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Applicability of reaction mechanisms to multi-field coupling
simulation of air/H, combustion system
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Abstract: For an air-hydrogen combustion system, a dynamic finite volume numerical
model considering the multi-field coupling of flow, heat transfer and combustion was estab-
lished, a general library of reaction mechanisms and physical property parameters was con-
structed. The thermodynamic calculation method and three sets of hydrogen-oxygen reaction
mechanism methods were used for simulation calculation, and the latter can also describe the
process of ignition and flameout, and reveal the impact of various elementary reactions and
species changes on the combustion and flow transient process. The Williams mechanism fit-
ted best with the results of the thermodynamic calculation, which was validated by experi-
ments, followed by the Conaire mechanism, and the Evans mechanism was relatively poor.
Compared with the Conaire mechanism, Williams reaction mechanism lowered the quenching
temperature from 1200K to 1155. 3K, reduced the calculation error from 4.7% to 2.74%
under the low temperature condition of 1222. 3K, and made the application of multi-coupling

numerical system more extensive and the calculation result better. Under low temperature,

Y F B HA:2017-07-07

BEEH FKARRSIES (11101023)

EB B T M (1993 ) T B+ A B IR B R G 3l 1 2% 5 0 HLBFIE

BIAEE BRI 1979—) . 5 PRI, 5, 32 50 M A i R G 3 ) 2% 5 45 B BF5E . E-mail: yangchen@buaa. edu. cn

SIS T BRI RIEA % R BHLBXT air/He #ABE R G2 8 & 07 BRG], 28 3 J) 2% 4. 2018, 33 (10) : 2392-
2403. FAN Xuesong, CHEN Yang, WU Dequan, et al. Applicability of reaction mechanisms to multi-field coupling simula-
tion of air/H, combustion system[]]. Journal of Aerospace Power,2018,33(10):2392-2403.



% 10 )

BT AN A SR LI air/ T, BRBR AR 482 G A 05 RS AT 1R 2393

H, 0O, and related reactions had a great influence on the description accuracy of the hydrogen-

oxygen mechanism.

multi-field coupling problems; transient combustion; transient flow;

system dynamics; hydrogen-oxygen reaction mechanism
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t/s
HLFE ZH
10. 2 10. 5 10. 8 11.1 11. 4 11. 7
T:(0)/K 1454. 4 1366. 1 1296.9 1222.2 1164.9 272.9
Conaire T./K 1470.0 1380. 8 1312.6 1252. 1 1222.3 1191.8
W/ % 1. 06 1. 06 1. 20 2.39 4.70
T:(0)/K 1453. 4 1364.5 1297.7 1229.0 1188.8 1155.6
Williams T./K 1468. 6 1378.9 1312.6 1251.7 1222.3 1205.0
WE/ N 1.03 1.04 1. 14 1. 81 2.74 4.10
T:(0)/K 1461.1 1357 1285.4 273.1 272.5 272. 4
Evans T./K 1475.4 1372.8 1314.2 1238. 8 1216.2 1198.7
wE/ N 0.97 1.15 2.19

R A F R B R JORSS
AR 3 FE 0 S AE AR I ) A AR AR 205

XTI 5 o Conaire HLEEE (5Ca) ~ & 5(d))
5 Williams HLFE K] (5 (e) ~ & 5 (h)) A] 1, Wil-
liams ¥l 5 Conaire HLEE ) H,/O, &% =z b LA
Koy fif 55 T A RN ¥ A R AL i R N A A R
AR S AR AL B Y 2 X R AR
F HO, £ 54N . Williams HLEA 24
JRE > %45 Conaire HLER [ 458 21 A2 N » I8
BT RO+ OH A+ M= HO, + M) 1 R13
(HO, +H=H,0+ O) M A~%E 0 I Jif » 1] R15/
R16 (HO,+OH=H,0+ O,) M £ & — &
B7. 3% 3 AN AR HO, 1Y A4 5 0 #E 5 .
Conaire HLELH, HO, #)4 W& %2 LA RI(H+
O, +M=HO, +M) —F, iZ & M & HO, 4 i
50 S T R L — A s 5 2Z A X Williams
HLEEH HO, B4 k& 04 RO i R10 3 Fl, H
F R10 Xf i Conaire HLERH A R9, XFELIE 6(a)
6 (b) i ok B i Al N, Williams #1LEE H RO
BN R R10 Wz i - & 5 S b, I
G444 Br B 5 Conaire HLEE RO #9153 F2 48 fk &
45— 8 AR BEE GV JTF BE 58 i img 36 fn . Wil-
liams ALEEXT F &5 K B B9 #3855 Conaire #L # 3
AR — 4, {FEE 0 40 b A AR T A ik T R T A
PR AR . UK Z 5 R B E Wi e e , Williams #L
PRI RO 72715 [ R10 551R £, 1 Wik B 44
I, Had FR AR A # B A R10 By 10 %, T )5 28 5 2
B GV JFEE Ay 36 i s /)

ETF HO, Y74 #E & 12, Conaire W F E f

R13(HO,+OH=H,0+0,), Williams #L 3 1 3
%% R15/R16, WA fH I & . R15/R16 (1)1 7 48
bR ZFd 5 Conaire HLEE R13 A %, HAH
HIBE GV JF B8 hinifii ek /. Williams HLEE R15
M R16 i FRARAL R AL W T or 40 A GV
TFEESE N, R16 T R A5 S p, B R15 4R 38 i A2
F . Williams #L 3 i R11 (HO, + H = OH +
OH) ,R12(HO, +H=H, + O,) fil R14 (HO, +
O=O0H + 0,) 2 I %f B Conaire HLH R11,R10
1 R12, Williams #L3 R13 Sy 357 8 2 ), 3X 26 )2
N AR ETEAE HO, BRI, HBE GV 3K K,
TERRGE G ]k S 3 42 i ok R A b R B 5 ¥ beb)
W5 E AR R15/R16 0728 (b R4 H 5
AL Williams AL P AE K2 kAT A9 11, 7s B 21,
R11~R14 i #2245 bR Z F1 ok 48. 74 mol/(m? «
s),1m R15 5 R16 Z 10|k 28. 86 mol/(m’
ZYNHTE — 2 WA KR R1S 5 R16 Z Al
RHHTE RS . o B A R13 7R S WA
FRARL A L s KRG fn 729 7 % . 1E H, O,
WA % 5 W4 k€ 7 . Williams 19 R18/R19
(2HO,=H,0, + O,) %} ¥ Conaire f R14/R15
36 2 . o d Williams 9 R18 5 Conaire ) —
R14(—R14 & R14 1386 50 - Je SC IR HD [ A8
bt S FNEAE FE A — 4% B Williams (9 R19 938
TR AL A 5 W W] 3k 3] Conaire i —R15 (1 3 1%
L BT BRI AL R H, O, {HAER A,

Mt BRAS Ak # ok, Evans HLEE 5 [T S AL
PRAR KX, i 5CG) ~ K 5(D fFzas, Evans

'S)y



2402 i o= 3

AN S ¢ EHRRE

HLEEAAL A & Conaire HLELH & F H, .0, \H, 0,
OHWEH /M. A BHFE 5 A TR MLH
HNO, .NO, #1 HO, {4 f 584 HE > H, O,
AN . ZALEL T B 7 ff 5 B4 ) W R1~R6
FA HNAE KB —EEH L TE Z )5 W fe e Befl
PR JCEE, Hoad AR AR i in T . B 5() iR
AR R N, OH Y 35 % A4 i I RS
(H,O+0=0H+OH) fl R10(O, + H=0OH +
O) VA B kB A i s v R11(H, +0=0H+ H) #f
XFF Conaire HLEE i X5 i 56 5T Fz g, AR £k s 4
—FEEEER W R, (AE/N10% L L., B 5
(k) fir 7 () HO, A iS5 98 #E S Evans #1138
R7(HO, +M=H + O, + M) § ¥ 5z i % i T
Conaire fL7 R9, & HO, Al FE KR L
Mg, H R, AFF7E —130mol/(m® « ) [ffiT,
FHE A 14 Conaire HLFE—FEHE GV FF BE 3 in i
BEIFHREAREG. BHE 65K 6(a),
& 6(b) X} LAl 41, Evans LR HO, =55 H#E
R AE 5 KA AR R B R 20 O R HO, 1 R 2
A IR AR — RT) A 1K 9100 32 7 52 2 28 A i
PO B AH 3 8. e 4, R17(H, O+ O, =
OH+ HO,) §y 3% [z B %} i F Conaire L ¥ f
RI3, HE WA K ESR ., &K & Evans HLHE
O HO, JHFER Z 2R AR E BB I Ry 4 X
{55 Conaire JLH R13 43235, & 7E 120 mol/
(m’ « ) Ay HEHETERIZ, B GV1 I
B B RS £ . 7E Conaire HLEEIH, R13
B EARE]Z) 30mol/(m® « ), il GV FEHF K i
JE K ;T Evans HLEEd, —R17 MI7E 10. 65 J5 24
110mol/(m® « ) EEF|Z) 70 mol/ (m® « s), k)57
HE . B 5D SR U G R N AE 5K ) 811 43 T
L ZIERERARBEIETE, BRI, Evans HLELAH
XiF 2 IH 6 &R RE B HO, A 2GR0 9 4
WA AN Conaire HLIEFI Williams H1 3 KS # 7] 5,
FE i K By B4 0 2 #1320 EL RS e A e
0T Uk 2 TS R bR 5 T T R AR KB B B, BT R
TWA %S H O, FH 56 B W5 B 25 T KL 48k
TR 35 HIYE A

4 #& B

D) WHIE RT3 T 19 2 S 0 5 4 & 4 D B
WS RAR R A 5 T LAEAE AT R G905 AR &
LEFF 4B A=y r A A N N AN a7
P U A Bl 1 B AT A BE AL B ) 3 R EE 4
SN 22 R . AR SO Y T R L AL B 4

T 4532 R 28 ST 3 s 07 LB %) A DA RS I )2 T
A B HLEL SR 2 10 Ry 5 2201 B o B AR A ik
BB R R R 2 G G BB 5T 298 1 Al .

2) 3 B N AL ER T A5 1) R b R B T B 4
¥fg 5 B 20t i 56 1 F i # T 5 O R T g
SERAE A R, HORE Ay b S i K S 8 K i
T DL B AR AR e ok A v 25 AN A oy L & A 3k T R AR
A B A0 S AEAS [) £k 27 B2 13 AL B (% 35 F 915 1) 5 4%
AT RRG A e A, Bl 25 2 00 3 R b
a5 Ik B % T A AL T I AR L 3 I B A T AR R
Z K, MEEEME 1314 K £ 4 i), Con-
aire HLEIHA R E R 228 1. 20% , Williams #1 3
H1.14% & /7T Conaire HLH, ] Evans HLEE Y
RENM B LR F 2.19% , HAE T — W K2 <
MR K (1284 K) , B JCvE #F 47 IR B T 00
TR MR 4k LRI = 1222 K £ 4 i, Con-
aire LR ZEE W K E 4.7%, H7EF — W)
KA JTH K (1200 KD, J6 ¥k 7E 47 B8 A% U6 )
T A T I B Williams #1312 22U
2. 7TAYe AT REHEAT AR B I F A, H F 1155.3
K A kR E 4 Williams #LEEAH X T Conaire
HILBE A 35 FH A A0 3 S50 132 1 i B P 4

3) 3 1 X AN [ I B IR A T 4% FE o R N
FURRFE 454150 T B R A 0 R 2 38 (9 X EL 43 #r
A 2% 0 Ho O, 3X — 21 5 & % SR LB 7
AR TN BT SO B A B K R, Ev-
ans HLEL SR 25 1810 21 43 BOR 3 o O BOR F
Conaire HL ¥ 1 Williams HLHE, 7 B % & 7 A A0
S RN AR AR T R G EEE B HL O,
FHOC RN, HOAE B RO 8 25 . RS T F
S — B AL AR B R R L R A
43 AN AL EL T A B 21 4 R B B H . Al

AL IR T AR, 75 2 A HLO,
AH 2 BN A AILEE

Sk :

[1] KARIMI H, NASSIRHARAND A, ZAN]J A. Integration
of modeling and simulation of warm pressurization and
feed systems of liquid propulsion systems[]J]. Acta Astro-
nautica,2011,69(5/6) :258-265.

[27] SMIRNOV N N, NIKITIN V F. Modeling and simulation
of hydrogen combustion in engines[ J]. International Jour-
nal of Hydrogen Energy,2014,39(2):1122-1136.

[3] CHAPMAN ] W.LAVELLE T M, LITT J S,et al. A
process for the creation of T-MATS propulsion system
models from NPSS data[ R]. AIAA-2014-3931,2004.

[47] HEATH C M. Characterization of swirl-Venturi lean di-



% 10 )

BEEINE N HLEEXT air/H,

A be R G 2 G A U5 H i

2403

[7]

[9]

[10]

[11]

rect injection designs for aviation gas turbine combustion
[J]. Journal of Propulsion and Power,2014,30(5):1334-
1356.

KIM H J.KUMANO T.LIOU M S,et al. Flow simulation
of supersonic inlet with bypass annular duct[ J]. Journal of
Propulsion and Power,2011,27(1) :29-39.

LEE K,NAM T,PERULLO C,et al. Reduced-order mod-
eling of a high-fidelity propulsion system simulation[ ] ].
ATAA Journal,2011,49(8) :1665-1682.

ALLISON D L,ALYANAK E J.BHAGAT N D. High fi-
delity, nonlinear, integrated nozzle installation effects for
numerical propulsion system simulation[ R]. AIAA-2015-
0649,2015.

BUNGARTZ H J,LINDNER F,MEHL M,et al. A plug-
and-play coupling approach for parallel multi-field simula-
tions[ ] ]. Computational Mechanics, 2015, 55 (6); 1119-
1129.

FABH 5 3R 5, SR BB, 45 I B e 5 R e ke @ 5 0
B I BTIRAW BN o XABALLT ). HEdEH A, 2012,
33(6):981-986.

CHEN Yang, TANG Zhenyu, CAI Guobiao,et al. Numeri-
cal modeling and simulation of turbine test rig combustion
device; T partition model based on mixture fraction[ J].
Journal of Propulsion Technology,2012,33(6):981-986.
(in Chinese)

CHEN Y,CAI G B,ZHANG Z P, et al. Multi-field cou-
pling dynamic modeling and simulation of turbine test rig
gas system[ ] ]. Simulation Modelling Practice and Theory,
2014,44(4):95-118.

BRBE 2 EAR, B AR A5 R e B b B A 5 0
Ho D iR R 55 0] ] ik R . 2013,834 (1) - 115-
123.

CHEN Yang, CAI Guobiao, MA Haodong, et al. Numerical

[12]

[13]

[14]

[15]

[16]

[17]

(18]

modeling and simulation of turbine test rig combustion de-
vice: [[ simulation results and analysis[J]. Journal of Pro-
pulsion Technology,2013,34(1):115-123. (in Chinese)
CHEN Y,WANG H S,XIA J X, et al. Dynamic modeling
and simulation of an integral bipropellant propulsion doub-
le-valve combined test system [ J]. Acta Astronautica,
2017,133:346-374.

CHEN Y, JIANG F,CAI G B,et al. A novel simulation
theory and model system for multi-field coupling pipe-flow
System[ J ]. Combustion Theory and Modeling, 2017, 21
(5):799-837.

Rz Z A 0] 80 B R SR i 77 2 58 5 R HT LD o
DA R R 2%, 2007.

SONG Shaoyun. Research and application of cooperative
solution method for multi-field coupling problem[ D]. Wu-
han: Huazhong University of Science and Technology,
2007. (in Chinese)

KEYES D E, MCINNES L. C, WOODWARD C,et al. Mul-
tiphysics simulations; challenges and opportunities[ J]. In-
ternational Journal of High Performance Computing Ap-
plications,2012,27(1) . 4-83.

SANCHEZ A L.WILLIAMS F A. Recent advances in un-
derstanding of f{lammability characteristics of hydrogen
[J]. Progress in Energy and Combustion Science,2014,41
(6):1-55.

CONAIRE M O, CURRAN H J,SIMMIE ] M.et al. A
comprehensive modeling study of hydrogen oxidation[ J].
International Journal of Chemical Kinetics,2004,36(11):
603-622.

EVANS J S.SCHEXNAYDER C J.Jr. Influence of chemi-
cal kinetics and unmixedness on burning in supersonic hy-

drogen flames[ J]. AIAA Journal,1980,18(2):188-193.

(3. EZE2E)





