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Abstract

As a carbon-free fuel with a long application history, high market maturity and a complete indus-
trial chain, NH; has great development prospects in promoting global low-carbon development. In
order to solve the problem of slow flame propagation when NH; is burning, a feasible method is to
add CH,4 to NH; for mixed combustion. In order to solve the problem of various reaction mechan-
isms and relative errors in the numerical simulation of NH;/CHxfule, the laminar burning velocity
of NH3/CH4 fuel was simulated and the important influencing factors were analyzed by means of
reaction sensitivity and other methods. The results show that the addition of CH, effectively in-
creases the laminar flame velocity and combustion intensity of NHs. At the same time, it is found
that the laminar flame velocity is greatly affected by the number of free radicals O, H, OH in the
flame and the reaction rate of elementary reaction H + 0, < = > O + OH, and the molar fraction of O,
H, OH in the flame increases with the addition of CH,4, so the laminar Burning velocity of NH; is
further increased. In addition, through sensitivity analysis and flame structure analysis, it is found
that the parameter setting of primitive reaction is the fundamental reason for the differences in
the simulation of various mechanisms. Therefore, based on the Okafor mechanism with the best
simulation performance, the optimization mechanism Okafor-Modified is formed according to the
parameter setting of other commonly used mechanisms and experimental data. The average rela-
tive error with the experimental results is within 10%.
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Figure 1. Schematic diagram of one-dimensional laminar flame
structure
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Figure 2. Laminar flame speed of NH3/CH,/Air flame at various equiva-
lence ratios T = 300 K, P = 1 atm (Okafor, GRI-Mech 3.0)
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Figure 3. Laminar flame speed of NH3/CH,/Air flame at various Xyus T =
300 K, P =1 atm, ¢ = 1.0 (Okafor, GRI-Mech 3.0)
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Figure 4. Sensitivity coefficient of chemical reactions to flow rate T = 300 K, P = 1 atm,
53.5% NH3/46.5% CH,4 (GRI-Mech 3.0, Okafor) (¢ = 0.7, 1.0, 1.3)
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Figure 5. Sensitivity coefficient of chemical reactions to flow rate T = 300 K, P = 1 atm, ¢
= 1.0 (GRI-Mech 3.0, Okafor) (Xnnz = 50%, 80%)
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Figure 6. H, O, OH radical mole fraction, T = 300 K, P = 1 atm, 53.5% NH3/46.5% CH, (GRI-Mech 3.0, Oka-

for) (¢ = 0.7, 1.0, 1.3)
[ 6. &2 % E 53.5% NH4/46.5% CH,, 2Lt 9 =0.7, 1.0, 1.3Kf, Okafor, GRI-Mech 3.0 HlEET H,

O. OH EREERSH

332 FEMRHELETHINEEESHES T
AR TAE%EFF Okafor HLEEAT GRI-Mech 3.0 HLEE, TEFIRFEEXEL ¢ = 1.0, 6l TA R
fic L (Xnms = 50%- Xynz = 80%) T —JCHAK} NHa/CH, (1) H, O K& OH H B 2L BE /R 0 BOf il m) il o A 1, 45

RnE 7 iR
MIE 7 aTLLE H, Okafor #LHEFI GRI-Mech 3.0 HLEE T~ NH3/CH4/Air ‘kJE 9 H. O, OH H 3L ¥ 5
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Figure 7. H, O, OH radical mole fraction, T = 300 K, P = 1 atm, ¢ = 1.0 (GRI-Mech 3.0, Okafor) (Xyns = 50%, 80%)
7. BIREENEL ¢ = 1.0 Xyus = 50%. 80%FT, Okafor, GRI-Mech 3.0 HlI32 T~ H. O. OH BHEERSH
11 CIESE54 v/
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FHE &

4, BRI
4.1. MEBXEE RS

JERUKIGIERRE S| IR & PRI R AN IR S LR ) B S, TE R K MEHEE S IR K
FE FHGRT BB A Hy O F1 OH B HHEEHE, I AT 5t B sk £5 500 400 VI & %04 (1) Okafor
HLEEFT GRI-Mech 3.0 HLHE, DL Sy JMRBHRRIE 1) 3 ZERAE S HUHAT 7RG 3] 7 AR NHy/CH, HLA]
PIRRRLE IR AV S, T T KIGEE 1 DL A S SO 22 il 22531, TR A VIR ZR AT T 8ustE 4T,
FEEEXTBUBAE 73 T B 45 3, i 7% S s fs K ) S SO 28 i 4k o M EIRBRADL 45 T LLE HAE NH, 45
N CH, JE B T Su, S R AT B 2 & Lo B 2 B AR AN ], 7E @ = 1.0~1.1 Z [ ) R
BHIU A AR A B AR A2 AL

R BANL R AT LA

1) XF NH3/CH /AIr KIGZE T4 T Okafor ML N FIEE 11545 R 5 B K EEE S, 1585
AR W) A, (5 Okafor HLEEHEAIL T M TH 5 25 Rt 2 Sl 2 K JEIE B Sy, 17 GRI-Mech 3.0 ALEE
BN B BE T 5345 S AR e 2 AR JFE I KA TR EE S o

2) XU TE > 45 3, GRI-Mech 3.0 HLEE 5 Okafor ALFEAELE R — 1 E X 5 7ET GRI-Mech 3.0
PLERIE5R 7 [ R273: HNO + H < = > H, + NO Hy i [al Ukt R4 Britbz 4h, AR ABUS M REEK
[/ % R240: NH + NO < =>N20 + H H47#E T GRI-Mech 3.0 HLEE 2 #1, T8 R248: NH + H,0 <=>
HNO +H R 74T Okafor HL3EH1.

3) TCIeXTTWRFALEE, £ NHy/CHA/AIr KN Hh i B LR A S ST /2 B 39: H + 0, <=> 0 + OH,
SN 39 J& T Hal O, MLHE ) B LA f2 B HGH K MG AL R # R AE T S e g

I3 BT I FOK L VR 2 i AL IEARADL 22 S (1) S B SR R R B W T TH . — 5 TR TE T IR SLI 26 5 2 1)
W, 59— 7 AR T — L B ] i N 2H 43 S e s B R 2K

4.2. MK

S HTEANAL S S S ATLER R ALK N CL R =S5 T 1) JIEXF B3R NHo/CHo/AIr KGR 46 it
1T g5 58T, Okafor HMIIRTEA A &2 LERIAS [FBRRHIC LY Xws 1 T R H9RBLR AT, [HEHAE Okafor 4l
HR A JERY_E AT HLER AR Ak o D04k 10 25 7 [ /2 T 48 Okafor HLEELE NH; ELI#E I 1) NHo/CH, IR & AEHE
KSR SE R E G IR L. 2) H435 FEXF LT ZE NHa/CHA/AIr KGR A R B4 () GRI-Mech 3.0
HLFLE Okafor HIFRAFTEMZEFE, R Okafor AL/ IMI7E GRI-Mech 3.0 HLEEH FL A 5 iy 5 Ml 1) 2 22
FEITRN, KA E A N EHELE N Okafor HLFE . 3) #4535 H6H EL 0T 2E NHa/CHy/ATr KGR R R B
T GRI-Mech 3.0 HLH 5 Okafor HLEEAF{ERIZE0E, ki Okafor HLE 88U R B = . HERE T
BT AE GRI-Mech 3.0 HLEE H U R AR FLAE Y B ZEL T RS, % EHESE Okafor HLEEH %3 0
SSEHEAT IR NG BUE IE, A8 1E A4 U S 58 2500

DR B AAF 5T BA Okafor HLEA/ERINLER, DLUZ K IEHEE S N FES 4, DL GRI-Mech 3.0 HLE A E
XA, DAREWS EE UG B T NHa/CH/AIr KGRI FEH 1, FFRNEA TAE, BRI
>}y Okafor-Modified H13% .

421 HMMEENETEN
HUHARAL TAETF R A 55— AN IR 88 0 Okafor HLER A (B3I T /e v, HL#E GRI-Mech 3.0 L F
F1 Okafor LEEAEFENI 2 5, Okafor HLEEHEL/ NH + NO < => N,0 + H iX—HEE I IL RN, %50 RN
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7£ Konnov HL¥E. Glarborg HLEL. Tian HLHE LK GRI-Mech 3.0 HLEEFF IS BHEAFAE, 2 1 R THINE

B TC N K B BRI S AR K 228 3R

Table 1. The parameters of the addition reactions and its references

=1 EMERETRNHNSERIREEEXSE R

Version Reaction A n Ea Source
Modifyingl NH+NO<=>N,0+H 6.700E+22 —2.16 37,155 [5]
Modifying2 NH+NO<=>N,0+H 2.700E+15 -0.78 20 [8]
Modifying3 NH+NO<=>N,0+H 2.900E+14 -0.4 0 [9]
Modifying4 NH +NO <=>N,0 +H 3.650E+14 -0.45 0 [10]
Modifying5 H+NO+M<=>HNO+M 4.480E+19 -1.32 740 [10]

17t Okafor AL H 38 N2 1 (FETC IR MG, 132 NHa/CHA/AIr BJZI KA FE S B & o AR L
#anlE 8 Fior, WLLE HTE Okafor HLERH IS BRI G RN G, SEAGHLERAL T [ Z 30 K HEE B Sy
FHAL T Okafor LM 5 A BT R, SUBEE M o M3 INAY 230 H Je3l K580 N AR, J+ BA7E
MR o AT 1.0 TRt Sp kB ME, W LLE BRI S SCRHdE 2R T MY A .

PR IX A B, Okafor-Modified 34 T 15 /N3 70 S B TR o

25

~B-Modifying Xy;;=50% 7
—-@- Modifying Xy;;;=80%

=Bll-Modifying3Xy,;=50%
20 |-®@-Modifying3Xy,;;~80%
= M- Modifying4Xy;;;=50%
=@~ Modifying4X,,,=80%
I =M= Modifying5Xy;;=50%
=@—Modifying5Xy,;=80%
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Figure 8. Simulation results after correction of reaction NH + NO < =>
N,O+HandH+NO+M<=>HNO+M
B8 H+NO<=>N,O0+HFH+NO+M<=>HNO+M R RIEIESS

HARIULE R

422 BEEMHEEMNEITRM

HUALAL TAETF & (55 AP BRJ2 A8 I 587 5 4k Okafor HLER i B B 7 S S IS8, R BEr HIAE T =

300K, P=1atm, 53.5% NHy/46.5% CH,fiCLL,
atm, HEH 1.0, BAKBHCEL Xyns = 50%. 80%-
U YA, BUHUET R ANIE 9 M 10 FoR.

MEl =07, 1.0, L34, AL T=300K, P=1
100%:3% = Fli5 50 1 Okafor ALEREAT (k2% Jsz S X 7 2R 114
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Figure 9. Sensitivity coefficient of chemical reactions to flow rate, T = 300
K, P =1 atm, 53.5% NH,;/46.5% CH,, Okafor (¢ = 0.7, 1.0, 1.3)

& 9. #iREE 53.5% NH,/46.5% CH, B, Okafor #38 TE 7 iz R #E%t
FRENGESRHLER

R39:H+0,<=>0+OH
I s = 100%

;- 80%
[ Xy = 50%

R256:NH,+NO<=>NNH+OH
R122:HO,+CH,<=>0H+CH,0
R271:H+tNO+M<=>HNO+M
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R53:H+CH3(+M)<=>CH,(+M)
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Figure 10. Sensitivity coefficient of chemical reactions to flow rate T =
300 K, P =1 atm, ¢ = 1.0 Okafor (Xnnsz = 50%, 80%, 100%)

10. BiREE ¢ = 1.0 B}, Okafor HIIE T EA K MR TR E R BUR
HRH

FRIE P 9 A 10 FrosBURTE A4 3, LU R273: HNO + H <=>H, + NO Afil, A7 ik
Je o HriA S . R273 (AT AT 14 o BH 4 2 B, JEL AR 1Y) Okafor HLERH R273 2% 451 51 A 74 9.000E+11,
BOHT ZHUEIS A B NIST B WAL SOSEHE A3 31, 12 1E 4 6.600E+10, {H 2 T U8 R273 4B Id [,
R REC 7, FrUBEETRATEF A /DN, RSDEZREH K WEEE RN, R e B )8R
BT . S HRMIHLECAE Modifyingé, FHEHTHEUE I M4 RanE 11 fos, ol UG HER X
SR FE S| ARECT Okafor ML S A T TR, HARHT & B B B IS 5 o s .
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Table 2. The parameters of the correct and update reactions with its references

* 2. EMERETRNSHRIEREXSE T

Version Reaction A n Ea Source

Modifying6 HNO+H<=>H,+NO 6.600E+10 0.940 495 [11]

25

—B-Modifying6 X, =50%
=@-Modifying6X;;;=80%
I —— Xy;;3=50%(OKafor)
—@— X=80%(OKafor)
\V Exp. data-Han et al™*!
20 () Exp. data-Okafor et al*!
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Figure 11. Simulation results after correction of reaction HNO + H < =>H, + NO
& 11. HNO + H < = > H, + NO R K& [E G HOtR 5 R

423 ABETRNHEEY

HLERARAL TAETF R )55 = AN B B Bk B 7E Konnov. Tian. Glarborg L /2 GRI-Mech 3.0 J U FHLFE
U E R EI i HLE Okafor HLER H BBURRME R ECRAR I SR B 0 OB, i s IR AH O S i e ik
TG NAE Okafor HLERH Y B B0, DUSE NG 2 X 2K G E Sy MBI E . X LR IR Y. R102 A& 1F
BERMRNZ —, LU R102: OH+CO <=>H+ CO, A, 1BIEWE I 3 fix.

WA SRR IFLEAAE Modifying7~10, FBT T HUA THE S5 Rl 12 fox, wTUUE HZ R K IE
S AT Okafor HLERIM & A BT R, HAUKHET G T B 2RI X5 RN &S . %L
b2 i 3 (AR EH, Okafor-Modified JLft 7 7 AN 70 [ B A& IE 5357

Table 3. T he parameters of the modified reactions and its references

3. MUEBRETTRNHSHRIERLEXSE

Version Reaction A n Ea Source
Modifying7 OH+CO<=>H+CO, 4.760E+07 1.228 70.00 [10]
Modifying8 OH+CO<=>H+CO, 8.700E+05 1.730 —-685 [8]
Modifying9 OH+CO<=>H+CO, 7.100E+05 1.800 1133.0 [9]
Modifying10 OH+CO<=>H+CO, 1.170E+07 1.354 —725.0 [5]
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Figure 12. Simulation results after correction of reaction OH + CO <=>H + CO,
12. OH + CO < =>H + CO, R R & [E IFRIHELE R

4.3. HIERUESR

&, Gl E=AEER, BRI EILEE Okafor-Modified JEr5GE 7 22 Ao/, b
WHIT RN 15 4y, WESHIETTRMN 74, WEMTT W 4 s, RS R M 13 FE 14 Fios.

AJ LLE 2K AR AL 5 ) Okafor-Modified HLEE R X F NHy/CH4/AIr FIEE IS R, 5 Okafor HLIEAH
b, WHEEREER T AR TGS, R HUEERL N 1 TE 585 5 Se 36 50 1 T S AR 22 78
10%ULAPY, AHXT RO T AT A8 7, VEANAR A AL ER BSL AT J5 5 S0 i T S AR iR 2 e 5
FTR

HRHE 2 5 PPN Z2 8B 7T 40, Okafor-Modified HLEEXET- NHo/CH,/AIr HIEE R 45 5 5 5206
A LA E M 2« {H5 Okafor HLERAHLL, ~PYIMIXT IR ZTE 53.5% NH,/46.5% CH,/Air T4 N 1321 %
FEAR T GE F1 4547, Hb4h Okafor-Modified #H%% T Okafor HLEE, “FHIAHNTIRZEAE 80% NH3/20% CH4/Air
) THL Rz R, (BAERFFE 10% AN . SAKF, Okafor-Modified HLEXS T NHy/CH4/Air FALL 1
TR = i =

Table 4. The parameters of the modified reactions and its references

4. RANMEBETR S ERIRRIEXSE "

Version A n Ea Source NO
Update
OH+CO<=>H+CO, 4.760E+07 1.228 70.00 [5] 1
HNO + H<=>H, +NO 6.600E+10 0.940 495.00 [11] 2

DOI: 10.12677/se.2024.141001 16 CIESES 42


https://doi.org/10.12677/se.2024.141001

EES

H+ 0, + (M) < =>HO, + (M) 4.700E+12 0.440 0.00 [8] 3
Low pressure limit 9.042E+19 —1.500 4.922E+02
Troe 0.500 1E-30 1E+30
NH; + NH<=>N,H, + H 4.300E+14 -0.272 —77.00 [8] 4
NH, + NO < => N, + H,0 2.800E+20 —2.654 1258.00 [9] 5
NH,+O0<=>HNO+H 6.600E+14 0.000 0.000 [9] 6
NH, + O <=>NH + OH 8.600E-10 4.010 1673.00 [8] 7
Additions
NH+NO<=>N,0+H 3.650E+14 —0.450 0.00 [10] 8
NH + H,0 <=>HNO + H, 2.000E+13 0.000 13850.00 [10] 9
H+NO+M<=>HNO+M 4.480E+19 —-1.320 740.00 [10] 10
H,+ NH<=>H+ NH, 2.100E+13 0.000 15417.00 [12] 11
HNO,(+M) < = > HONO(+M) 2.500E+14 0.000 32300.00 [8] 12
Low pressure limit 3.100E+18 0.000 31500.00
Troe 1.149 1E-30 3125
NO, + NO, < => NO; + NO 9.600E+09 0.730 20,900 [13] 13
NO, + NO, <=>NO+NO + O, 4.500E+12 0.000 27,599 [13] 14
HNO + HNO <=> N,0 + H,0 9.000E+08 0.000 3100.00 [13] 15
NO;z; + NO, <=>NO + NO, + O, 5.000E+10 0.000 2940.00 [14] 16
HONO + HONO = NO + NO, + H,0 3.500E-01 3.640 12140.00 [15] 17
NO; + O(+M) < = > NOz(+M) 3.500E+12 0.240 0.00 [16] 18
Low pressure limit 2.500E+20 0.00
Troe 0.710 —-1.500 1700.00
NO; + H=NO, + OH 1E-30 0.00 [17] 19
NO;z; + HO, = NO, + O, + OH 6.000E+13 0.000 0.00 [17] 20
NO3z + O =NO, + O, 1.500E+12 0.000 0.00 [18] 21
NO3z + OH = NO, + HO, 1.000E+13 0.000 0.00 [18] 22

ERE: BT NO.L &S Konnov HUEE N IEEHEIT BB IE I, VERN A IL[5]. FE70& M NO.2 2R ¥ Nguyen 25 A %E
HELA S REIESHE, EMARI[IL]. TR NO.3, NO.4, NO.7, NO.12 &5 Glarborg FLEE#EATSEHHEIEM, FE4H N
22 IL[8]. FETT X S NO.5, NO.6 A28 Tian HLIE PN (0 EHEHEAT EHE LRI, VEHPY 75 WL[9] - 2£TT /2 B NO.8~NO.10 J& 1§ GRI-Mech
3.0 LR ER BT EHEIE, VEAHM 2 TL[10]. 708 NO.11 Z4R4E Bahng M K 25 A 5E 1) [ FH 3 Sz 7 1 22 5 S0 AT 3837
), VERPNZRIL[12]. 50BN NO.13~NO.15 MR ¥ Tsang W 25 N FE S #REE SN Bh 1 2 5008 FEHEAT SE BT 10, VEA N &R IL[13]. 3%
JLI N NO.16 SR ¥ Sander S P %5 N 78 (RI46 2 S 80 3 1 S 508 AT ST 1K), VELI 25 IL[14]. FET0OBE NO.17 SR ¥ Mebel AM
SN BTN SE TR 1 R R B RN AR AT R, VEANP 2 IL[15]. FETTIROM NO.18 SEARYE Hahn J 25 A 5E 1 1 B 38 S Bi
TR HOE AT Y, VEAE N A WL[16]. TR NO.19~NO.20 /24 E Becker, M 25 N4 77570 N AS & T i ANE 74 st
P I SIS B BEAT SR, EANPI A IL[17]. FETC IR NO.21~NO.22 f& 44 Baulch D L 25 AKN75 (1 5 B3 1 2 B0 347 S0 114,
PEAN 2 IL[18]

& Ak
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Figure 13. Laminar flame speed of NH3/CH,/Air flame at various equivalence ratios after op-

timization (T = 300 K, P = 1 atm)
13. AL NHy/CH /AT BB R A IBIRE S, BE ¢ Tk
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M Hanexp
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Figure 14. Laminar flame speed of NH3/CH,/Air flame vary with Xyus after optimization
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Table 5. Relative error after optimization
= 5. MALAIRHIEETTERNAERIRE T

53.5% NH3/46.5% CH,/Air (%) 80% NH3/20% CH,/Air (%)

Y Before After Before After
0.7 — — — —
0.8 16.02 2.90 1.55 11.31
0.9 9.57 7.45 1.98 7.96
1.0 8.84 7.04 1.57 8.03
11 9.21 6.66 2.28 6.43
1.2 0.62 7.02 7.37 9.03
1.3 — — 16.33 12.60

Average 8.85 6.21 5.18 9.23
5. &g

REVR ORISR N B R AL 2RI U R R M BB F, N2 AE “Xi” HARGI8UT, 2 REIRIE E KAk
R R RF AT, W20 i %, NH, VRN m S B = Be 5 B O e i, X T34 i =
K T T k> L 32 BRI YA NO IR 78 2 B FE B AT TS A . ASCHE R IR R T LR
W T A FEIHLEEAAS [FARBHEC B 5 NHa/CHA/ATr JABERF I (520, RIS £E Okafor HLERH)E:A b 455 W
B URP VR S S ML ER (5 T VRN S LR AR AL AL T HLEE, FELRWR

1) XFF NHa/CH4/AIr K&, B o 390, F0RR TO0 N IR KGR Sy BE 2 3K, TAE & #R Tl
TR AR EE S BEZ /N, ZRKIGTERRE S MIEEAL T &L ¢ 45T L1 1S MORMU BT . [F) B
RIIREL CH, BRI 2508 NH3 Z K IGE B S| I 2R VE3G a3, BRI 05 38T .

2) EIAKIEHESE SRR Bz i H % O Hy OH BuE LK FE IR R39: H+0,<=>
O + OH Jx R [P, BEAE BRI CH, LU I, NHo/CH4/AIr KA Oy H. OH R EE/R 40 £t
BEZ MR, SNtk ER, TTRE— B3 E 1 NH; B2 K IEEEE Sy . thAhd i B 73 B LA K I
SERAr AT KA H B 2E NNHL HNO. NH, BEZ: i H Hi2k H AR 2 5 HOHHE, SRTMBESE CH, A,
H % HCO i CO FZRFMESE K IAERRIIMER, 1 H B HNO, NH, R JaE R 1M, B
5 CH; Al 2 5 SR & 4k i AR A0 o

3) it LUK IARE S N BREERE I (1) 1 BRAE S EAT TR A5 3 T ASA NHa/CH, LLAFI i)
WRRL S SR B DI E KGR EE Sy, THE T KIASE M DA S MR 2t 2650 A, FEXHR G247 1
BUBIE AT, I BLEF T BUBPE AT AE IR, 2ot T 2R KOG B e e K S SR R i 4k . 4 R ROR
X T NHa/CH4/AIr K¢, 250 THL T Okafor AIEARILSE 5 SLR MR E WA, HAERELE THl R &l 1
JERKIATREE SL . T GRI-Mech 3.0 HLEEAH S 2 ARAL 2R KHEHEE S, [RI & 3 GRI-Mech 3.0 55 Okafor
AEM— N FEX HETF R273: HNO + H < = > H, + NO (14 [ BB R B2 Bk, eAME AN U
P RFECR PR B R240: NH + NO < => N,0 + H RA#4E T GRI-Mech 3.0 HLI 2+, TR B R248: NH +
H,0 < =>HNO + H JF1ET Okafor #LE .,

4) FT Okafor HLELX} NHa/CH4/AIr K JGERHT THLER AL, Ak 5E LR Okafor-Modified 3 i1 1
15 METOR N, % 7 ANEITRMSE, el T 22 NMEJTR . Okafor-Modified HLEEXS 53.5%
NH3/46.5% CH./Air FIEEBLIRE HE LS 2 TG 2442 T, {HXFT 80% NH3/20% CH/Air ¥ LI BB AU )
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