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Comparative study on the effects of hydrogen and hydrogen peroxide

additions on combustion characteristics of n-decane/air mixtures

Gribi Bouabdallah, HUI Xin, LIN Yuzhen, ZHENG Dongsheng

(School of Energy and Power Engineering,
Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

Abstract: Hydrogen (H,) and hydrogen peroxide (H,0,) are useful promoters of hy-
drocarbons combustion due to their high reactivity. To explore the effects of liquid hydrogen
and liquid hydrogen peroxide additions on combustion characteristics of jet fuel, a compara-
tive computational study was conducted with n-decane as a single component surrogate for
the practical jet fuel. It was founded that H, O, addition can significantly shorten the ignition
delay times of fuel/air mixtures at all condition considered, while H, addition had negligible
effect on the ignition delay times at low temperature around 1100 K compared with the nota-
ble effect at high temperature around 1600K. The H, O, addition showed a more significant
effect on increasing the laminar flame speeds than H, addition. The H,0O, and H, additions
slightly reduced the emission index of CO (EICO), but increased the emission index of NO
(EINO). EICO and EINO did not vary much with H, and H,O, addition levels at fuel lean
and low pressure conditions. For rich fuel and high pressure conditions EICO decreased and

EINO increased with increasing H,O, and H, additions; however, effects of H,O, addition
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on both EICO and EINO were much significant than H, addition.
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WFoE R W] R ERBER T KA STEA K T ILAFE B
FREis K, 80 V0 1 REVSHE AT AR i Ak A1 R B Be 11
D 2RI T Ak A7 SR AR e TR = A Y
RVEH o Ry T U RE TR 45 T AR 1 [ B U X B
BE IR . T3 — PR BE 2005 5 3 T R ARkt
S R S 2 AN 7 S i [ N 9
BRAFC LAY K JETT I TR B ) 12 A & —Fh
e B 7 T B J00 7™ A ) B 35 £ A0 2% £91) AR 3 300 11
PG o SR AR BEAS DU R L KA
Foe M4 22, 25 5 48k, T ELIA Bl % s HE ik CO
AR 58 2SR E 10 ik = AL A ) CUHCO) 5§ 0] 31,
I, B S R BRI KA I AR E PR AR IR CO 5 UHC
P18 I TS0 B Ay ik TR B ek AR e T A O

T B e SRR R R DL HL RO
BRRMER A2 3 70 1 F 5% A2 3] T B R 22 11 DG T
Forp He AE iy © Wik R e A — i RE B I
W0 Al VR I R e R LA Sy i s AR R
(AT ATPE WA B eI . FERREIR R/ 2 R
Hom Hy wrged . Yu 5 AN 2Bl FAL 2 R
o7 AR 1) 8 5k o 15T A R R IR )2 T U
JERER . Guo % NI H e/ 4 A<, IR 1 k)
KIGWFGE T U H % B be /45 ST R ik BR 1) 52
M, A& 30 H, Mds 4@ 17 ol B fl. Morrone
S NSRBI AL T IE I Y T KRR H,
TR G R BE X R SR8 LA B R B Y 52 i & B CO
FAR K B 28 B0 HE ik A BT R AR, Hui 5§
PSR B E AL B9 T He 38 % 1E
LEI5E /23 S SRR 1) 52 ) 5 4 3 K SR [
A BTG R T2 U I B A RS i, CO HE e 5
(EICO) FAK T NO HE k45 £ (EINO) A Jr g i

WA He WA A7 RS f 5 o0 TR 48 L H i
5 HL O, 7E% HH IR (25 °C) N BV RS 0 8 W
A% R H, (71kg/m®) F1 H, 0, (1442kg/m®)
M. H O, 75 6 A7 BF o5 F B /N 1 i LR,
H, O, Hh i U5 16 A e ok B2 b g 4 & 42 A Ak
M SRR BE it B . 7E X 7 T, Chen %5 A SR H
BAE BN B9 T Ho O, X H g /28 R A
BRBEMRZ R, & B Ho O, (8 78 048 15 2 0 KM 3
JER 4 B 0 IR BE W 3 3 . Golovitchev 4
NVHESE T HL Oy X H e B8 b A 1 R 1 52 i

KW H, O, B IMFEAR T s K FER BF ], Ting
NIRRT HL O, Xt H BE /25 3 0TR A e e
M52 BB H, O, WS I (935 0 . #5 be 8 2
A AH 25 fm CO # NOx [ HE. Cong
SSNVCBEIE T ORI v B HL O, A S B 9 A
TR o B0 KO & SALI R P A B R0
RUE KT Hy Al Ho O, X85 G RHIR 58 45 M 52 i
FIF TS AR Z B X Hy F1 Ho O, 52 Wi Bk 2088 R
BRBe 5 M W EE B 9T HIAR .

A SCH) FH IE 28 4t (n-decane) fE S 14 318 Bt
SR BB 40 1) O 2% % He R 9E He R HL O, X
1E28 i /45 R, (n-decane/air) 8 BEH IR B8 5 1 1Y 5
W 254 0B H A HL O, 78 004 %5 6 A0 8%k
FUEIR B[] L J2 3t oK 0 B A COLNO HE ik 15
AR AL 7 i N R o R (BSR4 B R AV R A e o
B PR A I 28 e 50 s BT 1 o A e T R A
WA RE AR 1T T AR SR e L R P AR 2 e
FEAKA [ B v [ 77 9 K e e [0 7 9 1 LG 491 43 A1
oA [0 Hui 28 N7 38 1k S0 56 & B IE
LRI 55 L A5 SRR 1) J2 I K K R B AR AR 0 A AL
FEAESCHR 12 v R T IE 28 e 4 S i 2 1R 1 AR
AR B SE T AR AR R RS . A
H AT AR E S e b2 LB 6 TR
B AT 5 R I , 306 P B 4H 3 1F S AR i
23R AC AR L S AT A 5k DA A 2 B B g 2
JET AT H, O, A1 H, 3 K20 18 SRR B
FerEmszm . LA W& B 58 o] LLE A oG
FERE IR 4 Mk 0 BIF 5% B AR P TN F i SR
FEE A 0 R B SRR Cln T 28 6 1 i
FEARXT 0 s Hui 8 AU 3047 T K40 T SR80k
whn H, B BEgE AR s i HO, 058 B A
WA FAEE. FE A SCE SR I HO, X
B BE/ 25 SR A YRR BERe 1 52 ) ] st X6 1 1
o He B 52

1 BREHE

1.1 FRTHEE

T REMS A F ML LA H, A HL O, B &t
A 2 B TR e R M ) 5 T T A I A O
ML G — e, E X H, FH O, AR



2598 w3 ¥

LRV

A D
VH VHP

R = = (D
Vi + Ve Vie + Ve

Hrp R BRI e 3,V Rk &, X B
FEMARRL B2 H. O, Hy FIIE S ke AR S T
(R FUE S T F8 H,HP A C10 43 4% % H, .
H, O, FIIEZELE .

BL g T AT HRBUN B % R 5K
Iy Hy A H, O, B EE IR 53 % DL K 5t 6 43 50 O%
. ATLLEW. M R FE 5% %] 20% 5 H A4 48 1L
I B A TF 5% 0 (R B 4 2 i 48 L HL O, A H,
() JBE IR 4 B A8 Ak i BE A AR [R] 5 9F H H. O, F H,
114 0 St 43 B0 I 2% ot AR FRORE 40 SR A7 A 5 ek 1Y)
AT FR o BRI 2R SN Oy 3 R B T A R 4 Bk
17 3B 4 e 8 & B R 1 7 % L

04 T v T T n (.7
H,0, H, /
—s— --o-- Mass fraction 406
031~ Mole fraction -
: 10.5
5 045
£ 02 { £
4 103 2
= 1 =
. 102
0.1
_________________ o
S . et i el B P I )
0 0.04 0.08 0.12 0.16 0.20
R
1 FBEHE R 50N H, #l H: O, FER 5345k
FR & Bk &

Fig.1 Molar and mass fractions of H, and H, O, in

fuel mixtures as a function of replacement ratio R

1.2 AyHEE

o1 T He 8075 0% — FORRE . 5 78 5 0= 18 1k
CGEZ$ B s He i W E H, 185 i b
H AR AR AR He AR A . 538 —
T3 S TORE R R MERR I CEZ$ 0 THAE . AL AR
i Yu ST RS SCRE 5 A RS e B MR
TR EE B AT RO A E peno.n NS (2) PR

$c _ Ceio/(Co-Cy/(Cy/Co) )
C10.H (Ce10/Co)

@O oy I8 T B il TR 2 SO S U
AR 55 S B RTR 3 S 7 T A ARG A5 R LA
CERY W, i mol « m™ "5 M5 O,
C10 Al H 3 AR A IER e M A (H) 5 R
bi st R AL A0 21 FAR DL T B9 EAE CRIAT 202 4

(2)

bR 10D s o n B IRIME TG AR R,

[ REHD , 6 T84k H O, . th TIEAL S R 2
B H O, S RAEDER N AR O, . FEHERKH
AR SO i — R A A AR BT HL O, 1953
fift S o5 — A AR B T A R A A
I AR XA H O, BINH 1%l 2 SUBr i)
Mk, Ting 5 A0 FEH T8k 14 3118
EJG A SR LG pero e B E LN (D) FTR

. — (Ceio — Cyp (Ce1o/Crip) ) /Co (3)
peio.up (Cei0/Co)

A, AR HP AR AL S (H, O2) 5 gero e KR
I A AL SUR A RS B T . A SCHE R TR TR
B iF 18 A T &I &L SN TE 55 B R B e P 1Y 5 i)
W HHE ¢ RARABCEE L.
2 HEREMATIE

AT A A 27 Sy 3h J) 2E Ak 3 T
Naik & A"5 B T AE. Z AR g 597 Fh 4l 4 #1
3854 ML LA il A0 T IR 2 e | I ke AN
SV R AL 2 ROWAIL B BE A MERA AR AUL DL TE 25 e
TR AL 2 T 1 o Yl S R AR AR S

2wz s 7 AR ZAE AL T 5 i JCIE SR I (]
B e, 18 Yl e & A Chemkin Pro H i)
BEAS B4 5 141 35 57 I v %% (closed homogeneous
batch reactor) i 53 15 3| i 1% 5% B X 5 K HE 3B B
[i) 8 T o T B8 68 / 25 AR KI5 B i) ) 52 35 4
a3k H Pfahl 28 A" fil Zhukov 28 AN, H A 2
ALE e p=1. 32 MPa il E7E 1300~
1000 K (& 2 s A AR 0. 76 ~ 1. 0) [l 6144 T - 4
TR AR 0.5.1.0.2.0 F 15 e /45 R i KA
IR I ) A TS i 25 S B E BOR AT S AR AR B
Bk 751 TR A 2 SN 3l ) 2 AL B f K AE IR
Fisf ] 7% 7 96 42

&3 v g T OB AL 5RO B Y
BE P b S 0 A ok B Kumar 48 AP A i
A5 NEEOL e OGS i kA S B 2k A B I S B A5 AR
K rp i 22 A B kg & s (flame speed  free-
ly propagating) 15345 21 (112455 51 X5 2 I K e 3
R TUNAE . M 3 FT LA o f A B A5 2 Y 11550
2 /N T A48 2 P 5 SRR AT A B TE R
TETAFE LGN EA TRAERMEZ
], 2% 58 3 J2 U N A% 9 R S IR (0 2
1026 B 25 AR SCR I B AL 27 B )y g 27 A0 15 52
BB AT AR R . IR T 5] A A RO
By J) 2 A T B 2 U O A R A Y A A




11 Gribi Bouabdallah % : %0 Fl g 48 Ak 0% 1E 58 e 48 e 5 1 22 Wl 1) % b 2599
LS T T F8 A R 80 530 R B KRB SR I [0) S 25 4 .

F905 1.0 20 . p=132 MPa
: -1 2l Modeling
4 Pfahl et al.?

Zhukov et al 1%l

] L]

Ignition delay time/s

5 1 1 L 1 Il L

10:°
072 076 0.80 0.84 088 092 096 1.00

(1000/7)/K""!
2 IS/ TR A KR R I R SE R (S
P H

Fig. 2 Comparison of ignition delay times of n-decane/air

mixtures between experiments and simulations

70T p=0.101 MPa, 7=403 K « 1

l ‘\ _
TN

Laminar flame speed S//(cm/s)

50+ . %o
.
/ \
40 /o -
f,./ Modeling .
/ = Kumar and Sung/**
301/ o Jietall® T
06 07 08 09 1.0 1.1 12 13 14 1.5
¢
Bl 3 IEZG/EAIREGWE N G EELE S
THEE A

Fig. 3 Comparison of laminar flame speed of n-decane/air

mixtures between experiments and simulations

3 FEREH

3.1 HNFEIRRTE

E 4 FES s, RS S IR G
41 p=1.01,3.03,5.05 MPa B1& 0T . 43 9 44
TR EE T, =1100,1600 K it H,O, Fi
H, 11 A R 48 258 %68 o5 KA 3R R[] 719 52 )

HE 4 AT LUE B YRR E T, = 1100 K
WL 7EH J) p=1.01,3.03, 5.05 MPa B F .
He B WS IN5E %F 5 K HE 3R 15 (8] 58 B A B S 5 )
FASL, CE S H, O, (R FUE 3 A 35 I 50K AE
IR )R 2 4 . X e O B H. O, /Y 3E i,
OH JE e FE 15 3 92 & . AR 2F 1 Sk # b B
SRR R R 1A GE R, NS Rl LUE
W) hE I IR F T, = 1600 K I, B H, O,

B4 R EE R TR . SR B 18T 5 ) i il R ik
B To=1600K I . ffi# H, AR e 3 (09 38 i i
AL I (8] L A7 B R 3t 4 . X Bl A AE A1 Hui
SN LT

g
v
E
;’wﬂ-.
3
g
= &-
5 H,0, H, s
Sa o210l MPa T,
107 | —e—---3.03 MPa Tl
—a— —-4--5,05 Mpa ;
0 005 010 0I5 0.20
R

Bl 4 PR BURE e 5 i JCHE SR I IR 3 56 R (T, = 1100 KD
Fig. 4 Ignition delay time of fuel/air mixture as function

of replacement ratio R (T, =1100K)

T L 410, T=1600K
2 n\“x ------ |- EERAT o PR

To

Ignition delay time/10~ ms

—e— --o-- 3,03 MPa
—h— --2-- 505 MPa

0 0.05 o,'m ‘ O.IIS ‘ ofzu
R
B 5 RFIEHR G ok ZE R ] 56 2 (T, = 1600 K)

Fig.5 Ignition delay time of fuel/air mixture as function

of replacement ratio R (T, =1600K)

HE 4 FE S ol LA W BE R M3
H, O, X 5k 4838 B 6] (g 52 i b H, B8 R 3%,
H, W86 1E 28 46 / 25 A3 K I 3R B ) 1Y 52 T
F32 % OH+H, —H+ H,O(R26) f1 H+
0, =—0+OH(R595) % H HEF £ S MK TR
JO7 R W) B3 S 4 HL , HO3E A 3G [ s i —
A1 B B4R S OB R595 , /b a5k R s
B, 5 H, Mk, H, O, 4y FIGHEE R, AHES
oA % M L A B N . AT DL E 5 0 BE 4 S RO
H, O, (+M)=——=20H(R51) 4 i 2 4~ OH 3L [,
5 ST P S ORI /D R K IESR IR [R] . Ak




2600 LT

= % % i

TR AR AR B e 32, NI 1 T RLE B
1 H, O, JBE R 43 BB R & TR Hy /9 BE R 43
. ERET L EWAE B E R HO, L
AN H X/ A K e IR B JE] VR O
3.2 BRABEE

M4 Arrhenius 3 Jy 2% #ig . th F UL i o] LA
Z0 WA FRORONE 2 Ik AOHE T 2 A7 TR AR A L 2
T KA BE W] AR AR RS2 Ak SN i e, 5] 6
5 T AEWI R ORI E T, =400 K, [k 2245 2
MRS ES p=1.01 MPa i, THRMP (R=0),
H, (R 202 (R, =0. 2) 1 H, O, {&F
PR 20 % (Rup = 0. 2) = Flrif5 300 T Y KON 45 F4 4
KSE AR DL .

p=0.101 MPa, T=400 K, _____----=z=22227
2000 g1 0 0.012
... 10.010
% 1500: 10006 =
= ~40.008 £
(=9 U
g T =
£ 1000 | 40.004 =
T H OH ]
— SR 40.002
s R,=0.2
500 - R=02 40
1 1 1 L 1 M L

50 0.52 0.54 056 0.58 0.60
Distance/cm

046 048 0.

6 bt 4 AR ME AR ) T KA 8 i X L
Fig. 6 Comparison of flame structures at stoichiometric

and atmospheric conditions

B 6 7 LLE L IE SR/ 2 SRS W AE TR
MY H, BRI % 20 Y0 B i) X i B2 AR
F 30 B 20 53 FE R 43 B0 AT B BOAS [] 5 336 g S50 i
Hui % A0 & BUAR RS . 76 TR) 1A AU 46 %6 11
ORI Ho O, J5 TR A AR 28 348 U T
BELLAIN T Hey J5IR A BB e 28 AR BE =

BE7 25 T AE A2 18 2 L 00 36 s N i
T,=400K FHR A EE ) p=0.101 MPa B, Jg
WY .20 %0 H, O, (RF S 20 0 H, (R R
R =P LT OH J F J2 o 3 26 14 6] LG A% B
ZE4 R 6 LA L TE 20 % HL O, BV e R 1
T LT 2 R N TR BE 1 5 R R AL 4 Wk R AR A
Jr¥gm . OH FE ATk BE 3 & . H, O, (953 f# i
PRy B A R OH JEH L 358 T 1%

B8 M 9 syl g5 th T 7R IR S W R T

%32 %
p=0.101 MPa,  R26 R48 R395 R3]
002} IT400K, gre ——— 8
$FLO Sy o ke e e R =02
| e e e e R 0.2

.
o R26:0H+H,=H+H,0

R48 HO,+H=20H

\ R595=H+0,=0H+0
l\%i‘:.n__o,u-ma 20H(M)

0.01F

OH reaction rate/(mole/cm?+ s)

-0.01

050 051 052 053 054
Distance/cm

Bl 7 A8 2 LR R SR OH J B 38 2 (1 4 L

Fig. 7 Comparison of OH reaction rate at stoichiometric

and atmospheric conditions

»=0.101 MPa #l p =50 MPa 1§ %0 T . 7E 9] 4 )X
R T, =400 K if, H, O, 1 H, f9RBIE %
R 5ZE M AMGHEE S, kR, HIE S E 9 dnf
PIE M IEARS BN 0.5.1.0 f1 1.5 TR,
Wil AR dii 28 | 38 I, TR H O, X g 19 )2
KO B N S VR I HL 6 R 1 )2 B KM T
JEE 80 i SR G H R AR R A A =
LSBT B4 s il 8, 9F AR E R A R )
BIFF e a9t p=5.05 MPa B, Jfi %5 /& 1
e S B0, H, Oy X 1Y 23 T K0 38 B 1 B
. G AAEE 6 RE 7 R4 B R, e R A 2
L KON T E B S2  IA R IR B 0 A S A R
LR W H, O, J5 48 %K I BE VR i H,
Jei s RO TR B = S BT e i HL O, 5
M J2 00 KO TR o . Rl T DL, H O, 43
fife B TR R B = TR KA L Bl T
3 BN N e T 0 T e B R R R T AR )
Th e B J2 0 KON T AR AR T ]

1 F R b 2k B v e AR 1 OH JE 0 R 58 3k 7
BARIE. 454K 6 fE 7 al LLE WL am
H, O, J5 B be i B =45 i) OH J& 1 ¥R B 3 /&
XoF I 11 248 R N Tk B T v s ) IR A R A R
NG Jot R R R 43 ek ot K 1 KN 1 BB
Bl 454y R W H+0, —OH+0(R595)
. 7 ATLLE 7R 2000 Hy (R BB e 3 T
MR b2 B OH+ H, —H+ H,O(R26) ¥
SHFE H, JFAERKEM HABEME. AT HA
S S e Sl B R VAN A= VA
(R595) 1 L 0 » PRI I s iy (R595) 4 2 o 3 24
SR, SR AE 20% HL O, R B 0 R A5 00T
BR 1 BONE (R595) Z8b i A7 HoAth 1) B S Ak 27 S g




5119

Gribi Bouabdallah % : %0 Fl g 48 Ak 0% 1E 58 e 48 e 5 1 22 Wl 1) % b 2601

100 = T

| HO, H,

N 22" ¢=05

8O0F —e— ——o—¢=|.0
[ —A— --a-- 1.5

L elelS
601 ¢=1.0 ]

S0F /‘
af e R

p=0.101 MPa, =400 K]

Laminar flame speed S/(cm/s)

=15 o . |
30 “,;\__,,.-_—:;'."_'::-""- ————— 1
[ i -
3 ?:T@i'“'ﬁ,ﬁrrr:]ﬁiﬂ_f'“"“““n_
104 : . . ;
0 0.05 0.10 0.15 020
R

B8 RFUE % R 520 KO 546 3 R 1Y 6 &
(p=0.101 MPa)
Fig. 8 Laminar flame speeds of n-decane/air mixtures

as function of replacement ratio R (p=0. 101 MPa)

H,O, H, p=5.05 MPa, T =400 K
30 oo ¢=0.5 .

—— o g=1.0

Laminar flame speed S.I.?( cm/s)

10 | =15 d

S e N

0 1 1 1 1 1
0 0.05 0.10 0.15 0.20

R

B9 AR R 5RO 516 BB Y 06 R
(p=5.05MPa)
Fig.9 Laminar flame speeds of n-decane/air mixtures

as function of replacement ratio R (p=5.05MPa)

149 B 17 R 2 A 7E 38 s 49 i e HO, + H —
20H(R48) iz e it i HO, J&& i OH K& Hl F1
H,0, i@ & v H,0, + OH =—HO, + H,0
(R246) 13201 . [FFE LA N H O, (+M)—
20H(R51) 1 S i 2 28 1, 78 36 0 3% 0y 7 1A
I B0 T AL 8] RE AE AR S I I RN ) R
200 H, O, PRFUE e S0 50 OH 3% R U5 1) 5
BN Z—

3.3 NO# CO Hipfig#

B10 FlE 11 400 g5t T AETR SRR E )
»=0.101 MPa f 5. 05 MPa I}, # L T, =
400K, A A) c=3ms, A4 HIL N 0.5.1.0
15 TR, HO, A1 Hy MR TR % R X
CO HEj 8 2 (EICO) (5 m . (i & 10 FIE 11 w]
LB . fE s ¢ = 1.5 i, p = 0. 101 MPa

5.05MPa FXf Ji f) IECO #5 b % 1K B8 4 % R
B3 hn g e 9 HOAE s R p = 5. 05 MPa B}
EICO /M3 8B B . X J& i FRi#E H, O, f1 H,
AR RURE 460 S 1) 18 0 ol 75 Bk 1) AH X B At Gl &0k
B YD, 53 EICO Wb,

p=0.101 MPa, 7=3 ms, HO, H,

- T =400 K —— - §=0.5 |
2 1400 L —— o= ¢=1.0 ]

CO emission index/(g/kg

120(]:: =
. 0 === A4
100 #10 1
200 - 5

= o . .

=03
oL L L L L
R

K10 CO HEMlHE £hE R ALK &
(p=0.101 MPa)
Fig. 10 CO emission indexes of n-decane/air mixtures

as function of replacement ratio R (»p=0. 101 MPa)

1450F p=5.05MPa, =3 ms, o B A
1400F 7,=400 K —— =05 ]
~ 1350 —— - ¢—=1.0
%" 1300 gl §
_g_-J 1250 13 e A:—.-—-—-—-_*_
2 1200[#=1- e ]
2 1150k 1
=
=1
2 150f R e
= e s EEE Omm - Ommmmm e 1]
5 100¢=1.0 i
8
50 [ 9=0.5 “'D:_:'_'_;:;;_-_-E-_—_::--_:::,____;:__:__::_
0 1 1 L 1 " 1
0 0.05 0.10 0.15 0.20
R

Bl 11 CO HEjkds #bi R 4L & & (p=5. 05 MPa)

Fig. 11 CO emission indexes of n-decane/air mixtures

as function of replacement ratio R (p=5. 05 MPa)

TEFTM ¢=0.5 I, £ p=15. 05 MPa T i/l
H, i RS ¥R EICO WA w4 . % H,O,
YR AR A1 TECO BN A X I . 4565
BL7 09 00 al LA s i F R CO+ OH —
CO, +H(R596) (I FA7E LT i) OH JE AT 42 =y L 3
5 7 CO M4 L 3T 72 , X %k 2> EICO [A] # i £
HEZEEA.

XFF NO J5 39 i HE it . 1B 12 FiEl 13 4
e TR G AR ) p=0. 101 MPa #l 5. 05
MPa i . 3 TR B T, =400 K, $=0.5,1.0,1.5,
A B BFE] =3 ms TH F H,O, LI K& H, MR



2602 o= B % Hs2 %
BB NO HE 48 B (EINO) Y52, 454 & T TH S WA I Hy J5 A9 2 B8RO T B2 A £ 5

12 M 13 AT RAE T ¢=1.0 F1 1.5 By T8
LU He J5 89 EINO Fifi 5 R BUE e 5 1 38
MK wm H. O, J5 189 EINO B %5 1A
PR g KK 2. X+ =0.5 MR
Bemt B 12 W BoR 7R R E S p=0.101 MPa
T EINO JLT- A ALAT AL . i 7E K 13 i &
p=5.05MPa Ty EINO BA K, I H Al LLFE
LB HL O, J5 09R G 88 EINO AH X B 5
—

MM%%E@%E@%F*% NO #7745 bl
HRRAARERMERBEK. B 14 DIREGYIE
71 p=0.101 MPa W1 4G T, =400 K Jy i 45 th
TR R R 5ARJIARE T MWER.

ME 14 fTLLVE 78 6= 1.0 (L= 06 Y g
B0 B 24 T4 IR TR R 0 A DR A5 B S HL O,
Jo B 4 BB IR FEBEE H, O, AR BUER B 58 i

ol II ,0, H p=0.101 MPa, =3 ms. ]

b --o-¢=0.5 T =400 K |

Z 3_‘ —— o g=1.0 .

3 Tp —a— o =15 ]

| S R S

i §:¢=|0 1
2

2 4 .
E ;L
o J
o ok

z 2f ]

L g=0.5 ]

0 * T & 9.

0 0.05 0.10 0.15 0.20

R

12 NO HE e £bE R AL C & (p=0. 101 MPa)
Fig. 12 NO emission indexes of n-decane/air mixtures

as function of replacement ratio R (p=0. 101 MPa)

p=5.05 MPa, =3 ms,

NO emission index/(g/kg)

0 1 i .l____ i 1 L
0 0.05 0.10 0.15 0.20
R
[ 13 NO HecHs b R 22 fb A % & (p=15. 05 MPa)
Fig. 13 NO emission indexes of n-decane/air mixtures

as function of replacement ratio R (p=5. 05 MPa)

A FE $=0.5 TR BERT  Ffi g H, O, (R F1
A RIS s BRI RE WA B s T BE
H, (B 0 30 B4 38 00 XoF 17 A 446 3 0 T AR
TRAFAAE . AT LLE L FE DO AR BE T, 28 B O TR
JEWAT IR F] 1800 K, 1 261K F iz i B 1, $4 ) 2%
EINO W3 KIFAH &,

2500+ ; : ; .
€ 2a00] 4,  PO101MPRTm00K g
5‘- [o g o]
E 2300' -
= p
£ 2200} P
g. L —'_'_'_,_,_,_._.-A,—-——'—""d_'_"‘ .__,.,\:
g 2100F 4 aeeeeaeeee
2 2000k ¢=15 — 1
g 1900f 2 g05
= r -
2 1900} e
E 1800: _A._--.»—_¢}=|‘5 j
%‘ 1700+ e
[ ﬁ - 4
< 1600 #0. _:_—:-:'_T:TE:’TT'._-TT:---——----—-LL
0 0. 0'\ 0.10 0.15 0.20
R

B 14 AR B IR BERE R 22400 56 &
Fig. 14 Adiabatic flame temperature versus the

replacement ratio R

4 & it

FEMT 2SR R I He A HL O, R K [R]
WO MR e P o SR AR BR 2 40 2 B 19 % L
TEOLRT BN H, O, 76 B3 08 e v Ty 1l o
WBE,

e T, =1100K B, H, X 5 ok 4iE R B i) 3 4%
BA R 7E Ty = 1600 K I, g5 K FE IR o 8] B
H, (38 mms A 455 . HO, AR T, W, #08
AT SRR IR, T LAE B AR T
FKCHE IR (R XE HL O, ¥ i i b H, 38 8
B EEURFON S He MHE, Ho O, 40 11 1 5158
AN B 5 A 3 P S AT 0 i) DL 4 o i )
SR H, 0, (M) =20H(R5D) 4 1% 2 4~ OH
FE AT 398 58 ST T A R 2D K HE IR B ]

£ p=0.101 MPa B}, H, f1 H,O, B F42 5

JE W KIGEAEHEE s/ p=5. 05 MPa B, H, X}
F(frtkka%%ﬁr“mﬂf M) A X 9 55 . T H O, 4K
SRXTZ U K AL R B B X R A
A28 R51 A 52, i im H.O, MRS
19 OH ¥ B i 25 52 &, O & A B 2 B il Ko 1
o B T IE 2SR/ S KR A AR 4 B I IR
5 2 NG R v M R i B



11 Gribi Bouabdallah % : %0 Fl g 48 Ak 0% 1E 58 e 48 e 5 1 22 Wl 1) % b

2603

TEARIE B R Bert, 35 im H, O, #l H, & CO

R HE 4R B0 BT AR NO HE il 48 £ fr 486 s
H, O, %} EICO F1 EINO #i 5 B . ; L 5% i 1%
FEl CO A NO HE s BOEANE . & e w A
Bt iy CO HEMCHE Bkt H, O, A1 H. (58 g A
R 1 NO HE s B0 B 35 4K 5 8 B 20Tl be
. CO HE 45 B bt H,O, F1 H, Y 32 fn mg A [
I% . NO HEcHE B A BT

S 3k :

(1]

(2]

[3]

[4]

[5]

[8]

[9]

[10]

[11]

[12]

U. S. Energy Information Administration (eia). Monthly
energy review July 2017 [EB/OL]. [2017-07-22]. https://
www. eia. gov/ totalenergy/data/monthly/pdf/mer. pdf.
CHEN G B,LI Y H,CHENG T S,et al. Effects of hydro-
gen peroxide on combustion enhancement of premixed
methane/air flames[ ] ]. International Journal of Hydrogen
Energy.2011,36(23):15414-15426.

National Research Counci. Understanding the changing
planet. strategic direction for the geographical sciences
[M]. Washington, DC; The National Academies Press,
2010.

PAYZER R J,RENNINGER S W. In hydrogen air trans-
portation [ R ]. Germany: International DGLR/DFVLR
Symposium,1979.:11-14.,

PRICE R O. Liquid hydrogen: an alternative aviation fuel
[J]. International Journal of Hydrogen Energy, 1991, 16
(8):557-562.

AKANSU S O,DULGER Z,KAHRAMAN N, et al. Inter-
nal combustion engines fueled by natural gas-hydrogen
mixtures[ J]. Internal Journal of Hydrogen Energy, 2004,
29(14) :1527-1539.

HKLUG H G,FAASS R. CRYOPLANE: hydrogen fueled
aircraft;status and challenges[ J]. Air & Space Europe,
2001,3(3/4) :252-254.

KHANDELWAL B, KARAKURT A., SEKARAN P, et
al. Hydrogen powered aircraft: the future of air transport
[J]. Progress in Aerospace Sciences,2013,60:45-59.

YU G,LAW C K,WU C K. Laminar flame speeds of hy-
drocarbon -+ air mixtures with hydrogen addition [ ] ].
Combustion and Flame.1986,63(3) :339-347.

GUO H S,SMALWOOD G J,LIU F S,et al. The effect of
hydrogen addition on flammability limit and NOx emission
in ultralean counterflow CH,/air premixed flames[]]. Pro-
ceedings of the Combustion Institute,2005,30(1):303-311.
MORRONE B,UNICH A. Numerical investigation on the
effects of natural gas and hydrogen blends on engine com-
bustion[ ] ]. International Joural of Hydrogen Energy.
2009,34(10) :4626-4634.

HUI X,ZHANG C,XIA M,et al. Effects of hydrogen ad-
dition on combustion characteristics of n-decane/air mixtures

[J]. Combustion and Flame,2014,161(9):2252-2262.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

CHEUNG W S, TILSTON J R. Hydrogen peroxide based
propulsion system for micro air vehicle applications[ RJ.
British Crown: ATAA ISABE 99-7278,1999.
GOLOVITCHEV V I,PILIA M L, BRUNO C. Autoigni-
tion of methane mixtures: the effect of hydrogen peroxide
[J]. Journal of Propulsion Power,1996,12(4) :699-707
TING D S-'K,READER G T. Hydrogen peroxide for im-
proving premixed methane-air combustion [ ] ]. Energy,
2005,30(2/3/4):313-322.

CONG Y,ZHANG T,DOU H R,et al. Study on kerosene
based fuel with hydrogen peroxide for hypergolic applica-
tion[ R]. Sardinia, Italy: the 2nd International Conference on
Green Propellants for Space Propulsion ESA SP-557,2004.
NAIK C V, PUDUPPAKKAM K V,MODAK A, et al.
Detailed chemical kinetic mechanism for surrogates of al-
ternative jet fuels[ J]. Combustion and Flame, 2011, 158
(3):434-445.

HONNET S,SESHADRI K, NIEMANN U, et al. A sur-
rogate fuel for kerosene[ ]J]. Proceedings of Combustion In-
stitute,2009,32(1) :485-492.

DAGAUT P,REUILLON M,BOETTNER J C,et al. Ker-
osene combustion at pressures up to 40 atm:experimental
study and detailed chemical kinetic modeling[ ] ]. Proceed-
ings of Combustion Institute,1994,25(1):919-926.
BIKAS G,PETERS N. Kinetic modelling of n-decane com-
bustion and autoignition: modeling combustion of n-decane
[J]. Combustion and Flame,2001,126(1/2) :1456-1475.
WANG H,DAMES E.SIRJEAN B.et al. A high tempera-
ture chemical kinetic model of n-alkane (up to n-dode-
cane) , cyclohexane,and methyl-,ethyl-,n-propyl and n-bu-
tyl-cyclohexane oxidation at high temperatures, JetSurF
version 2. 0[ EB/OL]. [2017-07-22]. http;//web. stanford.
edu/group/ haiwanglab/JetSurF/JetSurF2. 0/index. html.
HUI X, SUNG C J. Laminar flame speeds of transporta-
tion-relevant hydrocarbons and jet fuels at elevated tem-
peratures and pressures[ ] ]. Fuel,2013,109:191-200.
PFAHL U,FIEWEGER K, ADONEIT G. Self-ignition of
diesel-relevant hydrocarbon-air mixtures under engine con-
ditions[ J]. Proceedings of Combustion Institute, 1996, 26
(1):781-789.

KUMAR K,SUNG C J. Laminar flame speeds and extinc-
tion limits of preheated n-decane/O,/N, and n-dodecane/
0, /N, mixtures[J]. Combustion and Flame 2007,151(1/
2):209-224.

ZHUKOV V P, SECHENOV V A, STARIKOVSKII A
Y. Autoignition of n-decane at high pressure[ J]. Combus-
tion and Flame,2008,153(1/2):130-136.

JI C S,ENOCH D,YANG Y L,et al. Propagation and ex-
tinction of premixed C;-Cj; n-alkane flames[]J]. Combus-
tion and Flame,2010,157(2) :277-287.

CHEN G B,LI'Y H.CHENG T S.et al. Chemical effect of
hydrogen peroxide addition on characteristics of me-thane-

air combustion[ J]. Energy,2013,55:564-570.

(8% 5 5 45)





