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* ROCFLAM
° $ HEI- — Compressible -sub, trans and supersonic
+ 2D axisymmetric finite volume, SIMPLE algorithm
« standard k-¢ with wall function, 2 layer model
=13 — Multi-gaseous species chemistry
= « Arrhenius, EDC, global chemistry .

« standard jannaf property data ' Y i '
—Lagrangian ‘

« droplet-to-wall interaction model

« secondary droplet break-up

+ annular film cooling model

« viscous heating species diffusion

« heat conduction in solid wall

T —

[Hypergolic chemistry] [Conjugate Heat Transfer]

MMH

N,O,
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> Anderson(2010) : 81 &t2tE, 513 HF-S 4]
> Wei(2019) : 29 235, 36 BHE 4! (Anderson?| H4 2 )
> Hou(2018) : 23 2tstE, 20 HtS
> Catoire : 81 2}3+E, 399 HF-S Al
> Catoire(2004) : 11 zt=+E, 7 BHE Al (Catoirel| 24 2 F)
> RocFlam-11(1998) : 13 $}&+%, 10 HH2 Al

;

3500 Wei
R AFRL81/513_ _
e AFRL 29/36
; 30001 = Mech 2320 _ .
constantProperty volume; : Anderson Catoire 81309
fractionBasis mole; 2500 F e Catoire/11/7
. Catoire Roctlarh-1l 13110
fractions T f 5
=2000 i
CH3NHNH2 1; 51500__ .Jj"
N204 1.0275; = - ammmmmmmmmmmmmee- A
NO2 1.4725; 1000 !
} i i
500 F Hou i _
P 214200 ____J_ ___________________________________ Rocflam-II
T 298, 00— Gooz 0004 0006 0008 001
Time [s]
[Initial condition] [Ignition delay-temperature]
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[ No. | Reaction [ No. | ______ Reaction

N204(+M)=NO2+NO2(+M) 5l H+OH+M=H20+M
PP CH3NHNH2=CH3NNH+H2 WP HCN+O=NH+CO
BEN CH3NHNH2+NO2=CH3NNH2+HONO N+H2=NH+H
B CH3NNH2+NO2=CH3NNH+HONO N+NO=N2+0

BEN CH3NNH+NO2=CH3NN+HONO IEFIN NO+H=N+OH

BN CH3NNH+CH3=CH4+CH3NN IEEEN H+CH3(+M)<=>CH4(+M)
LY CH3NN=CH3+N2 BEPEN H+CH4<=>CH3+H2

I NO+OH(+M)=HONO(+M) IEPER OH+CH4<=>CH3+H20

BEEN HONO+OH=H20+NO2 IEPZE OH+CH20<=>HCO+H20
LN NO2+H=NO+OH m CH3+NO<=>HCN+H20

IGFI CH4+NO2=CH3+HONO
7Yl CH3+NO2=CH30+NO

PR NO2+0=NO+02

¥R HCO+M=H+CO+M
IGPEN CH30+NO2=CH20+HONO
IGFEN CH30+NO2(+M)=CH30NO2(+M)

J¥ER CO+OH=CO2+H
Y O+H2=0H+H
H¥8 OH+OH=H20+0

» decomposition of NTO (R1)

* decomposition of MMH (R2); the path MMH->CH3NNH2->CH3NNH->CH3NN->CH3 (R3-R7)

» conversions between HONO, NO, and NO2 (R8-R12)

important reactions of CH4 chemistry; the path CH3->CH30->CH20->HCO->CO->CO02 (R13-R29)
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» T.F. Seamans(1967, AIAA Journal 5(9), 1616-1624)
 Explain the spontaneous ignition process of MMH/NTO
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« 1XHE CliekR 31H S| M - CANTERA

Table 2
Calculation conditions of the axisymmetric one-dimensional steady

» T. Hayashi(2019, C&F 201, 244-251)

state counterflow pool flame.

= o Oxidizer Fuel
* 120 2IStE & 907 HHE4 — _
Composition [mole fraction] NO;:N204=0.52:0.48 MMH
Temperature [K] 318.75 346.76%
Flow rate [g/s] 0.21 0.0242
[Hayashi results] [Present results]
1.0 T T T T 3500 3500 T T T T 1
Temp.
X e
Temp.-Calc 4 3000 3000 + CHBN;E:i -
08 | //’—\\\ x§§‘§::_: 4 0.8
/ \ = 2500 F  Xuo
! i // \\ — '5_" X:éﬁ T E
= T 4] v D)
g osp ' A = 5 2000 o0 5
b3 PR e rncack Sy @ =50 e @
!g """""""""" // % GLJ """"" 0
N,Oy4 H - —=.
L 0sf i/ No H0 @ g 1500 0.4 S
E koo R o SR o e T -
// Y \(,/ s e é F 1000 -
| e 5¢
02 1! Voua . 0.2
17 OB [ 500
0—-—-—1—’———-——*’//}:,": Ni GOl ol
g7\ NT
0.0 1 Acq'/ [ T il i, O 0 0
0 2 4 6 8 0 2 4 6 8 10
Distance from oxidizer nozzle, mm Distance[mm]
Fig. 9. Axial distribution of temperature and major species obtained by CANTERA
for MMH/NTO combustion. (Dots indicate temperature measured by thermocouple).
. Sl s /i /e
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[Hayashi experimental results]

Oxidizer Side

Temperature Heat release rate

/ Upper orangeflame

-
——

Bluewhiteflame — _— L ower orangeflame

Two upper flame

/ Upper orangeflame

Bluetwhiteflame——""  _— L ower orangeflame

Lower flame

T . Fuel Side

2897 1000 2000 24842 136408 0 2648 42e+08 2897 1000 2000 26330 138408 0 dgem 426408
Fig. 6. Broad band photograph of MMH-NTO flame and averaged image of - Lol -_— ‘ - | — !
MMH-NTO flame (a) instantaneous image, (b) averaged image of 3000 frames in

grayscale. (For interpretation of the references to color in this figure, the reader is ) .

referred to the web version of this article.) [Anderson Full Mechanism] [RM29 New Mechanism]
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Hiroumi Tani, PCI (2015)

» Hypergolic ignition and flame structures of hydrazine/nitrogen tetroxide co-flowing plane jets

Liquid phase reaction

Liquid-liquid impingement/atomization

480h
g Constant pressure
NTO > 19.5h
NTO )

N2l4 D h=7mm N . Temperature 400K Constant

_/// Initial condition: Pressure 0.01 MPa pressure
Velocityyro
Mo ), 100 ||NES / EEF
! /
X Constant

AV

Fig. 2. Computational domain, boundary and initial
Table 1 conditions.

Injection conditions.

Pressure Temperature Velocityy, u, Velocitynro (m/s) Mole fractions of NO, and N>Oy4
i iy N . 2 S Case 1 0.01 MPa 400 K 50 m/s 50 0.990:0.010
Fig. 1. Schematics of complicated multi-physics phe- Case2 | | J 30 |
. . ase 3 l | | 70 l
nomena in N,H;/NTO bipropellant thrusters. -

NTO wp

[NTO velocity - 30 m/s]

time=3.5msec

time=3.5msec

Increase in HHONO

time=5.1msec

—)

Rapid consumption of IONO

(c) Mole fraction of HONO

[NTO velocity - 50 m/s]

[NTO velocity - 70 m/s]

me=3.9mscc ARSIl time=5.7msec B2 NTO mub time=28msec RSN time=4.0msec B
K] C 3 K] IX]
o 400
Ignition g

400 400

Preheating in Ignition
wake-like flow

time=2.8msec

time=2.8msec

Rapid consumption of HONO

x=8em x=18¢cm x=13cm x=23c¢m x=llem x=2lem x=17¢m
(¢) Mole fraction of HONO

x=27cm
(¢) Mole fraction of HONO

-” anes

URYFTLFATH
Konen Ackospace stmure

Reseanar
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. AHX}
« Xl =4 snappyHexMesh(OpenFOAM)
« 4X} ;175 0F M

« A4Xt A7]: 1 mm (fine region)

293K

Refine Lv3

Lv2

- BAx=HA
Velocityyuy | Velocityyro
e symmetry
Casel 30 [m/s]
» non-reflecting outlet Case?2 50 [m/s] 50 [m/s]
Case3 70 [m/s]

7|9t semi implicit &H

0.84m

20233 st T3S =A s g] 14/21
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Time: 0.0027 sec
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Time: 0.0028 sec

- - _— | —

3500

3000
4

o 2500

— CH3NHNH2
--CH4
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H20

HONO
—N204
- -NO2

- Temperature
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02 04 6.1e01

Temp.

0.9
0.8
0.7
068
05§
04%
030
0.2
0.1

‘ ‘ Mmool —-:::-::2—-‘-.5-;';'/
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=
-gdct 28 45 77 (2.7ms ~3.0ms)

Time: 0.0029 sec HONO Time: 0.0030 sec HONO
0.0e+00 0.2 04 6.1e-01 0.0e+00 0.2 04 6.1e-01
_— | — _— | —
- o
3500 ! 1st 1 2nd ! 1 3500 1
— CH3NHNH2 1 1 ] — CH3NHNH2
—om — »le—»| Temp. 0.9 —ch Temp. 0.9
3000 "< : ! , ~ 3000 "o, o
é H20 1 1 1 70'87 é H20 DBT
2500+. .. yono ! ! ! 0.7 2500/... Hono 0.7<
(V] 1 1 1 c (U] c
e —N204 | i I 1060 = —N204 062
2 2000/- -NO2 I i I CE 2 2000, - -NO2 O
E —Temperature M l\,}l H : : 0.5 5 E —Temperature/MMH 05 8
= 1500 =
! 047G 8_ N204 04
! 0.30 £ 1000 030
I [ R S R L .
: 0.2 - 500 NO2 0.2
0 ‘ ! ™ e -] — e 1 I % 0 | ‘ AT ‘ ! ! %
0 0.01 0.02 0.03 004 005 0.06 0.07 0.0 0 0.01 002 0.03 004 0.05 006 0.07 00
Distance (m) Distance (m)
- s = - K/\RI
20234 SHFAETIB &S| EA AN 16/21 N res



= HNE 73 oll4

- AlZd|o]d 2t (F=t AMAE)

Case 1 (30m/s) Case 2 (50 m/s) Case 3 (70 m/s)
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x i v
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= HNE 73 oll4

- A Zg|0]d 21t (Hel 0] %)

Case 1 (30m/s) Case 2 (50 m/s) Case 3 (70 m/s)

Time: 0.0058 sec e b o | Time: 0.0062 sec maw ' owe | Time:0.0052 sec

Tlme 0.0052 sec Time: 0.0052 sec
Time: 0.0058 sec el T|me 0.0052 sec § Time: 0.0052 sec
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(=1 X= o1

o T

Iq x in-depth radiative convective
o ﬂ .I-I-I E HI- E I ?‘ absorption heat transfer

/ / / / boiling evaporation impinging droplets
( ﬂ)l 0 / /

- Film Liquid Evaporation Liquid film

splashing

* Spray: thermoSurfaceFilm Wall{

v’ Interaction type: absorb

* Film region: thermoSingleLayer

1‘ film separation
v" Phase change for mass transfer

H20
0.0e+00 0.002 0.003 0.004 5.0e-03
|

H20
0.0e+00 0.002 0.003 0.004 5.0e-03

I | | | | |

alpha
0.0e+00 0.2 04 0.6 0.8 1.0e+00
U ee— !

alpha
0.0e+00 0.2 04 0.6 0.8 1.0e+00

[Evaporation off]
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Thank you for your attention.
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