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N2H4/NO2D [H RIS HIBEDOREE.

Available Information

1. A N2H4 thermal decomposition mechanism:
Konnov A.A., Ruyck, J.D., “Kinetic modeling of the decomposition and
flames of hydrazine", Comb. Flame 124:1060126 (2001).

2. A review on N/H/O elementary reactions:
Dean, A.M., Bozzelli, J.W., “Combustion chemistry of nitrogen”, in Gas Phase
Combustion Chemistry, ed. By Gardiner, W.C.Jr., Springer-Verlag (2000).

A Base Mechanism: 34 species with 239 reactions
(Ohminami et al., AIAA-2009-5044)

10 5

P=7 56 atm, HP=constant
N2H4/NO2=0.61/0.39

CNETOFEBMDADL D E
o= RIGHHE TI Sw
80OKLA T TIX BB XK LA !
=> Missing Reactions 2 10’y
NO2+N2H4
B Ao At
TIK
NO:EN:HJFERERIET HH ?
) e s — N2H#+NO2 =N2H3+HONO
% 'l % x N2H3+NO2 =NzH2+HONO
i;:i M 7 } N2H2+NO2 =N2H+HONO
3 o / _ N2H+NO2 =N2+HONO
'_'I} . J‘; H“—.', ". fl N2AERRIZ KB EFH A
<! : < N S d => Rt 0D N5 =>E0 G F
¥, 1L I — v e
i e e < S
g " | -. f =
E | ' i | | ; :.
: i -':1' Vs : ‘.‘I "
™/ : | | "% o -] iy
1 —
e > ot
d P~ = = 5
h.l / —— s ] _: - -"g 1
.aE |III WL 1.;-1\"4“--. = s \ e > b : E‘
:f]-'l. - = { NGO = I

This document is provided by JAXA



216 FHMZEHIE S RIRE  JAXA-SP-12-014

NOHNoHnZ SO RISHEIBICKSIZaL—ay

oo LR |

3000 I T f f f =]
; — |\||||||||||||||||_
ol 0.002 0.004 0.006 0.008 0.010
a Time (sec)
E
- L S L I TT
- - — Mol fraction HONO —
] Mole fraction N2H4 .
@ s Ml fraction NH3
o Mole fraction NH
= 0.100 — A0l fraction NOZ2 —
E’ g e Mol fraction NO i
= 2 — Mol fraction OH T
= 9 —
o &
. L

2 0010

i
1 F———————————r———————————
400 o0 [t 00 B0 fant] 1000 1100 120 0.0 NI Y ' A A I W
'8}]]20 00025 00030 00035 00040 00045 0.0050
T{K] Time (sRr)
Ime _

HP=constant,P=7.54 atm,
N2H4/N0O2=0.61/0.39

ERELDLE

7 R. F. Sawyer and I. Glassman,

?’5 Proc. Inst. Combust., pp.861-869 (1967)
g A flow tube experiment,

2 ) NO2/N: flow (T=810-1000K)

] 3: o o J Lig. N2Ha injection

30 __ a5 60
DISTAHCE {cM}

Fia. 2. Flow-reactor-temperature profile for the

reacticn of hydrazine and nitrogen dioxide, showing Stepl: N:Hs+NO2 — 0.5N2H4+H20 +NO+0.5N2 - (fast)
a two-step behavior. StepIl:  0.5N:Hs+NO—H20+Na. (slow)
1100 ;
105
X 10004
= .
9004 ®
Stepl ™
800 T T T T T T T T 1 L
0.0304 ™
H20 o]
¢ 0.0259 —
C=> -E §
'*3 0.0204 = 109
g -
o 0015 NO F
[}
= 0.010
0.0053f\ \oa N2H4 NH3
0. T T T T T T T T T 1
0.00 0.02 0.04 0.06 008 010 0.12 014 0.16 0.18 0.20
Time (s) 10" 4—r - T T J
(1] {1 14 12 13
T,=800 K, Py=1 atm, p(N,H,)=p(NO,) =15 Torr V00T {10000 |

This document is provided by JAXA



HERKF vy b VT VU7 IRT U — (JAXA RESE ) R YT L 217
oy Ny Py Ialb—a O, FLTEDTR~ %RlE

ERSUVORR :EED

ERSUUENOD IR LB EEELT-,
N2Hs+NO2& % D & #5t &It
s E B ARRREHIZKY
RSB BEZRAONLTCEEEREZEL L,
EEBTODEFZUU/NOGEES DB CE MNRICHEE
MBEESHIZTEoT=,
NO2AZ K BDN2H Mo D BRI IKFZBIEZIREFIZEK DN AR,
N2 R [Z kB R ENE IS D IR =>E0 G
ERSTUDNOAZK B RBER G S 2ERFE TS,

Stepl: N:2Hs+NOz — 0.5N2H:+H20 +NO+0.5N2  (fast)
StepII:  0.3N2Hs+NO—-H20+No. (slow)

2. S RICHEED
CFDOA—F D HIAHE
B89 5%

This document is provided by JAXA



218 FHMZEHIE S RIRE  JAXA-SP-12-014

MR IEZXCFDO—FIC A ADIBSORER
1) {22 RGN E M (stiffness) |2 & D EFE ZI A0 ) iR,
2){eEER R AR K DEMN,

3) Z RS EE RO R FRFE OE0

i Huge Number of
Species and Reactions

il

R cERN Bun R, mmnn, SN bl bann BRRRERS. D or ol BEN e

species

h hZ o o2 oh hZo nZ co hoo coZ
c2hd c2h5 ch2 ch ch c2hi c2h3
pcZhdoh scZhdoh chico chicko chicho c3hd-a c3hd-p cIhé cdhé nc3h?
ic3h7 c3hB icdh? iolhE cdh7 cdhB-2 cdhE-1 =cdhd podhd todhd icdhd
ic4hil c4hi) chicochd chicoch? cZhScho c2hSco cSh9 cShif-1 c5hif-2

ch3 chd bo? hZoZ chin ch3o cZhé
ch3ch chZoh chZco hooo c2h3ch

T emiperadure K]
e g

[

ic3hiZ acShil beShll ccShil deShil acShil beShil ccShlD dicShd
nc3hiZ? cShil-1 c5hil-Z c5hil-3 peocShl? neocShil c?hSo ch3o?
1R cZh302 ch3o?h cZh3oZh cZh3al-2 ch3m?Z cZhdol-Z? cZhéoZh oZchidoh
B R TR el T ch3cod ch3m3h cZhico cZhiche c3h5o clhboohl-2 c3hfoohl-3 cIhéoohZ-1

AR

cdh7o céhBoh-1 céhiich-Z oZcthBch-1 2 1-2o02 1-3o2
= 1-dn 2-1in2 o 2-3a © to i

]
=]

4o ia
ic ia2 ic ta2 o 2 & 3c 14 c 2-1
c4hBooh2-3 c4hBooh2-4 ic4hBoZh-i icthBoZh-t tcdhBoZh-i céhBal-2
c4hBal-3 cdhBol-4 céhBo2-3 ccéhBo préhlo sothdo icdhSo todhBo

o pe#hSoZh scthSaZh icdkBazh tcéhSoZh trdhSo? icéhBo2 sc4hSo? prdkba?
e 8 chicoch2a? chicochinlh ch3mchlo céhlbo c?hd-chlo acShilo? beShila?
ceShilo? dShilo? acShilo ..,

E
:
E
EE
t
:

AR
bRt

1'% - cShlloZh-2 c5hiloZh-3 cSh ===

I )
Tuanse [1as]

H,/0,=2/1, T;=1000K, P;=150 atm

i

ool b Ul baliu, pokphnRt.aput,

M

]
!

CFDADMAAH <= RIGEBEDOERL

Reduction &Lumping

DRG: Directed Relation Graph
T.Lu, C.K.Law, Proc. Combust. Inst., 30 (2005) 1333

PCA: Principal Component Analysis
S.Vajda, P.Valko, T.Turnyi, Int. J. Chem. Kinet., 17(1985) 55

CSP: Computaional Singular Perturbation
S.H.Lam, D.A.Goussls, Int. J. Chem. Kinet., 26(1994) 461

ILDM: Intrinsic Low-Dimensional Manifolds
U.Maas, S.B.Pope, Combust. Flame, 88 (1992) 239

RCCE : Rate-Controlled Constrained Equilibrium
J.C.Keck, D.Gillespie, Combust. Flame, 17,237(1971)
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2.1 RCCEZMDFFRLMER

RCCE (Rate—Controlled Constraint—Equilibrium)
Jones and Rigopoulos, Combust. Theory Modelling, 11, 755 (2007)

Gibbs Free energy and chemical potential
N

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

,uj=,u;.’+RTlnpj/p0=,LT;’+RTlnnj/n (2) p° :1bar

0_ 0 0 _ 770 0 0
M, =p;+RTInp/p"=H;-TS;+RTInp/p (3)

nzzjnj (4)

Constraints

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

N
dkzzckjnj (k=1.....,.M)) (6) M_=number of constraints

Lagrangean:L L=g+Y Ab+Y, Bd;

oL “
o =0 =n,=n exp{— R—}j GXP(Z,- Aay )exp(zk ﬂkckj) (7)
J

A =-A/RT, B,=-p, /RT
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For H,p=constant conditions

Thermodynamic h= ZjH.n. (8)

constraints p=npRT (9)

Kinetic constraints  d(d,)/dt = Zj ¢, (dn; /dt)= Z; c,W,  (10)
W, < From detailed chemical kinetic nechanism
Index 1 Solution: Solve the algebric Egs.(5),(6),(8),(9) and differential eq. (10).

Index O Solution: (constraint potentials) formulation
Differential equations for M+ M+ 2 variables

o T, A (=1 M), B, (k=1,... M)

From eq.(7)

y =7 77" -—  (11)

on. ﬁnj anj 1 H;) on. n,
——=aq;n. ——=Cn, —=— n,;
04, o op, oY A /

Solver of DAE used in the present study: DASPK
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H H T OO (OOT 00 & )
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RCCEETEERIEESNhEHHN?

H,P=Const. DI E D ETERR ()
(To=850 K, P=10 atm, (|)=1)

Time Step /s

CHa/Air C2Ha/Air nCaH1o/Air nC7H1e/Air
Species/Reactions 66/337 48/249 111/426 373/1071
VODE 0.85 0.73 2.02 9.19
RCCE 0.61 0.45 3.37 8.97

(# of constraints) (9) (12) (36) (26)
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10" 10"
10 1074

- 1074
1074 -

= w = nC4H1 0iAlr, HP=Caonstant
1074 IH!] o107 T0=850 K, P=1 atom, phi=1
10°4 CH4iAir, HP=Constant % 1 e neeR R EeE
s T0=350'K, P=10 aim, phi=1 E 1

Red: RCCE, Black: VODE .

"
10 "
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m@DD 1 02 03 04 05 06 07 08 o8 1o " obo 002 004 006 008 010 042 014 016 048 020

Time i = Time /s
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0" = LﬁELé’DEL;%‘EQ"

1A aQ
Lipg ot a_o e GAEE

d
Y LY =S (s RGEE @ p, eH—FEDRCCEE

ODE dt
REHEIZBTHIEEEORER (NMZEESTHIN?
OPYe (OPY o k1N
ot ot

This document is provided by JAXA




222 LRI BRI 2R, JAXA-SP-12-014

REREICHITIRER

TREHE b =Yamn,. [=l..M
- MEREEDE (M<<N)

LemoRER
opY, N opuY,
ot ox
Yo =W, 13DT
opn, N opun,
ot ox
a, EHHFTKZONTORELDE
opb, N opub, _
ot ox

NHDEREFEXDKHOYITM(<<N)FE DK ZEEZ (T[T KLY,

=0, k=1..N

=0

RCCE%:F &

RCCEEZHEAT H&ITKY
1. e RICAFER
IEFREOMD AEX (B ~%T)
=S>HREFHEDOMS AER (1)
2. BRAREK
IEFZEOBR(BEa~&T)
=S>HREFHEDOER ()
RERDRE
RCCE;&MDAEM LY stifflZZE>TLED
BEMNHD
=> MTS (B5fEl#E ) +RCCE(Fiit)

This document is provided by JAXA



WHKYE 0oy bV rET Y7 TRT MY — (JAXA 2 R 0 RY T A

223

sy hZmoPry I ab— g OFRER., F L TEDKR~ %RIE

2.2 REEFERXDEEER;
MTS (Multi TimeScale)i%

* H2/02 = 2.0/1.0, T=1000 K, p = 0.1 atm
*11 species, 34 reactions

* The characteristic time evaluated with CHEMKIN-II library:

Temperature { K

* Time integration with the Euler explicit method

3000 |
Al=]le=8%
Al=le-94
Solution diverged ¢
2000 |-
11m 1 L L L A L L
02 04 0.6 0.E Lo
Time /ms » 1

» The computation with At=1.e38 s failed

Charactenstic time | §

= RGO R ]

dYy Wi
28— o —=
dt k p
ar _thkak
dt pcp
Xk
T = — wr, =Cr—D
k Ds k k k
@ Point solution diverged
10°p ;
10' b — Hi
14 H
1loﬂf'- - g
:u-hl"‘-‘:-?:'“mx ot
0% NN i
lﬂ.—-‘l o "-ﬁ_‘ - Tl ]
10 s . H“. X cid
10<f- B
107§ . Pan =
10 b
Lﬂ.q." \."-c --------------- |
b
02 04 06 0B 10
Time / ms =i

» The characteristic time could be comparable to the time step size required
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Group

V3 -H‘*\H H-
Ref.: X. Gou, W. Sun, Z. Chen, and Y. Ju, 5 I 0
Combustion and Flame, 2010 g i — N 9
g ;\\ N He
g 104} SO o
;o) Nl
W ] —
\ 1o — |
1o b SO
; FaSt.eSt group: . . . o Il? r'LI asd iy ("} 1
é consists of species with relatively small characteristic time T | s g
A
- Atp Atar
Pt >
v Intermediate group
A :
: AtF AtM Ats .
| > > < < > >
Slowest group:
¥ consists of species with relatively large characteristic time
Time Atpase

* An assumption: Fast groups are expected to converge quickly

Multi-timescale (MTS)iZD#HE

: may correspond to CFD

MTS & VODE (B2f@i%) D L 8;

* nC4H10/02 = 2.0/13.0, T=1500 K, p = 0.1 atm, 146 species, 554 reactions)

I VODE
4000 s \
] |\~
£ 3000
E }
Lol /
1 - L : - -
R0 [H] 02 03 0a
Thime /o P i

| VODE

4000 MTS W

|
g
E 00K
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£ ____,__.--'
e ol 02 03
Thme fmd xl0!

i

1o A

Mnle fracasom
=

iy

ol

02
Time ! ma

* nC7H16/02 = 1.0/11.0, T=1500 K, p = 0.1 atm, 373 species, 1071 reactions)

03 [LE]
]l

w
T8 Ho
5m s
'] o
e P
s “c0;
§ [l
W
T
Won B 02 0.3
Time / ma =10"
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MTSEVODED T E R D He 8

* Computations on iMac, quad core, Intel Core i7

/02 species # tenigietri:‘iure pirelistsgie VODEPU fme 1/\/[STS Saving / %
H2 11 1000 0.1 9.53 7.99 16.1
CH4 68 1800 0.1 231.3 40.26 82.6
C4H10 146 1500 0.1 537.7 53.67 90.0
C7H16 373 1500 0.1 2424.0 100.03 95.8

* Saving = (VODE-MTS)/VODE

* Note: elapsed times are different among each case; CPU time not proportional to

species #

* Note: VODE without initialization parameter provides much faster CPU time
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* Stoichiometric H2/02 mixture at 1000 K

* 11 species, 34 reactions
* p_left/p_right=1.0/0.3
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Time histories of temperature profiles with MTS
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