LR B VML ST T LD — D
ThHBERPIERE L TCWDLET LA, LD
EENFECTHLERT -2 2HET 5 X9
I B LT UT-JAXAL.O & LTAELT.
T THRLUIZEEOBRKZETIRS
ZUTDUNT, Petersen & MEERGE 2 L
TEHAI L 72 35 KB AURERE & 3F RS R & ik
L7, MHNIERT—Z &~ L0720,
RRIEFRITIC Z D, 56 IBRIRR CHEIC D
H+02+Ar=HO2+Ar & H+02=H02 @ 2 > D i’
TR THDHZ ERNDholz. E- T,
H+02+Ar=HO2+Ar D K E E# % HE L7
R, KSR T LI, ERT—F LIFF
TRCOENT—H LT,



P=33 atm Shock Tube ignition delay

open circle :0.5 % H2
closed circle :2% H2

E‘.
1

*(02) (us mole ecm

PP
i
P

E&-
L

T Model: This work
Ref.1: Zhao, et al.(2004) Ref.1
Ref.2: O’Conaire, et al.(2004) Ref.
10 Ref.3: Konnov, et al.(2008) Ref.3
T T T
05 06 0.7 08 0.9
1000/T

X 3 Ar FROEKETIRAEZICHET 5K
FEAVIRERT O P

WIZ, RREERMETICRIT HKFE/ELRD
Eﬁk%ﬁﬁﬁowf,%%7~5km&%
1To7-. ZOBES, Soret ME-#KISEET VT
EELTWD. HBROERAZM 4177, HE
BaTr — &2 Konnov MET /L EEHERL T,
ARETNVITBRHFIZ—EHLTND Z LRG0
5.

350

Laminer flame speeds
3004

Su (cmfs)

H2/air, 1atm

Circles: Tse et al. (2000)

50 g Closed circle:Takahashi et al{1983)
= sguares: Faeth et al.(1997)

triangles:Tayler (1591)

c L T T I
0 1 2 3 4 5
D

X 4 latm DKF/Z2K1T
D Ll

B D BT R

5\, EEREEHIEIZBIT B E ) ORE
(ZOWT, EBRT—% LDk aiTo72. %
DFERZX 51277, 16 KZJFELLETIE, o
ET IV R THE D A7 R BE T FE O
LEBBHTETWRWI E08300h5. LvL
A EIE7ES Lfmé%7w115mEuLTE
BIREHEE OIK T RHBELTCE TS

B2, KAEKTHR S N-BRKETIRS
KOBICRBEREIZBI LT, EBRrTr—x L%
NENDORIGET VOLEE K 6 (ZRd. X
o, H+OH (+M) =H20 (+M) (2 B8 L CTEEFRIVIZHT &
NS HEEEREHEA LR E A2 L L
TRT. FORIGET VL FERT — % LRk
2, @EICR D & B KR E DMK T 3 5
I AL DAY, FERAER & bl L C—8d
DET IR ENbnd. BIEILEBTS
WY 7o O EE EBORENL, EBRT —2 0
DI N ERCHERMRNT N IET IR EETH D

.+] Massburning rates Ref.i
' —"" Model B
1.24
2 Ref.2
w 1.0+
E
= 0.84
#20.6+ )
e ® : Experiments, Burke(2009)
Ref.1: Li, et al.(2004)
0.4+ Ref.2: O’Conaire, et al(2004)
Ref.3: Konnov, et al(2008)
0.2 Model B: Including electric quenching reaction
in the present model
0.0 T T T T T
o 5 10 15 20 25 30

fein

X5 M4k 2.5, H2+02+9. B5Ar (2331 %'
PRBERE D Lk

220

200- ]
180 Miswerk32)  Flame speeéls of steam/H2

H2I02FH20 0.234/0.116/0.65

1404

Su (cmi/s)
e}
Q
L

1L
1004

2 3
p (MPa)

X6 KAEZAROEEKETFRAER
TRPBRBEE E D Feise

b,
HD.
— T, TNHDOETNMIFEDLD T
stiffness 2D 2 &N o TS, 2
T Z D stiffness & #FET H 72O I
Rate—Controlled Constrained Equilibrium
(RCCE) method % [R/KFERIEIS LA & R
FRRBEIZ L TS 2Ty, bbb 1
stiffness #ET DITIIFIEATH D Z &
DR ST

A1k bkt L TIFZE 21T D 208

(3) WREHT FiEOHE L LT, BEFD 2k
JUIEREMERE RN 2 — R AR FRAUIZ & xf
JETED XD, AT EAZEA L. KM
TR DIGMREIL 2 BRIV 7 7 o Bk,
fafifizit LU-SGS TH YV, FRIEEFFEICIXRTL
PR AUSMDV 35 L OY AUSM+—up ZHH L7-.
9, EHWEtHE & LT, NACAOO12 BAY,
v NEE 0,01, M4 0 BE, Re=2000 OEFEZE
L7, ZOREEK TR, BILELEfE
HLTWRWEEIZ BT, LSS
WEE MR B O 5B B> TN D 2
EMBIID.



(a) BTALER 72 L (RK2+AUSMDY)

(b) FITALER 72 L (pRK2+pAUSMDV)
7 NACA0012 ZETRUE Y & Cp 434 O Lbis:

WIZ, FEEE RILEE DR E OMEREIT 9
72902, 2 WItHEEE Y O v~ O fENT
ITolz. —HRRRIEE Y Im/s, Re=100~1000
Tho. FF, K8 ITHEE Y OBRRE 14y
fi &7~ $. Re=200 IZB W TIE, WNELV—7%
DIRTFEN R SN/ < 7 B EI%IL 60 THD
ZEWRENT. F, BRI EEE
Wb E D7 ERERTE(X9).

8 FIALRE » OBER Cp 4345 (pRK2+pAUSMDY)

: cfLos, x?-'u.mbv.mm —

CFL100, ;FIG.AUW /, 9560, dtausdt, w/o imiter —-—-=

Ry FLO.OOS, no-prec. AUSM+-up, wio Emiter -
PrRE.

TIO0O 72000  TIO00  T4000  TEO0O  TEN0O  TTO00  VEORD  7SO00 80000
nea-dimensicnal time

9 Re=200 (2331 D HPUARER D bhig

BT, EHURE O A RS F & b
BLEbLOZRK 10 1TRT. oxtg s L
T-RHENE, FEEREMERRIT CH D, Z OFER D
5, Re<400 F CIIAGHFRE BRI FEBRAE -0t
OFFEER L BIFIC—& LTS, LL,
Re>400 12725 & FEBRFER & —H L2 5.
ZOHHIE, Re>400 TIELIENEG D 3 RITIED
RELS BT THD. 5%I1F 3 Rkk
EEBT 21T > T, SOITHRIETALEND
5.

351 - Tritton:EXP
® \Wieselsberger:EXP
- ®  Jordan and Fromm:
3r CAL, 2D incomp.
n ¢ Braza:CAL, 2D incomp.
25 4 Present:CAL, 2D comp.+prec.
- .
(@]
2+
15 ‘w. &
T 4
SR |
1 | | hd 04
10 100 1000
Re

M 10 HPUREA I D FBRAS B & B RS R
D Hrg

5. E7pdEFimLE
(WFFEREH . WHIE 0 P L O R 7E & 12
(E 7Y

UdEsEamsa) GG 1)

@O Morii, Y., Tsuboi, N., Koshi, M.,
Ogawa, H., Hayashi, A.K., Shimizu, T.,
The Determination of the Third Body
Efficiencies for the H+02+M=H02+M
reaction (M=Ar, H20), Science and
Technology of Energetic Materials,
Vol. 70, No.b, pp.117-121, 2009, ZH¢
H

(Fa%&R] Gt 3010)
D H.Nagashima, T.Tokumasu, S.Tsuda,
N. Tsuboi, A.K.Hayashi, Reliability of
Classical Molecular Dynamics Method




to  Thermodynamic  Properties of
Hydrogen, AIAA-2010-991, 48th AIAA
Aerospace Sciences Meeting, Orlando,
USA, 2010.

Mitsuo  Koshi, Kazuya Shimizu

Shinichi Tsuda, Estimation  of
thermodynamic properties of hydrogen
oxygen mixtures based on
intra—molecular interactions for
rocket engine combustion flow
analysis, AJCPP2010-153, Asian Joint
Conference on Propulsion and Power
2010, Miyazaki, 2010

Mitsuo  Koshi, Kazuya Shimizu

Development of efficient and stable
time integration method for detailed

chemical kinetics by using
Rate—-Controlled Constrained
Equilibrium (RCCE) concept,

AJCPP2010-151, Asian Joint Conference
on Propulsion and Power 2010, Miyazaki,
2010.

Youhi Morii, Nobuyuki Tsuboi, Mitsuo
Koshi, Hiroyuki Ogawa, A. Koichi
Hayashi, Taro Shimizu, Construction
of a reliable reduced CH4/02 chemical
reaction model under high pressure
states, AJCPP2010-084, Asian Joint
Conference on Propulsion and Power
2010, Miyazaki, 2010

Nobuyuki Tsuboi, Katsuyoshi Fukiba,
Toru Shimada, Numerical Simulation on
Unsteady Compressible Low—Speed Flow
Using Preconditioning Method:
Comparison  between  AUSMDV  and
AUSM+-up, AJCPP2010-088, Asian Joint
Conference on Propulsion and Power
2010, Miyazaki, 2010

K. Shimizu, H.Hibi, M. Koshi, Y. Morii,
N. Tsuboi, A Noble Kinetic Model of
H2/02 System Applicable to Liquid
Rocket Engine Combustion, 45th
ATAA/ASME/SAE/ASEE Joint Propulsion

Conference, AIAA-2009-4968, Denver,
USA, 2009.
S.Tsuda, N.Yamanishi, T. Tokumasu,

N. Tsuboi, Y.Matsumoto, A Modeling of
Thermal Properties of Hydrogen/Oxygen
System Using Molecular Simulations,
ATAA 2009-1601, 47th AIAA Aerospace
Sciences Meeting, Orlando, USA, 2009.
K. Shimizu, T. Shimizu, N. Tsuboi,
Study on Development of Unified
Simulation Method for Atomization and
Combustion in a Coaxial Injector Flow,
ATAA paper 2008-1021, 46th ATAA
Aerospace Sciences Meeting and

Exhibit, Reno, USA, Jan., 2008.

6. WFIEHmR

(1) WFFEAERAE

BEH: fifsE (TSUBOI NOBUYUKI)
FUN T 2R - T220F5ERT - IR
WFgeE s« 40342620

(2) WFFE53 14

& Y% (KOSHI MITSUO)
WHURSE « TREERE - R TE0%
WFgeE 25 1 20133085

B Ye— (HAYASHI A.KOICHI)
FINFRE RS, « BRI 2ER - 2%
WFoeE 25 1 60156437

WEK KEE (SHIMIZU TARO)
NTATBOE NFH M2 7e Bl R kAt -

- AR TS - BFgER
9535 : 00446600

JEA FOR (SHIMIZU KAZUYA)
HRORSE « LERi2eR - ReEBh#
WFgeE 5 - 80373447

HtM  ffi— (TSUDA SHINICHI)
PRNTATEOE N T U220 95 Bl R pns -

B HHE TS - iR
a3 5 : 00466244

[ 9%Bh (HAYASHI A.KOICHI)
HILZERE RS - FLT22E - Bh#
e 3ea « 60453487

fliHg 2% (TOKUMASU TAKASHI)
WAL KRS - WRANEVEMFIEAT - #EEER
WrgeE 25 1 10312662

(3) HEHF I

AA PE—HEB (MATSUMOTO YOICHIRO)
BRUKS « TS R07ER - #Hf%
e %5 1 60111473

B J8 (TAKAGI SHU)
MNTATBOE NBYLEMEIERT - Idgs 28 A 7

— U T — L« F— LY —F—
WoEE & B 30272371

(7 % (YAMANISHI NOBUHIRO)
IRSTATBOE N T M2 mF 78 B s bkt -

i o W = 2 S | K =]
WFgeE 5 - 70450715



