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Abstract: Co—combustion of ammonia with methane or hydrogen can overcome the disadvantages of high ignition
energy and slow combustion speed of NH, flame. To understand the combustion characteristics of NH, as a fuel, a
one—dimensional laminar premixed flame numerical simulation was carried out on NH,—containing fuel, and its
laminar flame speed and NO emission characteristics were studied. Five reduced reaction mechanisms proposed in
the literature were employed for numerical calculation. The results show that the mechanism of Okafor predicts NH./
CH,/air flame with higher accuracy, and the mechanism developed by Xiao simulates NH,/H,/air, NH /air flame with
a moderate accuracy and shorter computational time. Additionally, the effect of equivalence ratio, composition of the
fuel mixture and pressure on the concentration of NO in flue gas were studied. The analysis of NO production rate

demonstrates that NO is mainly produced by the consumption of OH, H, O radicals and O, molecule and the NO
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consumption mainly takes place through the reaction with NH; (i=0, 1, 2) radicals for the combustion of NH,—-

containing fuel. NH,~containing fuel burning in rich condition can effectively reduce the NO emission, but the

combustion efficiency of rich combustion is low. This can be tackled with the “rich burn — lean burn” staged

combustion concept while maintaining the low NO emission at the same time. It is also found that combustion of

NH,—-containing fuel with more NH, under medium and high pressure is more preferable for reducing NO emissions.
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#1 NH/CH/H, K RNHIE
Table1 Reduced mechanism for combustion of NH,/CH /H,

Mechanism Year Fuel Species Reactions Background Experiment data
Xiao'™! 2017 NH,/H, 24 91 Modified Mathieu! No
UT-LCS!" 2018 NH/H, 32 213 Song!™® No
Okafor™ 2019 NH,/CH, 42 130 GRI 3.0, Tian"” Yes
Li- [ 2019 NH,/CH,/H, 51 420 AramcoMech2.0 , Shrestha®"l, Tian"! No
Li- 11 2019 NH,/H, 28 213 AramcoMech?2.0, Shrestha", Tian!"! No

®2 BUREVERESES

Table 2 Species of the reduced mechanism

Mechanism Species
Xiao™ NO, N,0, 0,, H,, AR, H, O, OH, HO,, H,0, H,0,, NO,, NH,, HNO, HONO, H,NO, N, NNH, NH,, NH, HNOH, HONO,, N,, OH"

UT-LCS"" NO, NH,, H,, 0,, H, 0, OH, HO,, H,0, H,0,, NH,, NH, N, NNH, NH,OH, H,NO, HNOH, HNO, HON, NO,, HONO, HNO,, NO,, HONO,,
N,0, N,H,, N,H,, N,H,, H,NN, AR, HE, N,

273

Okafor™ 11, H, 0, 0,, OH, H,0, HO,, H,0,, C, CH, CH,, CH,(S), CH,, CH,, CO, CO,, HCO, CH,0, CH,0H, CH,0, CH,0H, C,H,, C,H,, C,H,, C

27 27120 M2 3y
C,H,, HCCO, N, NH, NH,, NH,, N,H,, NNH, NO, NO,, N,0, HNO, HCN, N,, N,H,, CH,CHO, AR
Li- ™ H,, H, 0,, 0, H,0, OH, H,0,, HO,, NO, NO,, N,O, HNO, HONO, H,NO, N,, HNOH, NH,, NH,, NH, N, N,H,, N,H,, N,H,, HNN, NNH,
NH,0H, HNO,, AR, €O, CO,, CH,, CH,, CH,, CH,0,H, CH,0,, CH,0, CH,0H, CH,0, HCO, C,H,, C,H,, C,H,, C,H,, CH,CHO, HCN,
NCO, H,CN, HCNH, CH,NH,, CH,NH,, CH,NH

Li-1"" H, H, 0, 0, H,0, OH, H,0,, HO,, NO, NO,, N,0, HNO, HONO, H,NO, N,, HNOH, NH,, NH,, NH, N, N,H,, N,H, N
NH,OH, HNO,, AR

H

27752

H,, H,NN, NNH,

2

40 40
—— Okafor 0.1 MPa
— Li-10.1 MPa
[ ] 8Ea§0r 8 ; %a,exp
- - a
30 Z I L05 MPa 30
. A Okafor0.3 MPa,exp .
= — - - Okafor0.5 MPa,exp =
2 === Li-105 MPa 2
20+ € Okafor0.5 MPa,exp ‘Ezo L
g g
v )
10 - 10
1 1 1 1 1 1 1 1 1 1 1 1
" 01 02 03 0—% 0.1 02 03 00— 01 02 03
Eny By Exg
(a) ¢=0.8 (b) ¢=1.0 (c)¢=12
B2 AREEIFRS 5 LR NHYCH fair 0 K AGHERTE 1972 1L
Fig.2 Laminar flame speeds for NH,/CH /air mixture as a function of Ey, at different pressure and equivalence ratio
40 40 40
—— Okafor
—Li-1T
30 30+ 30+ m Okafor,exp
£ 20 £ 20 £ 201
S S o
= = u =
) ) »
10 10 A 10}
O 1 1 | 1 1 1 O 1 1 1 1 1 1 0 1 1 1 1 1
08 09 10 11 12 13 08 09 10 1.1 12 13 08 09 10 1.1 12 13
¢ ¢ ¢
(a) 0.1 MPa (b) 0.3 MPa (c) 0.5 MPa

3 AREIIAE,,, T NH/CH, /air R IO RE ¢ 122

Fig.3  Laminar flame speeds for NH,/CH /air mixture as a function of ¢ at different pressure and E



B2

< 5334 - i T
9.0 2.5
TS —Okafor RN
A b4 s, ==+ Lil w Bk Mo
g !//\ \‘\ '9 /\

%10‘5

K4 ¢=1.0F AR ES T NH/CH Jair KK T NO BER 7P EUBH E , AUZEAL

Fig.4 NO mole fraction in the flue gas for chemical stoichiometric NH,/CH,/air mixture as a function of Ey; atdifferent pressure

0.16 12 1.8
o o 10 [ o 15_
2012} 2 =
& £ 08F £ 12t
£ 008 - Eo06h £ 09}
o o 2
g g 04l g o6l
S 004+ o o
z Y z z
02F 03}
O O 0 1 1 1 1 |
08 09 10 1.1 12 13
¢
(©) Exy,=0, 3.0 MPa
10 ) 3.0
2 8 B 4r 2 2%
£ £ Z20f
g 6F 5 3F =
] = 2
& & E st
[} [ [
g g2 E
5 5 5 1.0
Z oL Z 1| Z o5k
O 1 k 1 Il 1 1 O 1 1 1 d O 1 L 1 r d
08 09 10 1.1 12 13 08 09 10 11 12 13 08 09 10 1.1 12 13
¢ ¢ ¢

(d) Eny, =03, 0.1 MPa

(e) Exy,=0.3, 1.5 MPa

(f) Exy,=0.3, 3.0 MPa

Bl5 AR FIFIE,,, T NH/CH /air JHEKES  NO BER 43K & 19251k

Fig.5 NO mole fraction in the flue gas for NH,/CH,/air mixture as a function of ¢ at different pressure and Ey;,

K# 0.5 MPa i 8k, & 2t &R T ] Okafor™
Li— T P& £ 52 07 HILER T30 £ J2 3 K M T3 o Okeafor
LA S S E v &, Li- T HLERH A
T K (B BEE TR J1 1938 K, Okafor  Li- T ALFEHHEAE
L5500 AE 0 i 22 MOk B/ o B5EBH Okafor  Li- T HLH
Al RERCHE F T i R A . e R Li- T L
B LY Okafor ML TE 5 44 THRAS [H] . 1 4n 348 P=0.1
MPa Ey, =0.3 .¢=1.04kZ5F NH,/CH /air JZ i K 4 i

BER, MR 58, Okafor AL EE 43144 B 7] 24 19.2

min, 1 Li— [ HLEE ) 3B R 8 3.7 min, (Hil T
Okafor AL B T34 H 5 S I8 (E B 230, 4% Okafor
MLE T =4k NH,/CH /air Jii i KX G

Kl 3 W78 T Okafor 5% 52 56 i 75 (% & i
Okafor™ | Li— T "fajfk 52 i HLERBE 7153 0T 45 AN ]
JE 3 ASR] NH 73050 N NH/CH fair J2 57 K 05 2
RS AR, R IL, 2R ST 2k
KR I Y R LR ORI HS  WBRIR ST L JR K
S I Y i LU RN/ . 0=1.05 ZE A7 I, NH/



#5104 www.hgxb.com.cn + 5335
CH /air JZ i KM B IR B fe K. $=0.8~1.3 1Y Ig

W, Li- T HUEE S8 I K, 107 Okafor AL PR 45 G F0)
SEIGE
2.1.2 NO#HEzk f# FH Okafor™ Li— T ™4k I W HL
PR AN [ s 3 B A2 i e B NHY/CH Jair K0GE 0
U NO BEJR Gy BB E 1978 AL EAT BUE T, 45
A& 4 JiF R o P=1.5 MPa, Ey, >0.5 B & P=3.0
MPa . Ey, >0.2 1, Li- [ HLERAE T 10 7 o & i, il
P E HORAS N HEoR Li- T WL g 5
o = W N S R 3 vy - N == 1 T A .2
AL, Li- T MLE B B KT Okafor L
B, EMAHLE RS AU —B BEE Ey,, 193
K, NH,/CH Jair K S M0 NO BEIR 4 50 e 3 K
W/ KR P=0.1 MPa i}, BN L3 45 NO
P IR 4 B R 0.2<E , <0.3 T Bl 1A ik 31 d K
M 5 P=1.5.3.0 MPa i}, % K NO JEE /R 43 50 7F
Eni, ~0.1 40752 o ph 6B NH, & 48 A 15 00 AT
AR NO HEL, [FIEHB A CH,, 32 5 NH, KA #R
BRI

8 FH Okafor™  Li— T Pfij £k 5z b7 1L BE X AN ]
JIMI Eyy, T NHy/CH,/air K08 NO JBE R 43
& WA IEAT TR TS SR N S FR o By =
0.3, Li— T HLEE H 7R P=0.1 MPa i} 0.8<$p<1.3 fll
P=1.5 MPafif 0.8<dp<1.0 FITH 4R HE, AR
LB SRR H BT L E, =0, 2N
TIF TR Li- T LB (E KT Okafor HLBE ; &
PRI, i F P=1.5.3.0 MPa i}, AL BR324 S A
ZEH/IN T P=0.1 MPa i, #2288 K. Ey, =0.3 B,

Li- T MBS 25 R K F Okafor HLEE . (HAERT T
BRI APPSR a8 R
S5 NH, P 23 BOM A2 B 25 >4 5 L3 K, NHY
CH /air K J 00 A NO BE IR 43 8056 38 K5 80/ .
E,=0,P=0.1,1.5 MPa It} , fiz K NO FE /R 73 $UAE =~
104432 P=3.0 MPa it , 7E =094k . E,, =0.31F,

REEHTF, 0=0.9 B, NO BE /R 43 Kk ) i KMH .
P LS A 2R AR AL R A, CH fair KOG T LLTE
FURAIR S T B BE I 2> NO HEHL 5 17 4 A8 %500 2> NH./
CH,/air JCHE 9 NO HEHL, 75 (1 ILAE 5 BRI RE
M & AR B BORAL, R TF AL, M4 2 o
PR P R G0 CErR-B00R) R — k28 R Al A
it <10, & MR AR, JF HAA &0 2> NO HE

NS}

Without Secondary Air

NO mole fractionx103

8
NH,/CH,/air
Po=0.9
4L Ey\y; =03

v With Secondary Air

1 1 1 1
0 0.02 0.04 0.06 0.08 0.10
Distance/m

K6 P=0.1 MPa = S Ghbext NO HEBY 5
Fig.6 NO emission with or without the secondary air at

P=0.1 MPa

P P 6 TR A L 1A Ak S0 2 X 245 A
VR 2SS S R NHY/CH, BEHE A W1 B B2 i NO
Hem sz o fh AT O, SR kA S 3
BRBETE BRI AR IR A NO By 7= A B2 P4
TR, AT L& R be g H T NO JEE SR 4 B0 R
BN WIS W T L — P ER

K7 R T NH/CH, RN & P 7E R e 3 X 2k
3 DX 3 1 Okafor  Li— T HLER A 8249+ NO 4 i
FNHFERI R . ZE [ 7(a) (o) AR 2 03 %
BRI , AR DX I X A BRIRAS s 47 B B 7(b)
()RR A S Ikbe , EIRBEIX N X 380 B R
R HEPTLIE HNO 238 ad OH  H,0 A i3
50,5 F RO THFE A AL, T NO FUTHFE EE R NO 5
NH, .NH, N [ 0 o 5 BRI 8 1 NH, 2y
NH,(i=0, 1, 2) [ B 5 , fi2 #F NO 9 TH #E ; 1M 23 A e 25
A FEEZE O H .0 3 B 3L A1 0,4 T 15
20 NO A2 B, 8Os IR A TR NO HER 3R et
o TELNE 7 o 0 PR ASHLEE 22 K Y NO ¥ 2B B
RIAEK . XA HLER A A PR, m] L& 3R
NO+0+M =—= NO+M N Z RS T EZ A NO THAE
FN 33X TR BRI 2 Rk i - AR 2 M 0 |
M. FURIRAS T Okafor HLELAN Li— T AL i 8 5
B TEAE NO Y S0 2 NH+NO === N,O+H ; 1fij & #A i}
WA HLBE A T B A NO A Y S R & HNO+
H == NO+H,, X IE 7(a). (c), NO A % 58 43 il
AT, {H 2 NO A= il FE B 19+ S g Li- T ALEE
£ 5 20 NO A U 5 1T 1 7(b) L (d)AH EL s AT
PVE 3 Li- 1 HLEHEAY AR pl 830 [ 0 B Li-
[ HLIENO 1548 [t Okafor K.



© 5336 - b T ¥ B2
[ | NH+NO —= N,0+H [ | NH+NO —=N,0+H
N+NO == N,+0 ] NH,+NO == NNH+OH
[ NO+O+M == NO,+M [ | NH,¥NO == N,+H,0
[ NH+NO === N,+OH [] NH+NO —= N,+OH

[] NH,+NO== NNH+OH
H+NO+M == HNO+M [

NO,+H =—= NO+OH
NH+O —= NO+H |

HNO+OH —=NO+H,0 [ ]
HNO+H —= NO+H, :|
L [l 1 1 ]
4-3-2-1012 3 456
NOA: F# F <103
(a)

[ | NH+NO == N,0+H
[ |N+NO =—=N,+0

[ |NH,*NO =—=NNH+OH
[ NO+O(+M) == NO,(+M)
HNO+O == NO+OH [
NH+0 === NO+H [I]]
NO,+H == NO+OH [T]
NH+OH == NO+H, [[]
HNO+H == NO+H, |

HNO+OH —= NO+H,0 | |

7.47.37.27.1 01 2 3 4 5
NOA: R F <105
(©)

[[] HO,+NO —= NO,+OH
NO,+H —=NO+OH[_]
NH+0, == NO+OH[_]
H+NO+M == HNO+M[_]
HNO+0, == HO,fNO[___]

HNO+H == NO+H, | |

2 -1 0 1 2 3
NOA: # F <103
(b)

e
:: NH+NO —= N,O0+H

|: NH,+NO === NNH+OH
[ NH#NO == N,+OH
| NHANO == N;+H,0
NH+O == NO+H []
HNO+OH == NO+H,0 7]
N+OH == NO+H [7]
NH+OH == NO+H, 1]
HNO+H == NO+H, [T ]
6543210123456

NOA: B <10
(d)

B 7  NH/CHBBHRA PR £ X KA IX I NO A= L E R

Fig.7 Rate of NO production in flame zone of primary combustion zone for NH,/CH, fuel mixture

(a) Okafor Mech without secondary air; (b) Okafor Mech with secondary air; (c) Li— I Mech without secondary air; (d) Li— I Mech with secondary air

K8 o T ¢=1.0f, A [ Ey,, T NH,/CH /air
KOk A NO EE IR 4 BORE R T AR AR .
Okafor™  Li— I " {b s i AILBE AT T BUE T, Li-
I HLERAE Ey, =0.3 B, H 7R JE J) 0.1 MPas<P<2.0

MPa (33455 . i EAT UL, A HLEE 5 45 Rk
P AR EE N, Li- T ALEERE R
F Okafor HLH . XF Lt Ey, =0 Al Ey, =0.3 H4H il 25,
LA Hh Eyy,, =0.3 I, NO FE /R 53 U2 E =0 I PR %K
¥, UL AR NO J2 NH/CH, 8RR B i 3 B (1
NO A . F B il £k 1 AR fb e 34 nT LU H Bl A
JIHYHE K, CH Jair KRS NO BE IR 43 8500 K
CH RBE I HE R NO EZUZ IR RINO, TR ) T R
Jei , S FRCKCE IR BT L CHL 7R R R T AT 2
W NO HEJ . NH,/CH,/air K M0 NO BE SR 43
BB T 70T B /N, NH/CH BVEHE 59 NO 1Y
AR B i HL 0 OH H i3 0,53 F 19T #E 17
A, R IHE K, KA XS OH L O H [ Y SE ik

9.0
\\ — Okafor

750L o= Li-L
o
% 6.0
8
51
E 45
o)
=}
=
o 30
Z

1.5

0 0.5 1.0 1.5 2.0 25 3.0
P/MPa
B8 ¢=1H AR Ey, T NH/CH,/air JAEHHT H NO BE/R
Sy EURE I 1 AR

Fig.8 NO mole fraction in the flue gas for chemical
stoichiometric NH,/CH /air mixture as a function of pressure at

different E,_

Eeli/I , BRI T NO B8 AR I8, s o A7 20 2 NO HE
TR, B2 A NH/CH, B8 RHE 5 W 76 vh v T #A ke .



#5104

www.hgxb.com.cn

+ 5337 -

NH,/CH, $ABHE & W vh s B F BA RS 7T A R I
S NOMRIE . A, NH/CH, /air KA HH S NO B2
IR 5T AIBE T 72 A a3 L CH Jair R TEBE , HLFEE
JE F188 K, CH,/air \NH,/CH,/air K 4405 4 NO JBE /R
SRR AR T2

2.2 NH/H,/air N}

221 ERXM®E  ¢=1.00, N[ JES T NH/
H. fair JZ i K I BE Rl X, B2 A ANTET 9 BT 7R |, SE 56
B4 i Ichikawa 25 Lee 5% Kumar %" Fl Han
SEUAS . H R UL B X, B K, NH/H fair JZ 3
KIGH B . BT P=0.1,0.3.0.5 MPa, X, <
0.5 I, JZ U7 KU 38 it X, 15 DR 38 R ) i A1
2% ;1M £ 71 P=0.1 MPa, X,, >0.5 it , J2 i A 3k i i

250

200

150

100

S/(em - s

& Han 0.1 MPa
O Ichikawa 0.1 MPa
V Kumar 0.1 MPa
O Lee 0.1 MPa

> Ichikawa 0.3 MPa
A Ichikawa 0.5 MPa

K9 =100 AR[FJE ST NH/H, /air J2 5 SO B
BiX, 025
Fig.9 Laminar flame speeds for chemical stoichiometric NH,/

H,/air mixture as a function of X, at different pressure

Xy, BRI KRR . X, =0.3 F1 X, =0.7 B,
NH,/H,/air J22 it KM AR 228K, X, =0.7 I H, 78
P2 O T 325 T X =0.3 B, NH, 7E 762 52
il 2 R X, =0.3 R X, =0.7 (AR ES BT
NH,/H,/air JCHHE S04 NO W BE BE 24 1 e 28 1k, 1
NI 2.22705 0 J3a0, NI AR TR] & B Y = i it
LT LUE ) H, B R A B AR RPIRAS TR B KT
JZ KGR /N . B9 R Tl Xiao™  UT-
LCS"7 Li— 1T P £ Sz iy AL R 75000 (14 2 90 K 0 T
REE PR, Li- 1T Xiao HL I X HE % 5 v )
I 52 56 KA L T UT-LCS HLEE 15 45 51 5 52 3650
I 0O 22 MR T R S HLBE AR K . B T H o o A
H UT-LCS HLER I FE 1Y 155 I [H] 5 7D, Xiao HLIRIK
2, Li- I HLEHAE R 23T ] . Xiao HLERTE TR
P=0.1 MPa X, =0.4.$=1.0 R kA58 B 75 22 3.1
min, A [FPIR S AR [A] 3 H 5035 T, UT-LCS 77 % 1.8
min, 1] Li— [T ALFEFE 2 163.2 min. £ P00 A P
5t a) , #E 77 Xiao HLERFH T = 4 NH,/H,/air it
TR

Pl 10 W 7R T Han 58052 56 00 45 1) B2 Xiao™
UT-LCS"™ | Li— 1" £k 5z b ML B E5 AR 158 14 AN [)
Xy, T NHy/H fair JZ il KU 52 B4 5 U AY 22 4
M AT O, 2 0 O S Y i b R AR OC R
AT H, BE IR BOIR S R, 0.6<0<0.95 B, J2 37 KU
R B 1 L P HE RMTHE R5 1L15<o< 17 B, 2 K
K B Y EL 3 R /N . SEER A R ST
SRR ARFRRET , Y& 1 0.95<d<1.15 0,
RGP IR BN KA . XTEEIE 10(a) L (b) L (c), AT
DAF HHBEAE X, 3SR, B 2 Ui 06 T il %f i

30 30
e Han
25+ — UT-LCS 25 +
— - Li-II
7’; 20 - - - - Xiao f: 20
£ Ist g 15t
3 g
a0 910 -
S5+ 5F S5t
0 L 1 1 1 1 0 L L L 1 1 0 1 L L L L
06 08 10 12 14 16 06 0.8 12 14 16 06 08 10 12 14 16
¢ ¢ ¢
(8) X,=0.15 (b) X;1,=0.25 () X,3,=0.40

10 KAE FARE X, 1 NH/H,faic J2 5 AR BERE ¢ 197251k

Fig.10 Laminar flame speeds for NH,/H /air mixture as a function of ¢ for different X, at atmosphere



© 5338 - fe T % £ 72%
15 6 4
—UT LCS “
| L ) 3
= -~ -Xiao s SRR
% 10} X 4l %
g g g
= = =)
o k5] k"]
S st S 2t =
E E E
o o o r
Z Z Z
0F OF 0L
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.6 0.8 1.0 0 02 0.4 0.6 038 1.0
X, X, X,
(a) 0.1 MPa (b) 1.5 MPa (c) 3.0 MPa
11 =11 AT NHy/H Jair IR NO BEZR 73 80BE X, H)AE 1K
Fig.11 NO mole fraction in the flue gas for chemical stoichiometric NH,/H,/air mixture as a function of X;; at different pressure

4 B R R X, =0.15 X, =0.25 B, Li- T L¥E 3
SAETETRRE T S HB NG 5 X, =0.40 [,
Li— T AL B Sy v ff b T 1 & A 214 a5 LU i 161 P9 1)
JRT KN SE . A[F B HEE IR 7P EX,, , Xiao  Li- 11
PLER T BB AE & RIS 55 R 45230 5 Xiao \UT-LCS HLEE
RGN R iR S i

222 NO#H#K =100, AN[E S NH/H, Jair
KHEHA R NO BEIR 70 B8 X, B2 AL ani& 11 BR

i FH Xiao™', UT-LCS", Li— I ™ faj £k Jsz o AL R ##E 4 7
THAE A, Li- AL H B R {IRE P=0.1 MPa B (1)
TARR . R, AR E A bR BT, K
JEB B4 X, SN = AL RAE R )4
s e Xiao , UT-LCS AILER T3 45 SR AH 25 A/,
{A Xiao LI IHITAE R T UT-LCS HLIL . BEH X, 11
R NH/H faiv KA NO BEIR 53 BUe 3 K
/N e A P=0.1 MPa i}, = AL 345 2] 19 NO
PE IR A3 BOAAE X, =0.7~0.8 (1705 Bl PR 3 ) e A1 5 1

9.0 4 3
-
/ A — UT-LCS|

3 15 2 =)
= 3 .
g 60 g E
k=1 k=1 11
< = &
E 45 E=} B=
e 2 2
=] [=] <
E 30 g £
=} 29 <
Z = =

1.5

0 0k

06 08 10 12 14 16
¢
(b) X, =03, 1.5MPa () X,,=0.3, 3.0 MPa
6
=] ] =
P 5 2l
] e =
k3] k1 151
£ g g
= L= =
L i o]
[=1 [=} S 2L
g g E -
z 2 z
Ok 1 1 0’\ I 1 1 1 1
06 08 12 14 16 06 08 1.0 12 14 16
¢ ¢

(d) X4,=0.7, 0.1 MPa

(&) Xg,=0.7, 1.5MPa

(f) Xy,=0.7, 3.0 MPa

K12 REESFX, T NH/H/air KIS NO BER /SR ¢ 197284k

Fig.12 NO mole fraction in the flue gas for NH,/H,/air mixture as a function of ¢ at different pressure and X,



#5104

www.hgxb.com.cn

+ 5339 -

s P=1.5.3.0 MPa B, 5z K NO B IR 43 B0
Xy, ~0.9, HICUEM], H, &t /b, B NH/H, BORHE
B S A B 2 NH, B AT A 850 NO Rk, TiAH
Xf b H, AR A AU = NH, SR bRt

185 FH Xiao™', UT-LCS"™ Li— IT ®fif £k, 2 v #IL B8
SRR F3 R X, F NH/H,fair KO KR NO FEJR
SYBUBE & 1A AL IEA T BUE T A5 R 12 B
HTFhREERRE T, Li- DT E SR T S &
A, 5 Li- ITALER /R fIRH P=0.1 MPa i 9 115545
o HEELARE AR FEARE . B E ]
U AR R B =AU 25 A & OIS TR B
A, TR UT-LCS ALEE A Xiao ML -4 45 L AE
KR AR 22 AN, 1A [ A0 HL B IR A Bk A
T, FUBRI Xiao HLFRIHH(H/N T UT-LCS HLIE . Fifi
% ¢ MK, X,,,=0.3.,0.7 (1 NH/H,/air K K0
NO FEJR G B34 S RS W o ARREETTR L X, =
0.3 I, fi K NO JE IR 73 B0 I ~0.95 X, =0.7 I,
0.8<$<0.9,NO FE/R i Bk Bl e R H . EPih 4
AR AL UL NH/H BRRHE G 0 & BRI 0] 7 3508,
D NOHETT . TR 28 S Gk be , B i MR RI R
RIS, A 208 2 NO HEF . 38 2o Ak 27 21 i D) 2%
5L T P=0.1 MPa. X, =0.3 . % AAK A7 34 3 %
29.38 kW AR F , NH/H, B RHE & W8 5 i NO
PHERCREE  E TR B 2 ISR FH T UT-LCS | Li-
111 Xiao HLEE . W2 S % NHy/H #EBHE &
PRI NO HETSC) 52 e 26 AL 3% NHL/CH, JARHE
YR, UT-LCS MLFE 3 45 R R - 7 K
25 S TAE LR R BE A T NO EEJR B Ao
0.51x107, 1 ¥& A3 WK 25 348 it i LB 29 2R 7.20%
107 Li-I AL H 3 45 2R s A /08 ks U i
BRBE A 1 NO BE R 4388053 531 Ry 0.69%107° H1 10.2%
1075 1% Xiao AL H 5845 5L 43 Il U2 0.65%107 il
7.42x107, H AT UL, SR R 28 SO Y 43 SR
PR AT R IEAR NH/H,/air KR NO HEL

UT-LCS . Li— Il Fl Xiao HLEEZEHR 58 3= X K S IX
B NO A J8FT I #E 5 5 19 14> Bn an 1] 13 i
o ZEPE[E 13(a) (o) ()] AN R FH 25 o Gk be
A EE 13(b)(d) (DR 2R T2 o A KE . NHH,
BRBHR A P TE IR be 32 IX KO X 38k NO A= BRI FE Y
FE A 5 NH/CHARHE G LT AHIA o X L A2
LR, A LA I Xiao MLIR T2 45 5441, 45 &
NO A 5 R B33 A2 BN SRS TR NO 7

FEFNA B4 LU AE & RS T IS0 R IR SR
NO A BUECR LIRS /N o HUR Xiao HLEE T
SZE IR R s BROIRAS 0 A pE R R R (H H
A f B NO A BN AE S0 R IR 3 107 1Y &
G, HA RN R AR A BN HE B NO A2 AR
FHE FE BN T S 2R 1 NO A2 B H R 4 0.8%10°°, i
Xiao FLI 45 E 45 3 5 UT-LCS . Li- [ HLEE {154 45
—H, B BRI NO 1 2R B 3 L BRI /N o X
& 13(a) () (), AT LAF Hi NO A BFIH A6 1Y di 21 2
1 A R AR A, R L AR AN R, H HNO+
OH == NO+H,0 7& =P HLI i fie 5 B NO 2B
FRE o TR EE L 13(b) L (d) (d), NO 1 FE F A 1 10
AN M [F, NH¥NO === N,0+H. NH+NO =—
NNH+OH f = A~ HL B A7 1) NO I #E &0 5 N+
0, == NO+0 . NO+H(+M) === HNO(+M) N 3L [F] )
NO A= B S o

& 14 578 7 f FH Xiao'™, UT-LCS" Fl Li- 11
{4 S 7 HIL B (B AL AN [] X, NH/H fair K
FHA T NO BE IR o0 BB e 1 A8 AR iR s R . A
pl FE Li- T ALEE A 7R X, =0.3 i, 0.1 MPa<P<
1.2 MPa Fl X,, =0.7 i}, 0.1 MPa<P<2 MPa () }1 57

Ho HETIL, Xiao HLH 5 UT-LCS MLER 14445

P #5301 Li- T HLEE T F 345 2R 5 Xiao, UT-LCS
PLHE R 22 58K o AR 5 Xiao LR T3 E IS KT
UT-LCS HLFE, 1 Li- I HLEE 55 (8 7€ X, =0.3 B i1

FAERT 5P, 7E X, =0.7 WA/ TS5

SNASHLER . (H = ASPLE R LS R A — B W5
FE TR, JEit & NH, & it B R 2 58/, NHY
H /air JCHEHAS Y NO BEIR S B4/, 156 B v s
S AF T RS NHH, B RE, B 200> NO HE I
NH,/H, $OBHE & P e 5 R T R 5080 NO HE Y
K5 NH/CH A BHE G — 8, 2 TRET
OH.O.H A 1 3L B i3k /b o Ik Ak, DA NO BE /R 43
BB R T AR AR ] LU R B R R,
NO JEE 7R S B0 U/ INER BE S 3 i ka4 o A A L ]
R TA) H, B8 R 43 B0 P2 £, 7T LA X, =0.7
(1 NH,/H /air JIAIH 7 E 20 NO . H it ik ]
NH, & 5, 525 AR B R NO AR
B, AH R H, & AR, $ i 1 KA IR R R T A
NORAHEZ, 41P=0.1 MPa.¢=0.9R % T, X, =0.3
i Xiao , UT-LCS HLI T3 i 75 A4 28 T4 I8 IR B 2
492030 K, Li— AL 5 I A5 i 248 25 KRR EE 2



HNO+OH — NO+H%O

IEE—

—1086420246810

NOA: F# F <103
(©)

I
[
[

/]

(-

NO+H(+M) == HNO(+M)
HNO+H == NO+H,
NH+0 == NO+H

N+OH == NO+H

N+NO —= N,+O

O+H —= NH+NO
NH+NO == N,+OH
NH,+NO ——= NNH+OH
NH,+NO == N,+H,0

=

[
—
[

HNO+OH == NO+H,0 |

-8—64—202468

NOA: # F <10
(e)

E 13 NH/HEHES

HNCHH. = NO#H

< 5340 - b T ¥ B2
[ |NH+NO =—=N,0+H [ |NH+NO ==N,0+H
[ |N+NO =—=N,+0 [ INHNO ==N,+H,0
[ NH,*NO == NNH+OH [ NH,+NO == NNH+OH
[C]NH,+NO == N,+H,0 NO+H(+M) —=HNO(+M)[]
[]NH+NO == N,+OH HNO+OH == NO+H,0[]
NH+O == NO+H [_] NH+0, == NO+OH[[]
NO+H(+M) == HNO(+M) [ ] N+0z= NO+O[]
N+OH ==NO+H [ NO,+H == NO+OH[_]
HNO+H ==NO+H, [ ] HNO+0,==HO,fNO[_]
HNO+OH == NO+H,0 HNO+H—==NO+H,
17108642024 638 S 435210123456
NOA: s 3 <10° NOARH <10
(@ (b)
[ ]NH*NO== N,0+H [ TIN+NO = N,*O
[ | NH,#NO =—=NNH+OH [ INH*NO ==N,0+H
[ N+NO ==N,+0 [ NH,+NO == NNH+OH
] NH+NO == N,+OH [CINH+NO == N,+OH
[[] NH,#NO == N,+H,0 N+0, === NO+O[]
NH+O == NO+H [] HNO+OH =—= NO+H,0[]
NO+H(+M) === HNO(+M) [] N+OH—= NO+H[__]
HNO+H ==NO+H, [ ] NO+H(+M) —= HNO(+M)[_]
NH+OH == NO+H, [T NH+OH —= NO+H,[[ ]

] E—

-10 -8 6 4 2 0 2 4 6 8
NOAREH <10
(d)
| \+NO =N,+0

—
Cl
L]

O

NH+O == NO+H
NO+H(+M) === HNO(+M)
N+0, == NO+O

HNO+H === NO+H,
N+OH == NO+H

[
B
T

=]

N,O+H == NH+NO
NH+NO = N,+OH
NH,+NO ===NNH-+OH
NH,*NO == N,+1,0

=12i=10 =8 =6

~420246810

NOAJ# # <103

(M

PRRIE 32 XK A XN O A Rl

Fig.13  Rate of NO production in flame zone of primary combustion zone for NH,/H, fuel mixture

(a) UT-LCS Mech without secondary air; (b) UT-LCS Mech with secondary air; (c) Li— [[ Mech without secondary air; (d) Li— Il Mech with secondary

air; (e) Xiao Mech without secondary air; (f) Xiao Mech with secondary air

2016 K; X, =0.7 fif Xiao , UT-LCS ML 55 FT 15 ) 4

PG EE AR 2130 K, Li- 1T
KIGURPELYH 2115 Ko X, =0.

it BE A 2224 100 K, A [ 25 1F R X,,,=0.7 19 NH/

BB 15 0 43
35X, =0.7 {94k

H,/air KA HH 0 NO JBE 2R 73 %508 R Y Jit PRS2 R

S HRINO 4 B
2.3 NHj/air A3
23.1 EBR KMk E

TR F3 R NH. fair J2 3 K

R B Y LA AR A N 1B 15 B, SR KodE rh
Hayakawa 5P Takizawa 25 Pfahl 2529 Zakaznov
SN Ronney P45, ZU(E TR T e s 4y
1) Xiao'!, Okafor™ & AL S W AILER . |y AT D, A ] s

H1F , NH/air J2 7 KM

EN iR g= A IUR: N

B 2 L BRI G
J2 TN S 3 R i

INLTE S ¢=1.1 ZE A I, S 3k B i Rl . P=0.1

MPa I}, NH. /air £z KJZ 7 K MG HE

HIZZ R 8 cmes™, hy



#5104 www.hgxb.com.cn - 5341 -
15 5
——Okafor
12 - 4r
x ® ’; -
S ot 8
= —
L 9 2r
g 6r £
o
=z S |
3 |
O -
0 05 1.0 15 20 25 30 07 08 09 10 11 12 13
Pi/MPa ¢
14 ¢=1HEAR X, T NH/H fair KIGKH T NO FER Bl 16 RIEE T NH/air KIS T NO BE SR A4
SYRE FE 1025 AL W & fr9 22 1k

Fig.14 NO mole fraction in the flue gas for chemical
stoichiometric NH,/H,/air mixture as a function of pressure at

different X;;.

Hayakawa 0.1 MPa

Hayakawa 0.3 MPa

Hayakawa0.5 MPa

Pfahl 0.1 MPa

Ronney 0.1 MPa >
Takizawa 0.1 MPa -~
Zakaznov 0.1 MPa 7 ~

—— Okafor N
7 - - Xiao :

O
T
«4Dvroen

S,//(em - s7h
W

15 RIS NHfain 23 KA B 251k
Fig.15 Laminar flame speeds for NH,/air mixture as a function

of ¢ at different pressure

CH,/air KIAW 1/5, B A [R5 0 = 21 it Ze i
W, Bl 25 15 7 88 K, NH air J2 3 KR 33 BE U8/ o
AFREST , FrBREE, Xiao HLEETTBAEAL T Okafor #1
PR & PR, Xiao HLEETTHEE = F Okafor HLEE, P
HLERIS RE 5y T S 50 25 5, (A8 2 H Xiao AL
P 4 T ], 49 4033 P=0.1 MPa. ¢=1.01k
A F NH,/air J2 U SO B AH [R5 & Okafor
B 324 ) 18] 24 117.4 min, Xiao AL FH (14 315 15 8]
2.1 min, B #E7F Xiao HL R A F NH./air = 4 i i
L

232 NO#HE# K16 R T ff H Xiao™, Okafor™

Fig.16 NO mole fraction in the flue gas for NH /air mixture as

a function of ¢ at different pressure

87 Ak 52 WL B BB AR [R] R 1R NH/air K A
S NO BER 3B b & B Ak ry i A R . AT
UL, Okafor HLFE 5 Xiao HLER )58 45 F 48 R AHT L {H.
I H B Okafor LRI AAE B A, 5 B Xiao L
TFEER K, REENT,BE & 3K, NH /air
KIS NO BE IR 3 B 0 R 5 N 7 2
$&~0.9 i ,NO FEIR 7 $GA Bl i KIH . ARETT,
0.9<¢p<1.1 B, NO B IR 73 B b & ¢ Y3 K 2l ik
AN ST o>1.1 B, NO JBE IR 43 BBl A & 1175 f b 35
V2%, P=0.1 MPa i, & #RIRZAS T NO JBE /R 43 0n]
ANTFAX107 5 1 R, B BRIR TR NO HE T /N F
0.01x107. WL UEAAN TR R ) T, NH, /T LAAE s
BRARAS T RS, T A 4 b sk 2> NH fair 4 0
NO HEjik o

i FH Xiao™', Okafor™ & 44 )z i AL FE % ¢=1.0 D
NH,/air KRS H NO EE IR 43 BUbE R 1 09 A8 A 2B AT
B, A R E 17 s .t EE I, Okafor
MUHE 5 Xiao HILEH ) 3155 45 S 45 0 AT, {H B A
5, Xiao HLHEAY T ME KT Okafor LR . Bl 25 & )
(38 K, NH,/air KGR NO BE IR 4380/ o 0.1
MPa<P<0.5 MPa i}, NO B /R 7% b = 1 1928 1k th £
BEBE 5 1 P>1.0 MPa B, NO B8 /R 43 kil e 07 19 22 4k
R F-2% 51 0.5 MPa<P<1.0 MPa i), 9 HLIH 1145 4%
TRTE NO BE IR 43 Bt e 7 A8 Ak 1) i 34 b 25 508K
R AS AL B 1530 235 SR 359 00 B A o s R IR B8 R Ak e
NH, Al A 208 NO HEjik



{5342 - fb T % 724
35 (6) & Z AR KA IH S NO BE IR 73 B B
JE 78 38 T 90N, FE R R T R AT AT e
NO HEif s H Bl T 735 K, NO Js/ M3/ AE 2%
P # s %o
;E E i, —— —JCHRRHR NH, 4358
= LHY —— [ i 544k k] -mol
P —— A LIALJE J, MPa
S,— M KIEHE  cm-s™
T— A AR, K
0 03 o 15 50 23 30 X EEIR 4K
P/MPa
17 b=1.0 B NH /air KIS H NO BE IR 34K SE 3k
Fifi A7 B AR 4k

Fig.17 NO mole fraction in the flue gas for NH,/air mixture as

a function of pressure at $=1.0
3.4 ik

SR FH SC Rk H B R A A LB R [RRR S TR 1Y)
NH,/CH,/air .NH,/H /air Fl NH,/air K4 34T T8,
WFFE AN PR A S HIO0 2 30 CHG o T NO HE il i) 52
M) , I 55 SOk A Y SO B R A T LA A B A5 E AR
5.

(1)NH,/CH, .NH/H, ¥ BHE 5 Wi NH, & &t
M HE 2 | 20 KA R LR 98 /)y s NH,/CH, /air \NH./
H,/air \NH,/air [ )2 i KM R, BG4 22 o LE A9 385 K
vt N P N (B B S A SR By NI T R %

(2) Okafor HLEE I F EU(E 118 NH/CH, /air ‘K )
IF K B B =5 5 (H 4T NH/H fair . NH,/air X, Xiao
HLFHE 2 o 1

(3)NH,/CH, .NH/H, #8 BHE A 21 h 42 = NH, 1
5 A A R0 NO HEE, [R5 A 20 5 55 PR
BE AR S T NH K IARARERRE . NH/CH BAVRHE
AR NH, R 238076 0.1~0.3 B8 B Y s, 485 rh
NO B IR 53 $555 3 d AR 5 %6 NHy/H, IR A <, NH,
JEE IR 53 HAE 0.1~0.3 (38 Bl N I, NO HERGA B e K .

(4) & A BEBHE & BRR ST BB vl A 2k 2>
NO HER, (8 & BRI RN, AN TR, v] 2R H
25 ST PR CRIR -0 RE) R Rk s S fiff s
M b < 1.0, F& R B, HA A NO HEL

(5) 8 NHRHR BT NO 3223853 5 OH VH .0
H H A O, 70 1 Bk A A, 3 2L 5 NH(i=0,
1, 2) I F 3 S 07 T T A

[1]  Rogelj J, Schaeffer M, Meinshausen M, et al. Zero emission targets
as long—term global goals for climate protection[J]. Environmental
Research Letters, 2015, 10(10): 105007.

[2]  Chiuta S, Everson R C, Neomagus H W J P, et al. Reactor
technology options for distributed hydrogen generation via
ammonia decomposition: a review|[]]. International Journal of
Hydrogen Energy, 2013, 38(35): 14968-14991.

[3] Brandhorst H, Tatarchuk B, Cahela D, et al. Ammonia: it’s
transformation and effective utilization[C]//6th  International
Energy Conversion Engineering Conference (IECEC). Cleveland,
Ohio: AIAA, 2008.

(4] 8GME, HORAE, R S B IR AU B I R A R
JOBEE)) AL T 2447, 2019, 70(3): 791-800.

Zeng S J, Shang D W, Yu M, et al. Applications and perspectives
of NH, separation and recovery with ionic liquids[J]. CIESC
Journal, 2019, 70(3): 791-800.

[5]  FRWede, VPR, HOEEIRG, 2. RuO,/Ti FHAR HL P2 Ak R i 2
BB AT 2E3R, 2016, 67(6): 2568-2574.

Xu X H, Xu Q Z, Huang G F, et al. Removal of ammonia by
absorption combined with electrochemical oxidation on RuO,/Ti
anode[J]. CIESC Journal, 2016, 67(6): 2568-2574.

[6] Kobayashi H, Hayakawa A, Somarathne K D K A, et al. Science
and technology of ammonia combustion[J]. Proceedings of the
Combustion Institute, 2019, 37(1): 109-133.

[71  Okafor E C, Naito Y, Colson S, et al. Experimental and numerical
study of the laminar burning velocity of CH,~NH,-air premixed
flames[J]. Combustion and Flame, 2018, 187: 185-198.

[8]  Okafor E C, Naito Y, Colson S, et al. Measurement and modelling
of the laminar burning velocity of methane—ammonia=-air flames at
high pressures wusing a reduced reaction mechanism[J].
Combustion and Flame, 2019, 204: 162-175.

[9] Ichikawa A, Hayakawa A, Kitagawa Y, et al. Laminar burning
velocity and Markstein length of ammonia/hydrogen/air premixed
flames at elevated pressures[J]. International Journal of Hydrogen
Energy, 2015, 40(30): 9570-9578.

[10] Kumar P, Meyer T R. Experimental and modeling study of
chemical-kinetics mechanisms for H,—NH,-air mixtures in
laminar premixed jet flames|J]. Fuel, 2013, 108: 166-176.

[11] Han X L, Wang Z H, Costa M, et al. Experimental and kinetic

modelling study of laminar burning velocities of NH/air, NH,/H,/



% 1034

www.hgxb.com.cn

+ 5343 -

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

air, NH,/CO/air and NH,/CH /air premixed flames[J]. Combustion
and Flame, 2019, 206(8): 214-226.

Duynslaegher C, Contino F, Vandooren J, et al. Modeling of
ammonia combustion at low pressure[J]. Combustion and Flame,
2012, 159(9): 2799-2805.

Konnov A A. Implementation of the NCN pathway of prompt—NO
formation in the detailed reaction mechanism[J]. Combustion and
Flame, 2009, 156(11): 2093-2105.

Xiao H, Howard M, Valera—Medina A, et al. Study on reduced
chemical mechanisms of ammonia/methane combustion under gas
turbine conditions[J]. Energy & Fuels, 2016, 30(10): 8701-8710.
Xiao H, Valera—Medina A, Bowen P J. Modeling combustion of
ammonia/hydrogen fuel blends under gas turbine conditions|J].
Energy & Fuels, 2017, 31(8): 8631-8642.

Mathieu O, Petersen E L. Experimental and modeling study on the
high—temperature oxidation of ammonia and related NO, chemistry
[J]. Combustion and Flame, 2015, 162(3): 554-570.

Otomo J, Koshi M, Mitsumori T, et al. Chemical kinetic modeling
of ammonia oxidation with improved reaction mechanism for
ammonia/air and combustion[J].
International Journal of Hydrogen Energy, 2018, 43(5): 3004-
3014.

Song Y, Hashemi H, Christensen J M, et al. Ammonia oxidation at

ammonia/hydrogen/air

high pressure and intermediate temperatures[J]. Fuel, 2016, 181:
358-365.

Tian Z Y, Li Y Y, Zhang L D, et al. An experimental and kinetic
modeling study of premixed NH,/CH,/O,/Ar flames at low pressure
[J]. Combustion and Flame, 2009, 156(7): 1413-1426.

Li R, Konnov A A, He G Q, et al. Chemical mechanism
development and reduction for combustion of NH,/H,/CH,

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

mixtures[J]. Fuel, 2019, 257: 116059.

Shrestha K P, Seidel L, Zeuch T, et al. Detailed kinetic
mechanism for the oxidation of ammonia including the formation
and reduction of nitrogen oxides[J]. Energy & Fuels, 2018, 32(10):
10202-10217.

Kurata O, Tki N, Matsunuma T, et al. Performances and emission
characteristics of NH;-air and NH,-CH,-air combustion gas—
turbine power generations[J]. Proceedings of the Combustion
Institute, 2017, 36(3): 3351-3359.

Lee J H, Kim J H, Park J H, et al. Studies on properties of laminar
premixed hydrogen—added ammonia/air flames for hydrogen
production[J]. International Journal of Hydrogen Energy, 2010, 35
(3): 1054-1064.

Hayakawa A, Goto T, Mimoto R, et al. Laminar burning velocity
and Markstein length of ammonia/air premixed flames at various
pressures[J]. Fuel, 2015, 159: 98-106.

Takizawa K, Takahashi A, Tokuhashi K, et al. Burning velocity
measurements of nitrogen—containing compounds[J]. Journal of
Hazardous Materials, 2008, 155(1/2): 144-152.

Pfahl U J, Ross M C, Shepherd J E, et al. Flammability limits,
ignition energy, and flame speeds in H,—~CH,-NH,-N,0-0,-N,
mixtures[J]. Combustion and Flame, 2000, 123(1/2): 140-158.
Zakaznov V F, Kursheva L A, Fedina Z 1. Determination of normal
flame velocity and critical diameter of flame extinction in
ammonia—air mixture[J]. Combustion, Explosion and Shock
Waves, 1978, 14(6): 710-713.

Ronney P D. Effect of chemistry and transport properties on near—
flames at Combustion  Science and

limit microgravity[J].

Technology, 1988, 59(1/2/3): 123-141.



