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Abstract: The ignition delay time is a crucial parameter in the glow plug ignition of micro-internal combustion engine
(MICE). The effects of important operating parameters, such as the fuel species (methane, ethane, propane and n-butane),
the initial temperature (500 K ~ 1 000 K), the initial pressure (1 ~ 10 atm) and equivalence ratio (0.6 ~ 1.2), on the ignition
delay times were carried out via numerical simulation with Chemkin-Pro software. In addition, the effects of the residual
exhaust gas caused by halfway scavenging on the ignition delay times of n-butane/air mixtures were investigated. The
result shows that n-butane is a suitable fuel for MICE with glow plug ignition because of its short ignition delay time.
Meanwhile, the ignition delay time decreases with the increase of the initial temperature, pressure and equivalence ratio.
Moreover, the residual exhaust gas causes an increase of the ignition delay time of n-butane/air mixtures, and components
of the exhaust have separated influence on the ignition delay time due to their different thermal and the chemical kinetic
effects.
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Fig. 1 Ignition delay times of methane, ethane, propane or

n-butane/air mixtures under the initial condition: @ = 1.0, T =
500K ~1000K, p=>5atm
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Fig. 2 Ignition delay times of n-butane/air mixtures under the
initial condition: @ =1.0; 7=500K ~1000K; p=1,2,5, 10
atm
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Fig. 3 Ignition delay times of n-butane/air mixtures under the
initial condition: @ = 0.6, 1.0, 1.2; 7=500K ~ 1 000 K; p = 5 atm
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Fig. 4 Ignition delay times of n-butane/air/exhaust component
( COy/H,0/N, ) mixtures under the initial condition @ = 1.0, 7=
700 K, p =5 atm



402 BoRe W

4k

% K AER ] J7 R R AT o
E
=A[FUELTF v 1
7,=A[FUEL]'[AIR] @@(RTJ (1)

Hrr, ¢ 5% KIEIRIE], [FUEL]FI[AIR]M5%
TRIRBLRIZS SR, E. AL x A1y HEEL A
KT AN, B KIER 2 2R EE | B2 S
WREAEIsE . PRI, VR FRAR S S 808 KER B
[ 3T, AR A & B BUR B A S TR B R)
TR, SRR SSRGS S N R, (AR K AE
IR AR K

B T M EERR R T i sg i 1, BV R A R Y R
HWFET, ARSI 25 K GEIR I 8] 5
MAALAFFEZZ S, 22 37 A pa S PR 3 A )

(1) PR ERLARAN, F3
RAAIRE LTS R s R AR, & KE
IR EIRTE, XIS B A 5

(2) CO, Ml H,O ¥1Z 5T & kit b iy fhg 3t
ST A AR |1 - ST ALY o3 - L b = 13 A s P
rZ—.

I AR B R AT 8T, LA Ny fE RS
% KT COL Fl HLO XFIE T Bi s K HEIR B[] (1) 520
ME 4 ATE W, AHLILE NS, AR AR (RS AH
IYEEIRHEERAR] ) I, CO, 233808 K FER I a4
XAEK, HyO W SEAFZR T 197 K HEIR B[] AH

C,H,+OH=SC,H+H,0 (#G784)
2HO,~H,0,+0, (4G16)
2HO,H,0,+0, (#G17)

H,0,(+M)=20H(+M) (#G19)

CH,+HO,=CH,0+OH (#G144)

C,H,;+HO,=PC,H,+H,0, (#G787)
C,H,+HO,=SC,H,+H,0, (#G788)

47710

C,H,00H2-40,=NC,KET24+OH (#G1144)

C,H,O0H1-30,=NC4KET13+OH (#G1140)

C4H10+OH:PC4H9+H297(#G.78.3) 1

X4gas, Bl 5 =R ER LIRS SR E
MXHER, ¢, (Ny) <¢, (H0) <¢, (CO,), CO, 33
TRA AR ST S BE IR LIRS R, SR TR
W T £, RN SN R R, B KR ]
R

60f e T
— -7 co, —
—~ - - -
¥ -~ -7
= osf - ho
2 ’ - H
g -

-— / ,/

S a0k e

— ”

o -

9 L -~ N,

30

500 1000 1500 2000 2500
T/IK

5 Ny, CO, Ml HyO 7EAR R EE F iy gzl
Fig. 5 Specific heat capacity of N,, CO,, and H,O under
different temperatures

ST R R KGR TR L A
HERE RS NUIREE T 30%IE AT S0, St
R TE I B U A ] H,0 1 CO, B
JHER T T, ST A S A,

R G (2k,)—17,(0.5k,)
ST 15r (k)

A, kG FRFETTRN | RO

2

o4
T

-

1 [ 30%H,0

" J30%co,
30%N,

-1.2 -0.8

In sensitivity
K6 RIFRSAIIIE T Hed JAER B UM (=1.0, T=700K, p=5atm)
Fig. 6 Sensitivity coefficients showing the effects of exhaust component on n-butane ignition delay times, @ =1.0, T=700 K, p =5 atm

AHTEEFANE 6 Fis . il LA, 7 T00 K T,
&M/ N T IOVAR U8, 18 T Be M it 5%

BN KAEIR B FR e R UR [RIZH 7%
FETC SN F A W e PR S



555 1

TKRAPESE: OAAIL AL T C1-C4 Bkt KAE IR AL 403

C4H,0+OH=PC,Hy+H,0 (#G783)
C4H,o+OH=SC,Hy+H,0O (#G784)

Hrr, #G783 XF H,O IV L 3G infuUsk, I 5.1

W HARE T A K IEIR B[R] 46 K, T#G 783 FI#GT84

[FFH TR CO, i3 K AR I FE:

ZE Lk, BARWAEE IR TR R,
SRR TR, HKIERIHEARK ;. COy BYFEL
JF LA Bk BE T RN ) 5 el BOCHC A KCAE SR B[R] A L
Ny iE—2E 3K 5 i HyO X300 s h7 i fe b 2 S 30
& KR IS} ] A 4 ) R &R

3 4

TR AT IN B R IR it B A AR T
GEAMABL, [N SE 2 R EUR B IR AR IR
e, s X R N ALIE T 00N A R K
FERFFPERLAL AT DA LA 458

(1) Wkt Zke. Wk, 1IET BePUME A,
IE TR KAER I AR A AR, J2id & & A H
WA K7 B RO N RPLERRRE . R, A
1T, i FRHE A R TR KA R I
[ 2

(2) FRE BRI 2 FEURE KHER I TH]
AR, AR, VR SR, A
[F EE IR R B 19 2 A AL 73 T CO, X3 KHE IR IR ] 1
BRSO, HAKJE Ny, e HO. CO, YA
BV, W S ECETT RN B S SRR T
W, RN 7 &R o> E A ROREE SN, S EUEAR
A KIEIR ISR ;. HoO XTI HGTS3 (5
WA A, D2t T IR B B T Be 23 i MR S
A T A JER ]

S Hk -

[1] DAHM W J A, NI J, MIJIT K, et al. Micro internal
combustion swing engine (MICSE) for portable power
generation systems[C]/DAHM W, UNIV M, ARBOR A.
40th AIAA Aerospace Sciences Meeting & Exhibit,
Aerospace Sciences Meetings. Reno, NV, U.S.A: ATAA,
2001, 1050: 48109-2140. DOI: 10.2514/6.2002-722.

[2] JU Y, MARUTA K. Microscale combustion: technology
development and fundamental research[J]. Progress in
energy and combustion science, 2011, 37(6): 669-715.
DOI: 10.1016/j.pecs.2011.03.001

31 . BUNEERGRRE M AR IR RS RTRI[D]. &
B ERRE AR A, 2006.

[4] FUK, KNOBLOCH A J, MARTINEZ F C, et al. Design
and fabrication of a silicon-based MEMS rotary
engine[C]//Proceedings of ASME 2011 International

Mechanical Engineering Congress and Exposition.
Denver, Colorado, USA: ASME, 2001: 875-880.

[5] LIU Q F, JIANG L Q, YANG W B, et al. Experimental
study of flame propagation in single chamber of MICSE[C]//
Proceedings pf the 10th Asia-Pacific Conference on
Combustion, ASPACC 2015. Beijing, China: ASPACC, 2015.

[6] MUIT K. Design, analysis, and experimentation of a
micro internal combustion swing engine[M]. Ann Arbor,
US: University of Michigan, 2000.

[71 SR, sRAER. B AR OB S IR L AT
JrkM]. dEst [ER7 Tolk ik, 2013.

[8] POMPA J, KARNANI S, DUNN-RANKIN D. Performance
characterization and combustion analysis of a centimeter-
scale internal combustion engine[J]. Journal of aeronautics,
astronautics and aviation. series a, 2008, 40(4): 205-216.

[9] DESIGN R. Chemkin-Pro 15101[CP]. San Diego, CA:
Reaction Design, 2010.

[10] METCALFE W K, BURKE S M, AHMED S S, et al. A
hierarchical and comparative kinetic modeling study of
C,—C, hydrocarbon and oxygenated fuels[J].
International journal of chemical kinetics, 2013, 45(10):
638-675. DOI: 10.1002/kin.20802.

[11] HEALY D, DONATO N S, AUL C J, et al. n-Butane:
Ignition delay measurements at high pressure and
detailed chemical kinetic simulations[J]. Combustion and
flame, 2010, 157(8): 1526-1539. DOI:10.1016/
j.combustflame.2010.01.016.

[12] SABIA P, DE JOANNON M, LAVADERA M L, et al.
Autoignition delay times of propane mixtures under
MILD  conditions at atmospheric  pressure[J].
Combustion and flame, 2014, 161(12): 3022-3030. DOI:
10.1016/j.combustflame.2014.06.006

[13] DE SAINJ D, KLIPPENSTEIN S J, MILLER J A, et al.
Measurements, theory, and modeling of OH formation in
ethyl+O, and propyl+O, reactions[J]. The journal of
physical chemistry a, 2003, 107(22): 4415-4427. DOI:
10.1021/jp0221946.

[14] HEALY D, KOPP M M, POLLEY N L, et al. Methane/
n-butane ignition delay measurements at high pressure and
detailed chemical kinetic simulations[J]. Energy & fuels,
2010, 24(3): 1617-1627. DOIL: 10.1021/ef901292j.

[15] SABIA P, LAVADERA M L, GIUDICIANNI P, et al.
CO, and H,0 effect on propane auto-ignition delay times
under mild combustion operative conditions[J].
Combustion and flame, 2015, 162(3): 533-543. DOI:
10.1016/j.combustflame.2014.08.009

[16] WANGL, LIU Z H, CHEN 8§, et al. Physical and chemical
effects of CO, and H,O additives on counterflow diffusion
flame burning methane[J]. Energy & fuels, 2013, 27(12):
7602-7611. DOIL: 10.1021/ef401559r.

[17] ZHANG Y J, HUANG Z H, WEI L J, et al. Experimental
and modeling study on ignition delays of lean mixtures
of methane, hydrogen, oxygen, and argon at elevated
pressures[J]. Combustion and flame, 2012, 159(3):
918-931. DOI: 10.1016/j.combustflame.2011.09.010

fEZE T
KEEE (1991-), L, WHAF5Ta:, MERUUEBREEIIFT

FRR (1074-), B, Wi, BIFER. BUHAESI, E3
LS . ST BONREIREN ) R AU
KHRKE . KRBERTIES SRS



