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Abstract : The knock characteristics in an engine were investigated under homogeneous charge compression ignition
(HCCI) operation. Liquefied petroleum gas (LPG)and gasoline were used as fuels and injected at the intake port using
port fuel injection equipment. Di-methyl ether (DME) was used as an ignition promoter and was injected directly into
the cylinder near compression top dead center (TDC). A commercial variable valve timing device was used to control
the volumetric efficiency and the amount of internal residual gas. Different intake valve timingsand fuel injection
amounts were tested to verify the knock characteristics of the HCCI engine. The ringing intensity (RI) was used to
define the intensity of knock according to the operating conditions. The Rl of the LPG HCCI engine was lower than that
of the gasoline HCCI engine at every experimental condition. The indicated mean effective pressure (IMEP) dropped
when the RI was over 0.5 MW/m2and the maximum combustion pressure was over 6.5 MPa, There was no significant
relationship between RI and fuel type. The RI can be predicted by the crank angle degree (CAD) at 50 CA. Carbon
monoxide (CO) and hydrocarbon (HC) emissions were minimized at high RI conditions. The shortest burn duration
under low RI was effective in achieving low HC and CO emissions.

Key words : HCCI(Homogeneous Charge Compression Ignition: o] &3} 1% 2+3}), VVT(Variable Valve Timing:
7h# @3 7], DME(Di-methyl Ether), Knocking(=7), Gasoline(7}< &), LPG(Liquefied Petroleum Gas: <43}
2% 7}22), RI(Ringing Intensity)

Nomenclature R :gas constant
. . T : cylinder charge temperature
A : relative air fuel ratio y ) & P
A% : cylinder volume
@  :crank angle degree
: specific heat ratio
U P 1. A 2
N : cycles
P : cylinder combustion pressure o &3} 523HHCCIL: homogeneous charge com-
Q : heat release . pression ignition) AR v A LALSE(NOx:

nitric oxide) MEF 7 =2 A8 AAHLZ Q5o
Ho e AT77 e o)FoAm Uk’
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HCCI 122 &g EF7E a0l A
25} 2.7 B{SI: spark ignition) ¢l 2] o] E-4J 3}
& ASEH HE ol 9ot Fe AT = &
Z3HCI: compression ignition)NZ1e] EAS =
Zr 3 ok HCCT ARl A4 Wl F- 4] of) A
F717F FAle ArEEsleta A H gt gleng
A A 7to] gk

<-e}7Hoctane number) 7} =& ¢l 58 HCCI 9%
of AM&3k= A ER7IVF A5 =& xpEst
(auto-ignition) & =0 =3} Y523E o1& &
AEE 5 ¢F=H|(compression ratio) T B oF
9] ZF 7k (internal residual gas)7F Q2 1A
FO a2y e g9 AFILEE L das
A7 AT A7 LEHA DL o]d] wel o]
& Al71oll A&t o[ FAAA Hof hE &l F
VAl HEZ 22 29SS gt HEg A7)l
AA7F dojitr] gaia B2 FAE(A: relative air
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371 $15ked 12qrele] 37 1) gre] Hej & of
$ato] 104 T WA PHol A H AR
w1 F4% o] A5 Yejg 2

49 AR U]
(window energy) 3|42 83 4% BaE
b el Aagee 9EFLE(band pass
filter) & A}-&3le] A2t o] & Hl® 22 IMPO
(integral of modulus of pressure oscillation), MAPO
(maximum amplitude of pressure oscillation), IMPG
(integral of modulus of pressure gradient)s¢] HFH S
olgdte] = AEE AAF AT 2= LHH
9}, 1519

SEu ST Al elRlel A w wa 77t
HCCI d719] =7 3} th &2 Aol &
& of&ste] HCCI 7] =7
= Ea4del AZ|EATk 281
ringing intensity)S 4] (1)=} Zo] 1
Z] ZLRIZ 0] &3 HCCI =7 7} &= 3

ol

Q 9}]:]_.20,21)
d
L (005050 ) e )?
RlI= ™ VRT,.. )

wela] B ATl M= A4 d{combustion phase)
Ao1E s DME(di-methyl ether) 23 &FAKdirect
injection) X<} 7pHM B 7)7} AAE pEA
B3} 7 7F2~(LPG: liquefied petroleum gas) HCCI

o @A shofehaL 74 At LPG HCCI =
N ECEESEER E RREE e
wah e % ool nlAE A A

AE AR

A9 AX]= Fig 104 YeEPHATE £ Aol A
23 A7 497, @)%, vE ¥ A &
(DOHC: double over head camshaft) 7} B ol o
o} A 2] A& Table {of] LJEFHQICE E719 8
o] A3} &3] A)7)= AP AZLE 40 (CAD: crank
angle degree)7}#] I = 9ot Fr) Wiy &

_
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Table 1 Engine specifications

Bore (mm) 82
Stroke (mm) 93.5
Compression ratio 13
Displacement (cc) 494
Intake / Exhaust valve opening duration (CAD) | 228/228
Intake / Exhaust valve lift (mm) 85/84
Intake valve open (BTDC) -11~29
Valve timing Intake valve close (ABDC) 59~19
(CAD) Exhaust valve open (BBDC) 42
Exhaust valve close (ATDC) 6
DME injection pressure (MPa) 5
DME injector type Slit injector

¥ 7]ZHvalve duration) A = o] git} qxe] B
a9} 3| - Alo)= AL FHAC: alternating current) T}
o] LFR €] (82 kW, Unico Co.) = A1,

DME 23 £AHE 918 & AFoas a4
< (slit) EAMTE 717 Q1= E](Denso Co.) S %
&9t DME= A A S 0] 83} 5 MPa 2 7}t A
B2 S8 JAEE o] &3l Hioz FAldET)
TdF E7E 5T A3t 7tEHL vy 9
A T 71EdE LE B4} A #E(port fuel injector)

& ol g3e] §7] WU E=o] BB,

Pressure regulator

LPG AR 23 FXELPGE A27t22 7l
o] diatog FA 8l AlAda QA E(Siemens
ol AA = ge] A8 A
A 718t = d4s W)

ko] 60: 400 2 T35 LPGE Al-&319
DME= A3 A+ A3 E317)71 ¢d3stA A4
&= &7] “FATH(TDC: top dead center) o] & =8 =1
Z}% 110 CADe] 44 o] A5 Eaagiet”
T3 AR T3 AR &4 4R 98] DME
of &8 3FdAl(Infineum, R655)F 500 ppm 713}
ok F719 wi7] Wiy E=9] =g AE3tr] Y
9+ A A(Kistler, 4045A5)2 AFasl o). £37)9)
2= 7|7tz 28 FA5] A8 |71 H
YZ=9 w7l sy ZE=e Z}2ZF Ktype A
(thermocouple) & &3ttt E31719] F7]|HY &
& 245)7) 918 Bo)o] FrIo|E|(Etas, LAY E )
7] Wi E=0) A2t mi7) 7k wiEEL )
717}2~ 841 7](Horiba, Mexa 1500d)S ©]£-3}o] €
l9=A(HC: hydro carbon), NOx, ©]2F3}ekA~(CO;y:
carbon dioxide), AA4t3}&kA~(CO: carbon monoxide)

£ FA%3 e 2E dolHe dolH 34

Fig. 1 Schematic diagram of experimental apparatus
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Table 2 Experimental conditions

Engine speed (rpm) 1000
Intake valve open timing (ATDC) -29,-19,-9,1, 11
DME injection timing (ATDC) 110
ATOTAL 2.12,2.41,2.57,2.717,2.91
ADME 37
Intake charge temperature (OC) 30
Coolant / Oil temperature (OC) 80/80

t

o0

(Io Tech, Wavebook 512H)& o] &3}o] =3 7
Fk 54 A4 Y dolHERrH d wes
A (heat release analysis)& E3te] AL 5
stk A7) AL woﬁ EEERCELS
A BEgHo wet 4 () 138 9

4 __y pdv, 1 dp

L +_____V_
de y-1 do y-1 db ¥))

&

22 o4 2 AF H A=

A3 -&Table 29} Zo] 37 AYE} F7UE &
HA71ef we} s e HCCT ixlol A it
HE At =7 AEE 48] fletd da
Al 9+ Al A (Kistler, 6052B)E #Hatstgth &
& Al o] A2k Hhi ol w2l pipe oscillation©] t—‘a‘
At 2359 o] MY F = 7S vl
A3k 93] A4 4= AlA = flush-mounting B}
W2 AHgalel BaaAcY e Qe A
AZ e £ (sampling speed)7} WEFE A4
o] sf=to] A A sy WA P2 dolE
BAME @l Ao 2048 pulse/rev A=
(encoder) E A&s}a] A2 A7} % (crank angle) 0.175
o g A o5& A5

>4

3. &l

ook

Zx

3.1 Ringing intensity Z 1}

Fig. 2% 7} 3} LPG HCCIgIH o)A 7)1}
&3 F7eB JiH A 7)o g RIE YeERNSIT
RIE 5 MW/m’ 0|87} 4 7153l Jdo2 B
HYoh? e} e NEL %tﬂ o &
HCCI9] A9 F7]3d o] Wi F7E A
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Fig. 2 Ringing intensity of HCCI with respect to ATOTAL
and IVO timing at 1000 rpm

717 Xzt Ao A RIZ} 5 MW/m® olato s $
A EVbs d9oz A" ofo) wksted LPG
HCCI A% dzle] &3 99 HA A RIZ} S
MW/m® Blgte 2 ¢ o] 7}5stk 22} B a7

ANXe EAFF-FEYHEIMEP: indicated mean
effective pressure)e] A& m}etsl 2= R17}0.5 o]
Foll A} IMEP7} 2+2-8k1 )tk whebA] IMEPE: 7)
Fo2 3 &4 9L RIZ}0.5 MW/m® o] 312 o
A3l th LPG HCCI7} 7148 HCClo) H|3}e] RI
o] Zr7tddF o v olfE F I Z dvt
"ok A= LPG] St k& -0l vty &
obA dAidel FFE A5 Aer} BolAA
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IMEP in Gasoline HCCI [bar]

Lambda total

10
IVO timing
(a) Gasoline HCCI

IMEP in LPG HCCI [bar]

Lambda total

-10
VO timing

(b) LPG HCCI
Fig. 3 IMEP of HCCI with respect to ATOTAL and IVO
timing at 1000 rpm
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Z7VvsbE &3 wr)e) £%7]7) LTO(low tem-

fd

2

)

58 siaxEAZsts=2 MisA X35, 2007

BiSA|

perature oxidation)<=%=<1 800 ~ 1000K ol whg] T+
Ste A4S Hola glom B A Z A AH
82 F7HE IPA 77129, -19, -9 CAD(crank
angle degree) ATDC(after top dead center)$l Z71 9|
= 4780 %, 79.5 %, 77.2 % ©] A9k 1, 11 CADS)
17401]/\15‘— 70.8 %9} 66.2 % = 728 A A3k
F71 8B et w7 E 7L F Ao 8 9l V)
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-10
VO timing
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Fig. 4 Maximum combustion pressure of HCCI with respect
to ATOTAL and IVO timing at 1000 rpm

3.3 Ringing intensity Ol|=

Fig. 5= HTO(high temperature oxidation)®] g4}
F 50%2] #{A]ol i3 RIE RN LT CAS02] 7
A AA Sae) dEE 50% A Holth? 7%
F&o] F7etH CAS00] whE RI] F7h&o] A
3l o]l= Fg% A& 2] LHV(low heating value)7}
7rashy] "o 2 gwegEch 18U CAS00) 361
CAD 32 79 RIE= 0 MW/m o A Z71317] A)
23S & 4 vk S 7 H T LPGE CAS00]
RIS g3k Ato] B CAS09] 9140 W& RI= A
B9 F7d @AIglo] Fdsith w2l RI= 98
of BAIRLO] Axte] X ot AAEH &
oA A g vhe} o] dAasde] $1x i AL F

0.40
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0.35 | . o LPG
030 * Ay =241

Ringing intensity [MW/m?]

0.00 |

.0_054!.lnlillll4lllnln
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(a) A=241

0.35 | . Gasoline
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Ay=2.57

Ringing intensity [MW/m?]

1 i
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-0.05 1 1 L 1 Il 1 !

Crank angle degree @ CAS0 [CAD]
(b) A=2.57
Fig. 5 Ringing intensity of HCCI engine with respect to
CAD @ CA 50 at 1000 rpm

T YHOZ RIS v WA HEE 2T 5 US
2 s

34 228 o4 U HIESIIA EM

Fig. 6-& RIo|| w2 COS} CO¢ W9} A i
(C:carbon)7} L35 &= vl 7)1 7kA B S HCO v &
UEeER It 3 Fig. 72 RI9) w8 AF d4 &2
£ 20 %) A 90 %] o] 2= 7)7+E T Al T CO
FHCCI A4 A] 337 5 w2 AAhrtse) &
L2 Qe CO =9 4te}sl= Whg-o] BE3ho)| uh
g} wol wiEE ] Ze dFREe] B9 dig
He2r A5 3 g1k RIe) k& CO/CO,= R]
7H0 B A ARl 9] &4 270l uha}0.1500 A
0.025¢] k& ztm UAAT RIZ} F7}H3hol| what

°l
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Gasoline
o LPG

co/co,
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0‘00 L i 4 L n I 1 L i 1
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(a) CO/ CO, emission ratio
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—_
) "
& sl . HC emission from HCCI engine
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2 46F o LPG
T4l g
< g
E 42| i
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5 40}
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S 38| X °
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o -
o 36| *
o -

=

g 34l
5 32 1 1 1 3 1 1 L i
a

-2 [} 2 4 6 8 10 12 14 16
Ringing intensity [MW/m?]
(b) HC emission
Fig. 6 Exhaust emissions of HCCI engine with respect to
Ringing intensity at 1000 rpm
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=)
2.0 o LPG
g ©
7k 8
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b -
Nt
| SF E
E 4 §
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g 2+ N - = =
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N 0 1 i L L s, 1 3. 1 1
-2 4] 2 8 10 1 14 16

ngmg mten5|ty [MW/m 1

Fig. 7 Burn duration of HCCI engine with respect to Ringing
intensity at 1000 rpm

CO/CO, = 0.0150] = ghe}. o] 9} & A& F7)
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s7] Aol AP Fof Ak Ayl 5
] o]of] w2} CO9) B & o] 4v) FL 9m3ict
o] BAPA F AAsEEe) P niXe o
FE dolry] 93kl HC wl&ZS At
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e WS F 3539 %2 A e &
Q. o] sk 2o} o] YFYA % Ashikge
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2) 7}4:9 3 LPG HCCI iRl ell A F71 B, 75 A

717} 144 g o] whet RI7E F7hebe ol fre $71

B A EeTd FRIPEERE o] E A7) FHs}

Ha o) FVWE AV A 21d0A

TDC ojA A 50% o]Are] A7) Qi ub
2} da o] I} Fs8h7] W&ol
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At wet FFE 87 S8 o]of whet
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= RIZ} Z7}8HA) 5 2 RIZF 1 MW/m? o] 43¢l
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7 @A FES 5T 5 QS-S AT
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