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Abstract: To improve the CFD numerical calculation accuracy of the combustion of hypergolic propellant
liquid rocket engines, a detailed combustion mechanism of nitrogen tetroxide ( NTO )/unsymmetrical
dimethylhydrazine (UDMH) with 63 components 357 elementary reactions was constructed based on the
hierarchical method. The detailed mechanism was simplified using a single simplification method and a
combination of multiple simplification methods, resulting in 35 components 149 elementary reactions and

23 components 19 elementary reactions that were in good agreement with the detailed mechanism. Based
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on this, the influence of different pressures, temperatures, and the ratios of oxygen and fuel on the

ignition characteristics of the detailed mechanism and simplified mechanism was studied. Increasing the

initial pressure will integrally increase equilibrium temperature and ignition delay time of the system. And

the higher initial pressure leads to the slower the system equilibrium temperature increment; decreasing
from 1 035 — 1 320 K/MPa to 170 — 320 K/MPa. Meanwhile, the increase in initial temperature will

increase the equilibrium temperature of the system but shorten the ignition delay time. When the initial

temperature increases by 1 K, the equilibrium temperature of the system will increase by about 3 K. The

growth of the oxygen fuel ratio will lower the system equilibrium temperature and raise the ignition delay

time. Larger oxygen fuel ratio results in a rapid increase in ignition delay time. The law provides an

important reference and theoretical basis for the study of NTO/UDMH reaction kinetics. The detailed and

simplified mechanism constructed helps to establish a more accurate simulation model of engine

combustion flow field.

Keywords: unsymmetrical dimethyl hydrazine; nitrogen tetroxide; construction of reaction mechanism;

simplify the mechanism
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Fig.1 Detailed combustion mechanism construction of

NTO/UDMH and main initial reactions
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Tab.1 NTO/UDMH initiation process, 10 components, 42 step elementary reactions
5 ey A n E/ (k] - mol™")
1 C,HgN, < = > CH;NNH, + CH, 2.153 x 107 -3.170 66 890. 00
2 CHgN, < = >GH;N, +H 2.153 x 107 -3.170 66 890. 00
3 CHgN, < = >CG,HgN + NH, 5.650 x 10" 0.570 87 480.00
4 N,0, +M < = >NO, +NO, + M 1.960 x 10> -3.800 12 840. 00
5 NO+0+M< =>NO, +M 1.060 x 10* -1.410 0.00
6 C,HgN, +NO, < = >(C,H,N, + HONO 2.200 x 10" 0. 000 0.00
7 C,H;N, +NO, < = > C,H,N, + HONO 2.200 x 10" 0. 000 5 900.00
8 CH,NNH, + NO, < = >CH;NNH + HONO 1.000 x 10® 2.000 0.00
9 CH,NNH + NO, < = > CH;NN + HONO 2.200 x 10" 0. 000 6 700. 00
10 HONO < = >HO +NO 8.400 x 10" 0. 000 17 000. 00
11 HONO +H < = >H,0 +NO 8.100 x 10° 1.900 3 843.00
12 HONO + OH < = >H,0 +NO, 1.260 x 10" 1.000 135.00
13 HONO + 0 < = > OH +NO, 1.200 x 10" 0.000 5 958.00
14 C,H;N, < = > CH;NNH + CH, 2.153 x 107 -3.170 66 890. 00
15 C,HgN < = >CH; + CH;N 4.315 x 107 —4.490 49 680. 00
16 CH;NN < = >CH; +N, 3.000 x 10° 0. 000 0.00
17 CH;N < = >H, + HCN 7.400 x 10" 0. 880 35.47
18 CH,NNH, < = >CH;N + NH, 2.400 x 10" -0.100 63 790. 00
19 CHgN, +H< = >G,H,N, + H, 4.000 x 10" 0. 000 0.00
20 C,HsN, +CH; < = >G,H,N, + CH, 7.400 x 10" 0.000 5210.00
21 C,HgN, +NH, < = > G, H;N, + NH; 7.400 x 10" 0. 000 5210.00
22 GH;N, + H< = >G,HgN, +H, 4.000 x 10" 0. 000 0.00
23 C,H;N, + CH; < = > G, HgN, +CH, 7.400 x 10" 0.000 5210.00
24 C,H;N, + NH, < = >C,HgN, + NH, 7.400 x 10" 0.000 5210.00
25 CH,;NNH, + H< = >CH,;NNH +H, 4.000 x 10" 0. 000 0.00
26 CH,NNH, + CH, < = >CH;NNH + CH, 7.400 x 10" 0.000 5210.00
27 CH;NNH, + NH, < = >CH,;NNH + NH, 7.400 x 10" 0. 000 5210.00
28 CH,NNH +H < = >CH;NN + H, 4.000 x 10" 0. 000 0.00
29 CH;NNH + CH; < = > CH,NN + CH, 7.400 x 10" 0.000 5210.00
30 CH;NNH + NH, < = > CH;NN + NH, 7.400 x 10" 0. 000 5 210.00
31 C,HsN, +0 < = >C,H;N, + OH 9.600 x 10" 0. 000 0.00
32 C,HsN, + OH < = >G,H;N, +H,0 3.920 x 10" 0.000 0.00
33 C,HsN, +0, < = >G,H,N, + HO, 4.000 x 10" 0.000 0.00
34 C,H;N, +0 < = >C,HgN, + OH 9.600 x 10" 0.000 0.00
35 GC,H;N, + OH < = > G, HgN, + H,0 3.920 x 10" 0.000 0.00
36 C,H;N, +0, < = >(G,HgN, + HO, 4.000 x 10" 0.000 0.00
37 CH,NNH, + 0 < = >CH;NNH + OH 1.000 x 10® 2.000 0.00
38 CH,NNH, +OH < = >CH,;NNH + H,0 1.000 x 10® 2.000 0.00
39 CH,NNH, + 0, < = >CH;NNH + HO, 4.000 x 10" 0. 000 0.00
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40 CH;NNH + 0 < = > CH;NN + OH 9.600 x 10" 0.000 0.00
41 CH,NNH + OH < = > CH,NN + H,0 3.920 x 10" 0. 000 0.00
42 CH,NNH + 0, < = >CH,NN + HO, 4.000 x 10" 0. 000 0.00
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Tab.2 Temperature sensitivity of top 50 primitive reactions

5 SR b SR

1 C,HgN, < = > CH,NNH, + CH, 142 OH + C,H, < = >H + HCCOH
3 C,HgN, < = >C,H,N + NH, 147 OH +C,H, < = >C,H, + H,0
4 N,0, +M < = >2NO, + M 152 HO, +CH, < = >0, +CH,
6 C,HyN, +NO, < = >C,H,N, + HONO 153 HO, +CH, < = >OH + CH,0
7 C,H,N, +NO, < = >C,H,N, + HONO 173 CH, +CO( +M) < = >CH,CO( +M)
12 HONO + OH < = >H,0 +NO, 181 CH,(S) +H,0< = >CH, + H,0
14 C,H,N, < = >CH,NNH + CH, 191 2CH,( +M) < = >C,H,( +M)
16 CH;NN < = >CH; +N, 192 2CH; < = >H + G, H;

20 C,HgN, + CH,; < = >C,H;N, + CH, 204 C,H+0, < =>HCO+CO
23 C,H,N, + CH,; < = >C,H¢N, + CH, 211 N+NO< =>N,+0

29 CH,;NNH + CH; < = >CH,;NN + CH, 212 N+0,<=>NO0+0

32 C,HgN, + OH < = > C,H,N, 213 N+OH< = >NO+H

35 C,H,N, + OH < = >C,H(N, + H,0 218 N,O(+M) < =>N, +0( +M)
36 C,H,N, +0, < = >C,H(N, + HO, 219 HO, +NO < = >NO, + OH
41 CH,;NNH + OH < = >CH;NN + H,0 220 NO, +0< =>N0O+0,

42 CH,NNH + 0, < = > CH,NN + HO, 221 NO, +H< = >NO + OH

65 0+CH, < =>C0O+CH, 251 CN +H,0 < = >HCN + OH
96 H +CH,0H < = >0H + CH, 263 HCN+0< = >NCO +H
106 H+CGH(+M) < = >CH,( +M) 281 CH, +NO < = >H + HNCO
109 H+CH,(+M) < =>C,H;( +M) 283 CH, + NO < = >H + HCNO
123 OH +H,0, < = >HO, +H,0 284 CH,(S) +NO < = >H + HNCO
131 OH + CH, < = >CH,(S) +H,0 299 HNCO + OH < = >NCO + H,0
132 OH +CH, < = >CH; +H,0 302 HCNO +H < = >H + HNCO
133 OH+CO< = >H +CO, 319 OH +HO, < = >0, +H,0
140 OH + C,H < = >H + HCCO 326 C,H, +0, < = >0 +CH,CHO




88 D)

it

2024 410 A

1 4 6 7 12 14 16 23 32 35
S
(a) 3B—4
0.251

0.201
0.15F

' o HH =
.

1 1 ]
36 42 131 132 133 152 191 219 281 319
B

(b) 4l
B4 REHRMR 20 REHE

Fig.4 Temperature sensitivity of top 20 reaction values

TR U R 5

2.2 BNHFESH

BRBERLBHE B 3 K A o 2 R 9K e B o 28 56
B, YU TR SLIR e R R ARk
SIPLIEE TR e A v, T 7 TR R AR HE R
B T AL SR, PR A SR T P A S 25 A6
BURESE T AR R T il BE R EUR L R PRAR A be pIL 2
(3 KRFE

KSR ARIRE 1 300 K UHALE 2. 0 4046
Ji1E0.1 ~0.7 MPa([a]f 0. 1 MPa) T BEARAALEHL
HRE KRS DL . 815 (a) AR T T 1
ARMLE A 2 SR T 2 HERE TR AE AR E T AL R £
D R A IR AR T2 4 BB D%
GER LS ST B, I 52 B UDMH 5 NTO 45 i
o S, i R 2 OB A B s @/ R T
YL T T v (R (o I 52 B g A (H IS 2R 48 i
TGS s UL b T A, T 3k F N
ARG ;@ R G (R TP AL . X e
ANFIRI AR T 7, F A0 AR R AL B - A 3R R S [
3620 ~3 980 K, AL N 9. 04% - ifi & i 45
J 3 9 385 R T 18 A (EL S e e B 22 48 (
1 248.4 K/MPa g /M%) 284.2 K/MPa) , AT H H

WL X EE Hs 36 TR AR R BE LB KR R S, A
[l oyt ) N AR 5 IR IR WL S (b)
LA, R G810 15 60 4R e 7 B0 3 g 5
T AEH RSB W 2 o A K IR I ] B TR D A R
KAk 2.1.28.1.34,1.50,1. 57, 1. 80 A0
1.93 ms, BRI KCAE IS I 18] 52 55 98/ Je 38 R 3
TERIHRIETT 0.2 MPa B IR B /ME . 7E0.2 MPa 2
JE M8 AR e g 22 A R 8 3K )-8 i B2 4 o 1]

4500
4000}
3500}

23000t

T—%zsoo
2000[2==
1500}

1 000k \
0 1

2 3 4 5
I} [8] /ms
(a) RIFWIH FF1 3% KR TH L

o —— PR

4000 ‘ 2.0
—o—  KHERH[E] o —" m
— g
23900 1.8
i =
ZE3 800 1.6
3700 14X
Ha

3600 1.2

0.0 0.2 0.4 0.6 0.8
UK J1/MPa

(b) AN[RIRI 46 e 3 T - BE 555 K 3R B i) A2 1k
B5 MBEAFTEMNIRE KIFEZ M
Fig.5 Effect of initial pressure on detailed mechanism

ignition characteristics

BItR 43 0.1 MPa, UKL 2. 0 B, 9 k5 78
500 ~1 300 K([a]f 200 K) ®I4aHRE T3 KRtk s
PEILIE 6. MAIEI 6 (a) HA[#5: £E 500 ~ 1 300 K T,
KL BEAT B4 R AR BE , a5 i it B T T e
IR AR B PAFIRE . XF AR 00T LU 2 %)
FL X PEARAABE AL HI 1) 35 IR T il R M R
BEH IR TR A T 7, R G809 1 3l B2t T e, B
JBEEE R e o L6 (b) FaT LAFE - R G0 i
JEE B0 i T FEE PO DA T, T ey R 2 S A
K578 500 ~1 300 K Z[A] IFIAR TG I 1 K, R 458
SR LGN 2 3 KA TR I 5 3 K AR B[R] AR
500 ~1 300 K Z[a]4350 4 4.5.3.2.7.2.3F12 ms,



5550 55

¥ PHa, 4 :NTO/UDMH JABEHLELFY 2 5 25 IR 0 89

BV Bit 5 400 e T BE B0 B, 40 BIL B 1) 3k A4 3
I [ AR S, RV R A9 it JEE ) 5 R JE b fie
PESSE R BEA T, AFA) Gy 38 P B K, 5 K SHE 3 I i) ok
IINEFEREN

4000;
3s00p [T ——500K
i ——700K
3 000. ‘I.— ________________________ _._900 K
-~ 1100K
2 2500r | -~ 1300K
== 2000}
1500}
1000}
soobAd—— L
0 10 20 30 40 50
5 8] /ms
(a) AFERIERIR L& JORF R
4000 s 6.0
—— R ]
—o— A5 JIEIR I [H] z
230007« 455
iz =
I8 ' )
&2000 309
: —. 04
> _ - %
. e
1000 s

400600 800 1000 1200 1400
WA T S1/MPa

(b) ANTFIWI AR P B R 5 A K AR I H] 22 fk
El 6 iR EXFMYIIEE N
Fig.6 Effect of initial temperature on detailed mechanism

ignition characteristics

KM TAERE, B Be = Bk = LA I [R] — 41 1
PIAS RS B4 500 1 4R LR s A e 22 57, 5 1R )
NTO 5 UDMH 7E S R b T4 &R A o 2.0, 3%
T, W LRI 1300 K, #4477 0. 1 MPa, (A
FLIEREIAE 1.5 ~ 3.0 Z (B B TR IA Be ML EE & K ek
AT, BT (a) ARV AU LU T PEAIHLIE Y 2
KIRETEh LR . FEEIRIG 1.5 ~2.75 2], A R
b P T Al L B S 0 IR B Y/ N B A 2. 00 ~ 2. 25
Z Al M 5 2 K HE SR IS [R] il 2 420K LU 1 358 o i 1
Ko, HEUR LR, B K B R, TR EE 3.0
i, 2 K R I AR ) & A TR RS AL T O e 4R
PEREAN A B BE , PR R 7 (b)) Bl B EE - 1 B 5 2
K HESR R[] AR A B AN 25 JR AR B 3.0 B . AL
B 7 (b) Hrn] DLE B A H - Bl & UK B B 3,
RGO EE N 3 646 K 9/ % 3 525 K, i/ T
121 K, 25 KCHER B[] B 42008 LU B B4 431 24 0.3

0.9.2.0.2.9.7.2 120 ms, RI4EHBR H 1930 im 2 S35
5 KCHE IR B [0 0 350, L3 0 ) R R R R e
S A VS N R N I VAT ST
1) 0 VA R AR AT, 35 817 ek B T 0 A ) R
EK

4000;
3 5000 /_ ..... e
3000f i ——1.50
[~ B 1 :
] | ; —1.75
S25000 | ) e
mE ;7 Pt :
~=2000F |- -.=.205
S .
1500¢ T250
2.75
1000} ——3.00
0 5 10 15 20 25 30
fif f]/ms
(a) AR L JOR T2
3700 s
! — ROTERE P
30t w BIIERIE o E
& T =
53600 AN 52
E@ ] ;Igj
& 3550 T 10 &)
3500 5
/._’./
3450L—a—rmt ... 0
1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00
L

(b) A[RISEHA LN V-7l BE 5 45 KRR I 18] A2 1k

B7 SEALL X FMEYIEE AR R0
Fig.7 Impact of the ratio of oxygen and fuel on detailed

mechanism ignition characteristics

3 NTO/UDMH ¥ Zf Bk A IR Bk

TRAMR LS LB BE 8 40 3 55 052 Sy S 42 3T Y
oA SR B AT R L [R] P2 7 SR figp oo A o
THFEE R B35 BT IR, Wi et S . 73 4h, RAE
I TEARHLIE 5 I AR A T 2 S B MR )
R BT LA B AR E — 5 T B2 A1 B0 T X AR A
FEHLELHEAT I 1E o

R AL LR 5 ¥ 200 3 28 il 5
R ST AR A AN R 473 RIS S0 S B, B4 32
ORI CELAE O AR A BUBAE o A i DA AR
i B TR A s Q5 I IR 28 N B 0 1 22 K AR Y
BN B B a3 s Qe Ik 18] ROBE A A I 8 4
AN T s ) R ) S5 8 73 530l FH AN [ 8 o T R kAT
S SC, VLIRS 2 ARl il MU B0 F Y o AN SO 2



90 D)

i 2024 4E 10 A

S — 28 B AN [R) D 96 6 TR A0 R e ML B £ TR [
R TR, A5 20 AT LA 2 T AR Se b ok BARIE 5
F5 BEf%) NTO/UDMH &AL IR B
3.1 EEXZEZ®

B R R AR TR AN HLEE vk R T 4%
Yoy B A B R DG FR 1A s A AT S5 B AL B
P 0 A R . R TR 25 4% i Y BB O R R ik
AN BT BRI 5 ) BB AE AR 6 R, R HF
— 3525 A B AN R 21 43 ) 7= A () TR B R

FEF A I8 B R 25 BB, B0 bR A AR R T
0.1 MPa B 1 300 K S #R L 2.0, R E LR
Pl T fR A5 2036 R 1R 22 19 35 4143 149 FEIT 1 Al
31 445 117 FEou W i) i fR ML s R JE T iR 25 1%
10 Y B3 6 AR A AR B TR 25 09 35 443 150 3
TSN R AEHLEE . ik 3 AL AL LB S iR An AL ]
B2 SR T UL 8, T LIA H 31 24143 117 Feot )z
B S AR S R, R TR 2
XiF HE BN 35 44 fRI AR HLEE A 7 Ak 5 125 400 o B 2R
BOUL TR BaTi B B iR 22, B 5 5 35 44 149 ot
RAEAN R EREE R 2 — g4 A AL LEE A

4000
Ssgpp s
3000f
> [
x2500¢ §
5 000l —— 634143575 T B
: —=— 354143 1490
1S00F | e i TR R
1000} * 352043150570 % i
0 5 10 15 20 25 30
I} 8] /ms

B8 FMHIERK 3 FELIIEE NEF L
Fig.8 Detailed mechanism and three simplified ignition

temperature rise curves

FEEFERN_E 0 A7 AN [ s 77 il B2 5 48008 BE X i
PLEE SRR 2 e, A& 9 Bz, MAIEL 9 (a) Al
B9 (b) Fral LUIFE i AR IR TRE 1 300 K, SN
2 I, B WG T RSB0, i AL R G- R
R BT 3 AR, 8 s 7 BT S B0 145 it B2 1 0
TR /N (i 1 035 K/MPa J#/Ngl) 320 K/MPa) , &
KHEIS ] 52 el N S R %, 78 0.3 MPa 4hik
FIM/IME 0. 88 ms, 2 J5 3 K HE IR I [1) 32 7 384 i 22
111 ms, ZALHR BB

B9 (c) ME 9(d) Aoln )k J1 0.1 MPa, Sk 1L
2 B AR HLEE A R 35 IO T M 4 R i
K HEIR B[] Bl ) U6 I R A AR AR . Rl S 0D 1R
TR 3, 2R 59 1) - A ek 2 3 1 L 2 K B SR
N ETR St ¥ WA N A = R e i P oy | B Y S
Ab, BEE PO TR 34N, R G- HrR LR 1 404 ~
3 618 KNHEI WIUh I AR R 1 K R G0 A i
REREIG TN 3 K 5 KAERBFHIAE 3.3 ~2 ms Z[A]
W/, TR HLIE A9 A4S A6y Bl 43 ) A 1391 ~3 618 K
4.5 ~2 ms, LG4 HLFE A9 B0E AR 1k 75 Rl Ee
AR, WU 78 A T 28 G0 - A Ui B 5 i) 1 R
—3,

K19 (e) FE () AP ET] 0.1 MPa, ¥ 45
1300 K i}, 8K 1.5 ~2.5 Z [ faifbHLEL A 11y
R T 4 0T I R 5 A K R R B[R] AR b
o BEF VR LR 3G N, R G0 0 ST i T R A
JIN s 26 K CHE 3R B[] 328 T 3 o L 3G in ) T % i 4
Ko RGOV E AR K (FE 3 560 ~3 656 K 2
[B)) , PEAHLEE R A2 fLYa R 7E 3 553 ~3 636 K, Bl —
HAAEEW) A5 AL HLEE A 035 KIEIR B
[B7EL. 17 ~4.99 ms Z [ AR 4k, 1M 3 A0 ALEE (4 & K
FERAFIAIAE 0.3 ~7.2 ms [ ARf PRI ACRR LU XA
[l AL i 25 K HE IR B 1] R R 45K o

4500
4 000 L y S m R R MR RS SR R R R R R
3500f [
%3000} /7]
= ; —— 0.1 MPa
=230 —— 0.3MPa
2000F —— 0.5MPa
1500 --—--0.7MPa
Look . - - 0.9MPa
o 1 2 3 4 s

5} 18] /ms
(a) ANIRD 4R )2 KT 2k

4200 —— ROPHEE |0
4100 —o— % KBRS [A] 2.0 2
. £
24000 e
23900 b
& —° 10w
3800 e ﬁ
3700 0.5%
3600 0.0
00 02 04 06 08 1.0
Wi F J1/M Pa

(b) IERIER R AR B 5 2 BRI ] G 2R



5550 55

WFtar, 4 :NTO/UDMH JREEHL AL 5528 JCRFE BT 91

4000
3500}
3000}

gz 500}

m=2 000f
1500}
1000}

500

S S e S
i
=
S
=

10 20 30 40 50
5 T8] /ms
(e) ARIWIR IR & KR T2k

4000r oz gL 6.0
o KA .
2 3000 455
i =
m :
&2000f ° — 3.0&53
H‘ \l <
— N
e *@
1000 s
400 600 800 1000 1200 1400
WA R /K
(d) NIEPIUEREE T F AR R 5 2 K AR I R O &R
4000
3500
3000
[
32500
%5000
1500
1000

0 5 10 15 20 25 30
5 [8]/ms

() A[RV4AHA LA LT 2R

3700 —— RGO 8
— oK AE R s A
B L .
> ~ B
3 600 ~~. / =
5 >< 4
1= L}
& 3550 p 5
- /o/ 2_\<
3500 — o

450 0
1.25 1.50 1.75 2.00 2.25 2.50 2.75
AU

() AR LR P AR 5 26 KCHEIR B ] 56 &
B9 ARENGEEMEMIEISEUIIE A FNEER T
Fig.9 Effect of pressures, temperatures, and oxygen fuel ratios

on the ignition characteristics of simplified mechanism A

3.2 HEMESRE
BRI SUPR O SRAURE 3, = Bk ok 1 e
AL P E L8R E 9 2500 2R 48 B9 5 0 A JEE R AT

IR A BT T7 35, B3 M 4 S 800 R G e

BBRSE , FETAY Y 63 243 357 FEIT N PEAIAL
BB 3.1 T R B AR R BT 20 Y 3T IR
L, P AGE 2o 2 0 3% A8 3 B v L A i 1Y) i g A
5y, 155 46 215y 52 T W Y fRTALALEE . 1AL
PSRRI 0 5 R THITZR DL 10, 0] LU
AR R Y 46 4143 52 Fot R N S5 TEANHLELE
KR TR IR R, 46 Y14Y 52 FLITIR IV I K
FEIRAE]A 87.93 ms, RSV M4 410 K, fif
TEAIMLIRAEAR [F] 554 T 1 & KB R BF ] 2 ms, 3R
GV R 3 617 Ko PR, ix AL LEE S5 i 4k
BEMLIH Y K HE SR B 1] 55 28 40 T4 il B AH 25 KK
AT R 2 M5 ] G821 6 4k 07 7 % 18 4k
B B — | 220 T i 7 gk S W A /N 1 X ]
oy A a] R A, R ECR G Gk s ok, TETT
SR T ALK AIR 2

5000

4000f
% 3 000}
bl
52 000}

1000} —=— 63214335720 I ]

0 —o— 462143523 5T )2 i
0 2000 4000 6000
Hf [11]/ms
10 RS ITEEUVIESE@IIES NBEF Lk
Fig.10 Sensitivity analysis method simplified mechanism and

detailed mechanism ignition temperature rise curve

3.3 EREEFWIE

Az G R 53 HT VR JR T ) AN BAR A 43, S i e
A A 8 T AR S 56 R G Ak 2 BN AR R 45 i T
J L FVEFH RN, 3 F B PR A be ML B R A 7 4
WMk, S ik E Rt AE N EZY R
OH \NO ,CH, F1 HONO Jz i # % {ij 10 [ 5 Kz, 3 H.
%84 (CH,),NNH, .( CH,),NNH #1( CH, ),NN, Jf:-{#
B LI TT O A 5 O B EE B LR N ) NO, , 2
Y1 CO,CO, F1 H,0, fe 445 51| 40 44y 85 Lot
N AR HLEE, I Xk e ML B A7 25 KRR A 1A
THAZE R UL 11, 40 4143 85 FLIT I 145 K IER
IFRIZ2 1 944 ms, R GEF-A7 A2 R 3 041 K, TiiF:
PLIRAEARTR] 25 1F T 0 KIEIR I E] Ry 2 ms, REE
PR R 3 617 Ko & R G0Vl B AH 2% 19%



92 D)

i 2024 4E 10 A

{E2 KA SR I ) AR 22 4R, PTG IR

4000

3000f
o
2 000f
uc|

1000F —=— 6320 /335 7H 0

—o— 404 53855 7T ML
0 " " " "
0 2000 4000 6000
I [8]/ms
11 EpERESFEELIIESEENER R HE
Fig.11 Simplified and detailed mechanism of the generation

rate analysis method ignition temperature rise curve

5 LTk, A P — 7 A 45 21 0 AL LB R
BAR IF B R Bl ] AL LB G KR 15 T 20 AL BELAH 22
AR, TCE RN T TR
3.4 ZEESWMHEENLDNT

F T P — o 5k T VR A5 B PR UE 2 SR e v
B TRI ] e YRR BE LB, N 255 25 1 3 Fif
J7 %t NTO/UDMH FEARIRBEHLIE BEAT i fk . RIE
1 ELHEOC R ENE T AL A5 B9 35 415> 149 FITRONE
AR L, 45 5 SO 20 A 1 R AR S BEE oy B i
21 23 4443 19 FICL AT NTO/UDMH faj L858
PR, I Hodir 24 R TR HLER B, A PRANHLEL 5 1]
TEHLEE A B (935 S BT EE AT, anial 12 R

40007

3500}

3000} — 632H§}357%)L}&Kj
% —— 352150 149K 7T S 7 (i AL AL ETA)
25007 —— 232153 1935 5C I (& fL WL BEB)
%2000}

1500F

1000F

5 10 15 20 25 30
i [B]/ms
E12 FENESELNE ABEAME

Fig. 12 Detailed and simplified mechanisms A and

B temperature rise curves

PEAEHLIE S AL WL A F1 B (1935 KCHE IR 15 ]
LR WL 3, T LA H AR HLEE A S5 EE4IHL
PRV PR R, AL HLEE B SE4nHLIRE K 4ER
BF[RIAHZE 4. 75 ms, 7R E R 2E R 2.87% . 5%

& NTO/MMH fEj AL T AR, 25 JAE R I [a] 3
FRAE AV G, YU R0, TR A 0 AN 3 T A
AN S TR ML Y 1R 22, — O g MLBEE K
FER VT IR 22 S ms N, FIWTEE R AT (5. R,
A AL HLEE B w] DABERHT

x3 AEWIEE NIER A E R FEREXTLL
Tab.3 Comparison of ignition delay time and equilibrium

temperature for different mechanisms

PLEL 3 KHEIR N E) ms SPEREE/K SRR B2/ %

FRYNHLERL 2.00 3618 .
fAifLHLER A 2.00 3618 0.00
i L HLEE B 6.75 3514 2.87

FESCFEA Lo A7 AS [0 4 1 ) R 5 AR L
X} 23 453 19 BT O (R HLIE B) B KR 52
Wi, BLIE 13, A 13 (a) Hha] LU MY« 72 0] 1R 1 3
1300 K, %8R LL 2 B, B 90 46 7R 1 i 38 m , iz L3
FRYV AR BERE C H R 7 R B A iR B b T R
JE g/ (H 1320 K/MPa 3 /N8 170 K/MPa , 3 {& -
MR BEE 3 514 ~3 939 K i) . fE 13 (b) A%,
F KGER B[R] S5 PR A AL A D51, Bl 25 0 46 K 1 A
0.1 MPa ¥ fii% 1. 0 MPa, & K SER B[R] H 6. 25 ~
2.33 ms WU/, VN 0 B A AR, T R
T RE R FRIEHLEE B il T2 5K 12
TEAR DB BN, BRI LG 184 T e -5 3850 3R 0 T P b S )
AR

B 13 (c) FE 13 (d) ARG R 0. 1 MPa, %44
EE 2 B, AN TR0 s i 2 % 1 T AR ML EE B 2 R T
i 2 A ST Al i B AR AR L. W DL R A IR
XTEAEHLER B A 52 e HE H K Bl G 90 4R I B Y 1
I, Z 50 - i IR R B R, E S ) 4R IR AR T
1 300 K, R G0 T0iEA R0 G , 5 B0t IR EE 141K,
PR L TET 43 W 26 K HESR I5F (], 1 oA 3% 4 AR AL B A AN
JEZAL o AR R SIHLER S T 5 05 L ) 1R T
PR L AR HLER B 0 LATE J5 S i p i .

K13 (e) A 13 (£) A4 T7 0.1 MPa, ¥] 45
HERE 1300 K A, i fLHLEE B 25 KGR TH £ DL &
SR 5 2 Kk HiE 3R RS (] B SR e B AR AR T D
Bt SR LU R 380, 3R e - A Ui B2 3 W sl /), A2 Ak
JEETE 3 360 ~3 616 KXZ[i], STEMMLEAAAE 2R



5550 55

ZAME TSR LR F) 3.0 B, RGEAGIR AEAE (R Fr i
G HRBET O , T RE i T R A R v S B TR A
RRE T 0 S, PRI SR A — R Y 1R 3 AN
SRR, BEE AR A 1S ) 3.0,
H KHER M A3, 7 msHEfinE] 15. 08 ms, HIHE KA
KA HC 25 R Grak 211 7 I ) i 1) B, HL AU
PSR, 25 KA 303 s TR 084 1 3 JRE A

—0.4 MPa
---0.6MPa
---0.8MPa
---1.0MPa

6 .5 1.0 1.5 2‘0 2‘5 3‘0
I 8] /ms
(a) ARWIGHE )& R T2k

40007 —a— RGO 7
39000 4 #H K GER I E] " 6
=}
e . =
#3800 55
g ° )
& 3700 48
& . g
3600 / ~ 34
T
—
3500—=8 2
0.0 02 04 06 0.8 1.0 1.2
WG & J1/MPa
(b) RIRIFI4G 1T - i 5 25 KCHE SR B[] G 2R
4000
3500 o s m o
i ——300K
3000 o0k
% 2500 —— 700K
#2000
% 1500
1000
500
0 1 1 1 1 1 1 1
0 5 10 15 20 25 30
I [8]/ms
(o) ANIFWIUHIRSE % SR T2
4000
| |
3000}
4
i
2 2 000
&
B
1000} .
/./
" —"
0 N " " "
0 300 600 900 1200 1500
4R TELE /K

(d) ANTR)RTARILIEE T P BE 5 46 BRI ] 56 R

Wbty , 55 :NTO/UDMH #ABEHL B E 5 3 SRR 23 A 93
4000
3s00p fm TR
3000 / |
& 2500f | —1.75
= 5000 e
--2.25
1500 -t 250
1000
0

0 5 10 15 20 25 30
Fisf 8] /ms

() A [RI4EMA LA LT 2k

3700 e RGP AR 20
. e FHKIEIRHTA
3 600 ARIERNE
< ~ i &
4]%( 3500 ~ 125
~ jaiq
& 3400 /><\ 8 @
* - X
3300f o 4 Hu
3200
1.5 2.0 2.5 350 0
ARRLE

(£) ANTR) SR E I P BE 45 3 KRB N 1] 56 2
AEES GREMEL L EUVIE B FNRF R0

Effect of different pressures, temperatures, and oxygen

& 13
Fig.13
fuel ratios on the ignition characteristics of simplified

mechanism B

g5 Pk, TR R Oy ik R Ak A5 B 1Y 35 44
149 JE5T K0 Fl 23 243 19 B0 2 0 19 IR T ih
LGV PLIE 5 22 76 T 4252 (I N, AN Ta) R T
T 5 SR L X T AR ML B R B R e 5 1
HBRBENLIIE KRR A — 3

T

ARSCLAZA T B NTO/MMH 3 20 4% B2 1k 27 =2 i
BB 927, 73 Hr T NTO/UDMH J iy E 2 g% 44, 14
TR AR B ILBE, IFERTE T AN TR ) i
JE 5 MR L VR AR AL BE 5 ) AL AL BE B 3 KRR PE Y
ARG SR

1) B3 93 B ARLKE NTO/UDMH G2 8 [ 37 53
NS AR CABRE/ N T L, 7R e i 7 12
AT PER SR L A EE T 63 24y 357 FIT N R4
MR A SOS LR, I 08T 1 I PR L LR P X AH
B AR N (95 KR O B KA R I [ 2 ms,
RGPS 3 618 K,

2) BEXTHIEERY 63 44y 357 FETT RV TEANLEE
3R B G AR B TR ZE B I B G &R



94 koowo i i 2024 4E 10 A
I A s R0 B 1 RIS A o A 2 o JHL B A 27(1) : 3540.

FTPARU, Fe A5 B 5 TR HLIE 25 KR 1 35 41y
149 FEIT s i A1 23 2143 19 FEoT IR N, 34 & K AE
REFEIA 1K 2 ms F 6. 25 ms, 28 55 - i 4351
13618 K 13 514 K,

3) RS T AR I B 5 U H X NTO/
UDMH BREEHLIRE KCRRPE 052 i FUAEE 380 R Ge 4
U A AA b 2 3 AL BE G S A IR S 2 K R
BF ], B4k He ) R 28 G0~ Ak B 34 A5 B 529
M 1035 ~1 320 K/MPa Jii/N%E 170 ~320 K/MPa; 4}
Bahn 1 K WG IR, RGP S 3 KL (A
HE AR IR 238 /N B ) 25 ¢ HE R B[] 5 38 i 4R
JOR b2 R AT ML 3L 1% S A 305 B (L 2 18 T AL 3 %) 5 2k
FEIRBF(A], AR bR, 2 Kk HE 3R B R 9 48 K )
FREEBR

S 3k
(1] AU, FARTL, ST ME. WM KR A R HEE R L2

JOEREAABAULT]. RGO 174, 2013, 25(4) .
612-615.

HE B, FENG S J, NIE W S. Numerical simulation of chem-
ical delay time of liquid rocket hypergolic propellant [ J].
Journal of System Simulation, 2013, 25(4) ;. 612-615.
WV, LIE W E. K F SR TEETE[ M.
sk, PR, BRAS, B dbnt: BReediRAL, 2001.
B s, W, ZREEAL, 5. IR KCHET R S LG
Pl HACAR K AR [J]. P R AR, 2023 (5) .
46-52.

YANGJ W, HUHF, LI Y H, et al. Review of the de-

(2]

(3]

velopment of thermal process simulation technology for
liquid rocket engines [ J]. Aerospace China, 2023 (5) :
46-52.

[4] TUAZON E C, CARTER W P L., BROWN R V, et al.
Gas-phase reaction of 1, 1-dimethylhydrazine with nitro-
gen dioxide [J]. The Journal of Physical Chemistry,
1983, 87(9) : 1600-1605.

PRI i — H S 20 B ol R A SR AL F) B0
WD ], HPR: PR, 2008.

XU Y F. Theoretical study on the degradation mechanism
of 1, 1-dimethylhydrazine and hydroxyl radical [D].

(5]

Chongqing: Chongqing University, 2008.
HOPF, XURRE, EMEE, S R AR
P AFHE P (NDMA) (LR LT ]. S REMFRE, 2019,

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[16]

HUANG D, LIU X X, WANG X J, et al. Mechanism of
forming nitrosodimethylamine by oxidation of unsym-dime-
thylhydrazine in the atmosphere [J]. Chinese Journal of
Energetic Materials, 2019, 27(1) ; 35-40.

il BT HE, FEIEIR. fn = B A HLEE R O 78 K
MR B A e B [J]. Mk of 4, 2013, 71 (3):
302-307.

HE B, NIE W S, ZHUANG F C. Prospects of UDMH or-
ganic gel droplet evaporation and combustion model [ J].

Acta Chimica Sinica, 2013, 71(3) : 302-307.

HE B, NIE W S, HE H B. Unsteady combustion model
of nonmetalized organic gel fuel droplet [J]. Energy &
Fuels, 2012, 26(11) : 6627-6639.

HE B, NIE W S, FENG S J, et al. Effects of NTO oxidi-
zer temperature and pressure on hypergolic ignition delay
and life time of UDMH organic gel droplet [J].
lants, Explosives, Pyrotechnics, 2013, 38(5) : 665-684.

Aefiar. ARBCT AU PR R ) g BRI U S A
WID]. st dEatiia ik ke, 2010.

CATOIRE L., CHAUMEIX N, PAILLARD C. Chemical

Propel-

kinetic model for monomethylhydrazine/nitrogen tetroxide
gas phase combustion and hypergolic ignition [ J]. Jour-
nal of Propulsion and Power, 2004, 20(1) . 87-92.
CATOIRE L, BASSIN X, DUPRE G, et al. Experimental
study and kinetic modeling of the thermal decomposition of
gaseous monomethylhydrazine: Application to detonation
sensitivity [ J]. Shock Waves, 1996, 6(3) : 139-146.
CATOIRE L, LUDWIG T, BASSIN X, et al. Kinetic
modeling of the ignition delays in monomethylhydrazine/
oxygen/argon mixtures [ J]. Symposium ( International )
on Combustion, 1998, 27(2) : 2359-2365.

CATOIRE L, SWIHART M T. Thermochemistry of spe-
cies produced from monomethylhydrazine in propulsion
and space-related applications [ J]. Journal of Propulsion
and Power, 2002, 18(6) : 1242-1253.

SUN H Y, CATOIRE L, LAW C K. Thermal decomposi-
tion of monomethylhydrazine: Shock tube experiments and
kinetic modeling [ J]. International Journal of Chemical
Kinetics, 2009, 41(3) . 176-186.

KNAB O, PRECLIK D, ESTUBLIER D. Flow field pre-
diction within liquid film cooled combustion chambers of
storable hi-propellant rocket engines [ C]//34th ATAA/
ASME/SAE/ASEE Joint Propulsion Conference and Ex-
hibit. Reston, Virginia: AIAA, 1998.



5550 55

S

WPy, % :NTO/UDMH

BRI 5 8 KA

95

[17]

[18]

[19]

[20]

[21]

ZHANG L B, XU X. Performance prediction of apogee
attitude and orbit control thruster for MMH/NTO hyper-
golic bipropellant [ C]//50th AIAA/ASME/SAE/ASEE
Joint Propulsion Conference. Reston, Virginia; AIAA,
2014.

WY, K=, BRI, 55 WP/ A — AR
WAL Bl AR KT [T ], W B A A I,
2014, 30(6) . 1042-1048.

BAYT, HOU LY, MAO X F, et al. Construction and
analysis of a chemical kinetic model for monomethyl-
hydrazine/nitrogen tetroxide reactions [ J]. Acta Physico-
Chimica Sinica, 2014, 30(6) ; 1042-1048.

FHORNE, WIBtRE, ZRamiE, 4F. MMH/NTO XUZHJt A
SRR 9 500 B2 o ML PR R Ak (0. ko ik, 2021,
47(2) . 4046.

YINJH, HUHB, LI Y Y, et al. Investigation of re-
duced chemical kinetic model of MMH/NTO hypergolic
propellants [J]. Journal of Rocket Propulsion, 2021,
47(2) . 4046.

EHH, ERN, BRI, % RBCC 41430 )1
PRAESE RIS e R [T ). KO HfEdE, 2022, 48(6):
101-112.

WANG J Q, WANG C G, CHEN X J, et al. Research
progress of liquid propellant development for RBCC en-
gine [ J]. Journal of Rocket Propulsion, 2022, 48(6) .
101-112.

HOUL Y, FUPF, BA Y T. Chemical mechanism of
MMH/NTO and simulation in a small liquid rocket
engine[ J]. Combustion Science and Technology, 2019,
191(12) ; 2208-2225.

[22]

[24]

[25]

[26]

[27]

LEE K H. Numerical simulation on thermal and mass dif-
fusion of MMH-NTO bipropellant thruster plume flow u-
sing global kinetic reaction model [ J]. Aerospace Sci-
ence and Technology, 2019, 93. 104882.

LABBE N J. Determining detailed reaction kinetics for
nitrogen and oxygen containing fuels [ D]. Massachu-
setts; University of Massachusetts Amherst, 2013.

Wi/t UDMH Al NTO U2 0 i {4 i 2 550 SR AL 24 B
IRBEFFPERTSE (D] dEaT: JERU=s AR K, 2016.

BRIC, Wiz, o, . R T A b
DU K 3 Iy B [T ] Wy ik 2= %40, 2019,
35(2) . 182-192.

GUO JJ, TANGS Y, LIR, et al. Mechanism construc-
tion and simulation for combustion of large hydrocarbon
fuels applied in wide temperature range [ J ]. Acta Physi-
co-Chimica Sinica, 2019, 35(2) . 182-192.

HIm, prEok, 20, 4 WOMEE R L sl T
WA R A BTk 5k V], kR A
2023, 49(1) . 84-92.

XIAO H, FANG X R, LI Y, et al. Combustion treat-
ment method and test of high pressure oxidizer-rich gas of
conventional propellant LRE [ J]. Journal of Rocket Pro-
pulsion, 2023, 49(1) . 84-92.

EAF, XU, R, AF. R R R R SRR
MKENAS R AT [T, KR, 2023, 49(2):
3541.

WANG D, LIU Z L., ZHOU K, et al. Transient charac-
teristic analysis of low-pressure ignition for normal-tem-
perature propellant generator [ J]. Journal of Rocket Pro-

pulsion, 2023, 49(2). 3541.



