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ABSTRACT

Using gas chromatography, the light hydrocarbon emissions were analyzed from SI engine fu-
eled with methane and liquified petroleum gas(LPG), and the effects of fuel and engine operating
condition were discussed. For this purpose, 14 species of light hydrocarbon including 1,3-butadiene
were separated, calibrated with standard gas, and measured from undiluted emissions. The brake
specific hydrocarbon emission(BSHC) and ozone forming potemtial(BSO;) were calculated and
discussed with the changes of fuel, engine speed, load, fuel/air equivalence ratio, coolant tempera-
ture, and spark timing.

As a result, exhaust emission was composed of mainly fuel component and other olefin com-
ponents of similar carbon number. The olefin components such as ethylene and propylene deter-
mine most of the ozone forming potential. The fraction of fuel component in total hydrocarbon
emission was bigger with methane fuel than with LPG fuel. Also fuel fraction increased at high
speed or high speed or high temperature of exhaust gas, and to lesser extent with high coolant
temperature and retarded spark. However, the effect of equivalence ratio had different tendency

according to fuels.

#97)%49] : Gas Chromatography(7|# Z2w}E18]7)), Hydrocarbon Emission(gra}yi olE
E), Methane Fuel(v|§ 998), I.PG Fuel(LPG 98) :

LN 2 a3 T2 ty] ego] AGHAAA, A 4=
Az si&Ee g #FA7F F3sEn glon

AFa B oY FHstH 2na, 24 Az A7 71FAME Bl 71 f8 iEE
* 33, AehEga g S AR TEE =8o| guts) A o] g},

** g, MEdEn AT HZ TAHEE F3 iEEdz NMOG(Non-



714 ARE AR WMV SdTHe] HC MEE A& vA= 9% 109

Methane Organic Gas), 44kalets (CO), A~
288 (NOx)5e] 2led, o]F NMOGe og
£ A% g@sleEA(HC)e AE, gd3= 5
8 it BHEE (Oxygenates) o] FozAl o
2] AEOR o|FolZr}, B4l wl7] £47)
o] 2% THC(Total Hydrocarbon) sj&z 2
BE A AR g FEE T4 Rshr] WE
o 4&8¥ 24& ¢7] AsME 71H ZEne
2 (GCYE AMgdle whge] A3 AT
PRER

2g7A izl HC wiEge A472e o
&9 2o, d8Fe] dRe 2wdMe 29
(Flame Quenching), &¥f&olAe] &4+ 2
H}& (Absorption/desorptopn in Oil Layer), ¥
AFo A F B g, YA F A e
i, dA04 B 58 539 Fd4 B3
& FA A €oh 3 FAeAe] A-hd )
o] 4ol FashE QA4 gto g FoirtM :
29] 71d7b2e}t ERET, BA FHL) o)
7177 Fell dhdolu} viy] XEo|A 23k 4}
#39 (Late-cycle burnup)& FH+= Ae= ¢
A QAhP® o]t 2af 4kgl= CO € CO.2
o] Abvglel 4§ (Thermal Synthesis), g8 7}
A aP7) Fo E¥3 (Pyrolysis) ¢ ¥g 713
& X}, ol#dt 2ge AA vidg HC A
BE5E FIFoA BgES Dol AraEE
(NOX) 2} ¥hg3le] &8 A8l o] 2&o
A o FUHAE 2F37 %, HAY A= F
& dosA "eh? weta PAH(Polycyclic
Aromatic Hydrocarbon)ut 1,3-3elt)el & 2
3 gk YR HRe A, ARAHRe
#7F 3 HC sf&Eol tig 7Al= o]2jd &
Y B4 s A Z19de). 2", ZF HCA
Eroprk F w9 ¥hg-4 (Relative) oL} A4
Z(0Ozone Forming Potential)e] o2tk GM
drz HCY F7d wat dg 5 A3 270
0olM A2 de 100717 g 7FA= 4
] ¥kg-A (relative reactivity) & H 4o
W 71 vlEEY 23T SRS F487) o
A= MIR(Maximum Incremental Reactivi-
ty)® RAF(Reactivity Adjustment Factor) €]

ol Atk MIRS vl5 Hel¥uolF dir|y
A (California Air Resources Board)el|Ad 2
Z% HC 3 404 e A8 42 299 3
Fgo] o FUFelH, o)t wEES] HC =

HomHH AL ol vate] RAFE B
W3] WA NMOG wiggo] BAAI)= o2

o] Hgg omgt}. ol HiEEL UFAH)
HC zAd] gl MIRE o|&3}] #{i#=<Q
Moz A Aoz HdAgs dsuy 23,
FTP &4 2= Fo 274 dete] webr] uj
80 ZAo] uir g RAF g% WA 2ok

A HC vl&g9 A& 249 sl g2
AF7F FAF Feolth. 53] vlm AQIRP(Auto/
Oil Air Quality Improvement Research Pro-
gram)ol A= 19893 o|F i AR A
W&E 3 HC 4%& GC ¥ LC(Liguid Chro-
matography) & o143t} 160¢) 78 HC 4
=& BAE F e e Adsahe o,
ol& o83l FHUfo o) Ao Fg o)
sel ATHATE E olgh vlkY ATE
E FAHME R Folr}, 0™

@, A7) M3 J1de] &R A dyds
25 FH]A AlolA] FTP-75 59 5% Z=9
g} EAE= 2] wjEE-& CVS(Constant
Volume Sampler)& o] &3l T Puo] 34
- X FAgste el AEEHL ot 7
&4 dFe WEE o] AHE AXA 2487
2o dEv &3 = Zetel geke FHHA
o2 AABHA F3 ECU, w&y], &of wg
71 T 71% ol9le] B4 g§& AF%S WA =
ot ®=3, EA4Fcz AEs HUE dB=
Tl 717 o] el ¥ ez FAH Jon,
F ZAtAlg si&Ee & A& vAe S0
54, £49 o9, # 9%, s gE §F
ol g2} o2 & £d =ho] mlEE
Aol v X Agte] gt Hrtels B2 o
0] k. wEkA 7]@e] HC 8i& & sl
oldfialy] #iME B A =AM dd A
o] ARE AMg3te o] A,

°]& 98 Forde] Kaiser 52 7% $&7
Foll A @1 7l iFld we 9 g



110 HEY- A G0 G5 DA

T 4R DY AR ARE AHSE Ay
o) THCs} 4%d HC 558 33522, %
b aAg FsZE =5e 2y e 7 o
g A¥el 37 gdatgov, 4 229 ¥

shofl W& no] vEFstATE "

olg wgeg, & dA7dMes 98 74 W
+d 23 T 1@ e 9% FYHer 4
37} 3t 718 FEA Aol A7 271%
e dAEg, wrldeS JHHA oFe H)
71 b8 F3td 24 BAR o5 5 e
&Y ZPst e TR, o
g A% wizEe ARl v ged 71A)
48, 53 W g9 44 LPGE AHgatdn
THC = % /18 4Ee =& FHsAL ©
278 HC w333} o2 L%, eg BT
Hede Addsgen, 98 R V1R &E, ¥
ah, Bl Aol B 2 Te 23 &

9 gl st 1Y

2. Al SR R W
2.1 A9 A

AF AxE D7% 7FE, 71 EFH5A), 71A
IzeEaH 0 (GC), THC w7 B4 Ax=z

Flowmater N

E Injeclion

Driver
o'é]__ 0 oo cee —
\

\ !
Laminar ) Jnjectar

Flowrneler

Alr Filtar  Throttle Body

Differential
Pressure
Senaor
-

Dynamaomeler

1
'
|
'
t
{ Dynamomeler
: Controller
! i
- :
) o !
] 1
} 1
= j

Pressure

FA5el ger Figlo] Jehiict. vi7) A=
488cr, ¥FHu] 85 L WY dadL #e A
T4 @71F J1%e st FAvE 34
a7 fised, % fRAS 24 IF A

. (Thermal Type Mass Flowmeter)& A}&s}e]

3719 714 A89 f3E FAINAY. d8 F
v FXEe F7] REA A4 71H JARE A
Aot Azl A|719} 7|7be] gEo] Balg &
e 9AE F%7](Driver) & A2retgnt. &
Argre ek edmel #A¢ 1MPa, LPG 8¢

4 Ah2olAe] ZF7|9H(500~600kPa) o] i)
A Alg e FdEst delr] Aatg o
sgen, FA7te FAste ad 98
e Ath AHEE dgE ey vek A
LPGHEsE AlRE4t). LPG das A%
Mol 1/100007 slMale] FAE & uly)
A HPie olgeke S ESAEC. ol&
ot 942 LPG dse] A& d" 0.34%,
oflgt 4.81%, 2 94.1%, olARe 0.52%,
n-8e 0.19% So3ich

7] 7}28 AEYs] 95 SAE A A}
3+ (Recommended Practice) 2 a3l A==
Z2BE AFEdn, GCrAle] AEY 29
150C o)ie] E2 fAFd wjE2E AR

Hr off o Jdo U

ENUCAS
Cembuation
Anolyzrer

______

1
| Transduc Mullier

] J T

Chromategraphy
Syslem

Fig.1 Schematic Diagram of Experimental Apparatus



718 ARE AT HIWHNBAN EHRo] HC W& E AR vA: 9%

del 235 e BASET? ebs
249 HCY Fev FE& X8E i) 7ia
o] 855& vepdr

HA @84 (THC) £4 #x24 FIDE
Ul w77k B4 AAE AMgEges GC
& AMgste] wiEvkA Fe HC A2E 533
dot. B4 whde AQIRP Phase 19 g
2] HC 244 9% (Method 1)& 2 3
ge},n.9.00 g2 o 739} Al PLOT Cap-
llary 30mx0.53mn ID ¥4 Z3, g9to g 7
EFEe 10-XE 71H AEY WEE AHE-sty
158 Bote] 08 v w2 WUE o] &3

147h4] HC A42g B4t AEL U
= 0.25cme] AEFY Fz7) Qm, AFg Yo}
vpojaf A WH G

o] g3l X &Fo UG
YA FAFe M FX Qo] Age %}
wishl ). 58 93 U 42 7148
Al 25l p]FEE A]7F(Retention Time) ¥ <

A7 (Response Factor)E .3 (Calibration)3}

At
22 AFE 9y

£ dFedMe HC si2Ee] Pl 4%E v

ethane 1691

k
=

~ Propane,

i “‘1 S
\

111

e AR2A ds & 7)F X, &), 28,
H3l A7), Y2 258 galga old tisted
AYe FPstYc. da2& de=m LPG, 713
£%2 1,000, 2,000rpm, ¥&=2+ BMEP
80kPa, 260kPa, 390kPa, 2|2+ 0.8, 1.0,
1.2, A& Al7l2= BTDC 40, 30~25(MBT),
15, (TDC)ol st HEatzich. A8/718
&xo] 4717 2§ e el BFH 10,
BMEP 260kPa, ®3}A]7] MBT& 7)% =70
2 39k o] 71 =7 4742 Al st
242 Bekn] 2 BMEP, A3l Al7]1& #3AA
AgstAt.

3. g de

oA AFE Wez C, ojddAE TF
B 14712 QRS £4890. o) AL
|37 £A)d] w2t Methane, Ethane, Ethylene,
n-Butane,
Acetylene, trans-2-Butene/1-Butene, Isobu-

Propylene, Isobutane,
tylene, cis-2-Butene, 1,3-Butadiene, Propyne,
1-Butyne %ojth. o7]A t-2-Butenex}t 1-
Butenes= H=7} FHH+= £47) syt 5 4

7418

1l
Lylen

n
Ao

~bialene & 1-bulene B7IT

———i50- Qulane B.3H

—=n-Bitane §.702

i T
pitnlgigee 1022

1
Al

i\

e a

Fig.2 Example of Chromatogram from LPG Exhaust



112 2449

Butene$] olAdAAecloz
oot CNG9 LPG 959
HEEE A4 THC %9
90% old-& = Aoz Pzreuo-n, 2
By dgoa RAYE 147 AESL Y] 7kA
EAM712 3% THCAA xAghe vlgL
F 864+10%F aAstn Utk Fig2dE o]
2 ubig olgsle) LPG AR89 wEES B
M3t AzekE a9 g eIt

HC wi &kl g 71: o224 THC(Total Hy-

drocarbon) 2} BSH(Brake Specific Hydrocar-
bon), BSO4(Brake Specific Potential Ozone),
SR (Specific Reactivity) & o83}y, THC=
Wi71# e HE ¥4 HC ¥=2 e,
BSHC: Mz ta ¢ 2 &3 =AM
HC w282 vl@slr] fg AogA 99 59
< AIZER BlEse HCe #A3g oju)siny 4]
(HEA A=, A iEE FAME 2
¥ HCe A58 ondct. 28y A s
£ AMESE A SdA HlEEY g el
ztolz Qlste] wjE AT AAzE 7] ¥
o)X Feke Y| wedstA] RIjoz, w7
TFAZE 2F fugor AAY JMeie] itk
ol AR HC ZE#% wiZk»} MIRel WHe
24, 49 59 - A0e wigd HC/ 7] &
oA A4 2383 ghgsla TAAIA He
&9 g JEH A@2)=M ALEr.
BSHCe} BSO.2 =5 2+ HCe FE& ol &s}
o A4 o|EE Fale] olE ket
A THC mx# ozt u]r]|7}2e] A4
HEEe ) whEsk BSO,&
MIRe] wlgt). T3 viEEs @9
HC7} f2A171e 289 g H(3)o=z A
e H3F A (SR)E EASHY

)
o]

ook o
off L off |
(e - A

Mok

BSHCLg/kWh]== 600PhE-f‘M' (1
BSOLg/kWh)=73e3p D MMIR  (2)

ug.

9]

Y54
__BSO,
SR=—222 3)

4714 PE A% 29E, nwd W72 &
F%E e, £, ME & HC 429 22
& 2 2A%e Uehdd

712 iel] HE

m
S

al
=

=

ol

e 8 LPG 98, 717 £%= 1,000rpm %
2,000rpmoj4le] THC %=, HC v}&=(BSHC),
°& §$9s(BSO,) 2 H# THEAHGRIE
Table 1] Jepigich 48/718 &= =%
of w2 s el Nz BEe ¢
UG F A8 A4S RFAA, 7|B3E5% 1,000
rpme]] ¥]Ele]  2,000rpmeljA TCH w%= 9
BSHC, BSOs0] @en, LPG 9189 734 dE
A8 ZA$RT & xfo|E Holxm k. H/CH|7}
2 ve H8E AHgshs A$ LPG d8 A%
Brh ely] 7ha g EAbEke] Ao AR gl
3e2 THC %X vlstd HC #l&(BSHC)
3 22 FEW(BSO)E o A Hol

Fig.3dli= 98/71% &= ©& #d¥ HC
Zol A& 74 vl& ¢ HC mj&%, o2& 2
Aeke. vJebdith. Heldl n-Butane™ Isobu-
taneL Butanes®, 1-Butylene % trans-2-
Butene, cis-2-Butene, Isobutene2 DButenesZ
adste] JeER AT

HC A% 34 vge, dw d8 3¢ @4
HC #]2%8 £ dige] apxjehe Hl&L mC 7
Zow 87~91% AEC|X Yuzls wj&Fol
B FAR JEd, JF, opEd, =284,

—_

Table 1 7|8 z=7olMe] HC oi&E2t 9l 2T
e
ek s LPG 98
1,000rpm)|2,000rpmi{1,000rpm|2,000rpm|
TCH(muC) | 2,000 | 1,400 | 2,800 | 1,050
BSHC(g/kWh)| 512 | 3.98 | 7.68 | 3.07
BSOy(g/kWh) | 1.24 | 1.21 | 1216 | 7.29
SR(g0,/g HC) | 0.243 | 0.306 | 158 | 2.38




714 ARE AHER HIIHEH7IBAAN £HZA0 HC s& & 2 A= 9% 113

100
W Mothane Fuel 1000 rem
OMethane Fual 2000 rpm
— 80 WLPG Fual 1000 rpm
3 BLPG Fusl 2000 rpm
T
280
=1
(=]
a
= 40
)
T
20
D pu——_1}
[
W Mathane Fuat 1000 rpm
O Msthane Fuel 2000 rom
— @ LPG Fuel 1000 rpm
= BLPG Fuel 2000 rpm
Z 4
=
2
[
o
% 2
0 —
8
B Methana Fuet 1000 rpm
DO Methane Fusl 2000 rpm
— M1 PG Fuel 1000 rom
§ 4 BLPG Fuel 2000 rom
=
=
2
9; 2 :
o :-E ; |
g 2 2 2 g2 §&§ 2 2 2 g 8
© [ [} ] ® c [} c & » &
£ £ 3 2 T & = £ o9 § 32
%”m&gﬂ§£-—;i.
& =] -

Fig.3 Hydrocarbon Fraction, Brake Specific
Hydrocarbon Emission, and Brake Specific
Potential Ozone of Individual Species
at 4 Base Fuel/Speed Conditions

ol EAL B & ). vek o]9o] YR F
A4 AL FA) @ vwe] 23 Ukg-g F3)
of ¥¥E oz . 7@ 27k A=A
dmel og A¥o] F1 g, dg o 4
o] ARl e & 4 qdvh

LPG g9 7Z¢des AHEE LPG g9
941%7} TzgoaA, =208 dx JRoR
el 2t3etet. A HCAQM Zad 4y
1,000rpmo| 4] 66~68%, 2,000rpmellA 50~
53% A=E A v}, Za olele] 7]
B HRozE JEd, zaga, olddl, o
&, o, RehF, FEiFFe] Ao LPG @

29| 7% dgl dg0) vl HC #i&E F9
A8 AR BEo] wan, o= 22 ¥hgd 93t
o AztE AL e A¥es AEE ALl
BEe ¢ 5 Aok 7R S50 #E AE 98
ol Tafe] AE v go] 21 thE HEY H&
o] AF L & 4 Urh

Wetnt LPG d8g& A% 7399 HC W&
EolA A8 AR o] AY an, oz
A8 AL ¥z gaso] E¥E e@Elga
(Alkene && Olefin) 9] <ko] o] A&}
olgg HREL 23} 43} @ A4, ) 5
o) HAg 3o A Aoz Yzdn. of
g whgo] dold = = WA Ul WA
7] EE9 X} tRE= 7|7 AR o]
Qo] Qo] A HEe Be Aoz defH
th? o|#d whgo WEe FER U w8 of
# AL o5 o} o|Rozn oAl gt}
ook A4 2 vy EEL 2571 & o, 2
2} 4kl 2 gRs), 4 §4 vkge] e
guts] dofupy] fBe A8 ¥l 4E A%
oz Wy Aoz ALHGY, 53, 4t o
BollAs ©@2 Afe] g whgo &7 7
tZoAel & i wgE Filo] yHe] 4
AT, 38 Fakuoa 24 BEZog 9
o d87} COM COZ WHBHA ¥l 27H
AYER FHHE e L ot dile] vies
BolA e Aog Rug ul i}, 1o

Fig.3¢14 BSHCse} BS0.2] Aj&¥ 74 u|
&% A9 3= 9lt. BSHCE &x7) 5& 7%

S

& MIRo| 27| W&o 9F 48l 28
= ge tod dddn z29d 59 J¢
fdeFo] A} o]& ¢lEled Table 1A, wiE
Are] A% LPG 989 A9l vske] o2
ol A},

Figdi 474 €/71¥ &=ol dsied HC
HEE F AR ols] 4] vgs w7lUn
A 10co deldl RelA 538 Wyl exd o
sl vehd Aoln. ol Rah, Y44 £x



114

100
O Msthane Fuel 1000 rpm
— ®  Methane Fuel 2000 rpm
W gof v  LPGFusl 1000 rpm
—
g ¥ LPG Fuel 2000 rpm
=
©
& 60 e
e v o v
9 T
— 40 v v
3 7%
o L5
s 20| v
= P .
R O Mgee®
i)
o I | . L 1
300 400 500 600 700 aoo

Exhaust Temnperature(deg C)

Fig.4 Hydrocarbon Fraction of Non-Fuel
Components in Exhaust Plotted
by Exhaust Temperature

5000
——— Methane Fual 1000 rpm
t —@— Methane Fuel 2000 rpm
— = PG Fusl 1000 rpm
4000 - —¥— LPG Fuel 2000 rpm
S a0 - W
L
]
oy G
£ 2000 - 204
/v
" '_.-/
1000 — —
0 i L ! \ !
0 100 200 300 400 500
BMEP(kPa)
(a) Total Hydrocarbon Concentration
20
—O— Methane Fuel 1000 rpm
~——@— Methane Fuel 2000 rppm
~—7— LPG Fuel 1000 rpm
15 - 'J\\ —¥—= LPG Fusl 2000 rpm
= .
.
= N
< ™.
= .
L) 10 — .
&3 ™~
o) \v\v
2]
m
§
b
0 L_ L L L L | L 1
0 100 200 300 400 500
BMEP(kPa)

(b) Brake Specific Hydrocarbon Emission

I - -0l ¥F- A8

A3 718 WAAN DL ZAE e o
th #)7] &%/t H&4E A5clele] AR M|
g0l AANE AL B £ ded, oY FNE
e ddge ZAeut LPG Aag A7t o
. o] RELE] gt e 23t

23512 HgF

AR/7F &% 2 47}A Z$o s F-
&2 Walaz)l A$9 THC %%, BSHC, ¢&
stk Fig5d) vehddoh 23ke] 717t
HC wi&Ed vz 98 F /A= 4244
o). e, 7] gEel vtz A g9 A

a0

—=&— Meathane Fuel 1000 pm
—=&— Methane Fuel 2000 rpm
—Spe— LPG Fusi 1000 rpm
—¥— PG Fusl 2000 rpm

20 -

BS0s:(g/kWh)
) .

g"_'_‘_‘—‘—-—-—-—._._,____ -
0 s L . 1 Pl ; 1
0 100 200 300 400 500
BMEP(kPa) ‘

(c) Brake Specific Potential Ozone

——iZ— Methane Fusl 1000 rpm
—a— Mathane Fuel 2000 rpm
—=0— LPG Fuel 1000 rpm
—¥— LFG Fuel 2000 rpm

-~— vy

Specilic Reaclivity(g Oy'g HC)

2 -
v________——U—-_.____v
.k
[
[i} ! : 1 . 1 s L
) 100 200 200 400 500
BMEP (kPa)

(d) Specific Reactivity

Fig5 Effect of Mean Effective Pressure



713 d8E ALEY AV BAAN Sd=e] HC WEE AR viXe 9% 115

S5 9 da Al FREE, =9 A2l
3 oul7] ZEAAe 45 B EFo] AdET @
Pz 2sho] e ARe) 2% sk B
o] R, & i A2l Yo ¥ F
2 Qe adua A7 SN F A28 A
A @ HCel 9ol 7hh}. o= Fig5(a)ol
A sof we} fate] Gl tad yehis
9102 A2bgrh. 22 Fighb), (o)ol4e]
BSHC 2 BSO,8| #3& THCe wsish @3l
22 W)7] f3e) Bad 7A@ Fig5d)
= FFueAE JEm SRgtol A9} Qme
& ¢ % vk o)= Figb(a), (b)elA vepd
Hyo) Mgo] QRPN AABT F Fatel F
7bel WehA, THCE HalAgr 2 74 4]
Wske oE e =49 g v o
o2 AL Y k.
Sale] gt

AR/7|¥EEe) 2 B9 didle] Fgwv)
Wsly o, w)7]@ el THC, BSHC, BSOS
Fig.7¢] vehfigich. dddlz gan] 1.260)4
7 THC $%7b 8¢ A& & 4 Aok

g

Methang Fuet 1000 rom
@BMEP B0 kPa

=
S

D BMEP 2€0 kFa
@BMEF 390 kPa

HC Fraction{ %)

o

g

Mathane Fuel 2000 rpm
MBMEF 80 kFy
DIBMEP 260 kPa
HEMEP 390 kPa

HC Fraction{ %)
& 8 8

8

L=}
1
Ethylene :

Methane
Ethane
Propane
Butanes
Bulenes
13-

Buladiene
Propyne
1-Butyne

Prooyiene
Acetyleng

(a) Methane Fuel

BSHC+ eln] 71&% wigt 2¢] THC Fx
w717k A fege] vk, 230 A
A wfzizk2e] A fe] Fadtrz THC
o] 7t % Age TIAIG. o] A
AR W Aol 2 LPG A8y ¢ ¥
B3, old ulg} Fig.7(a), (b)) M LPG .
=, 93] 1.29] 79 THCe BSHCe| 7gke]
Ztol7} W), Fig8(a)® vigk dge #Ae
24 1,000rpm, 2,000rpm RSollA] gakulz}
A uel viEE F ABRAE v]Fe] o}
A5 A, e T 71k Aol bl gol
Az}, olol| whsled Fig.8(b)9) LPG g9
A4-ele 2l A wel 98 4¥9 =
2y v)go] AR JEd, Tz HE
£ ZtolA| 1 wigt, opMid ] vl &o] AR A
< B 7 Ut T O8 BT Fgu] 1.29
734 o] A& vlgo] A gten o
3 A% oju] HuE ule} g} o0
Fig.7(c)oll X A & FUse iy o
gdloll} =2y, RalfF Tl g Zeolu
E3) LPG 98 1,000rpmol M= Zagn] 27}z
Adte] 23 Fdgo] 3y Fadhe AL &

r.i

=]
S

LPG Fue! 1000 rom
WBMEP B0 kPa
DBMEF 260 kPa
EWEMEP 390 kPa

HC Fraction(%)
8 B 8

B

e |1 |

o

100

— LPG Fuel 2000 rpm

X WEBMEF 80 kPa

-

= DAMEP 260 kPa

Seo B BAMEP 390 kPa

o

2

[z, 40

]

T 20

. n_.
g ¢ g & 2 8 2 3 g B 2
& 2 2 &8 2 5 3 5 L2 8 2
> o E o T 32 £ 3 g & &
= TR % e o g @ 5 & 1
o @ -~

(b) LPG Fuel

Fig.6 Hydrocarbon Fractions of Individual Species with Brake Mean Effective Pressures



—&— Mathane Fuel 1000 rpm
—&— Methane Fugl 2000 rpm
— 3= LPG Fuel 1000 rpm
—¥— LfG Fuel 2000 rpm

e o
116 LI ELRL E R
5000 25

—a— Mathane Fuel 1000 rpm
[ =—-#— Methane Fuel 2000 rpm
—%— LPG Fuel 1000 pm
4000 - __y PG Fuel 2000 rpm 20
5. | 2
[}
=8 3000 = 15
o~
=
e
(é [ [N
-
2000 - % 10
1000 5
0 L 1 . 1 °

BSHC{g/kWh)

(a) Total Hydrocarbon Concentration

Equivalence Ratio

15 4
——iZ— Methane Fuel 1000 rpm
—&— Methane Fugl 2000 rpm )
[ == LPG Fuet 1000 rpm . T aa
—%— LPG Fuel 2000 rpm \?}0
w0k %
—
3 24
=T
— 2
5
d:g 16
T 2
b=
g o8
r Q.
[73)
"] 1 " | L | [1]

Equivalence Ratio

(b) Brake Specific Hydrocarbon Emission

HC Fraction{ %)

B

HC Fraction( %)

o
a

@
a

8

-
=]

g

-3
=]

2

Y
=3

3

Equivalence Ratio

(¢) Brake Specific Potential Ozone

——&— Mathane Fuel 1000 rpm
—&— Methane Fuel 2000 rpm
—7— LPG Fuei 1000 rpm
—¥— LPG Fusl 2000 rpm

Equivalence Ratio

(d) Specfic Reactivity

Fig.7 Effect of Equivalence Ratio

LP'G Fuel 1000 rpm
Wphi 0.8
Ophi 1.0
Wphiiz

Fig.8

100
Muthans Fusl 1000 rpm
Wpni 0.8 ;q\ao
Ophi 1.0 —
c
Hphi 1.2 Sen
5]
]
[ 40
]
T 20
S a
100
- Mathane Fuel 2000 rem —
Bphi 0.8 = ag
—
Dphi 1,0 5
Bphi 1.2 5 e
g
o
[z, 40
]
:E20
o s | - a
g gt g oy 2§ 2oy z
2208 8 F o2 iskg o2 2
oL &£ 8§ @ 3 &% 3 & 2 @ @
o & o @ g @© T5 a ] -
o < i) -

(a) Methane Fuel

Elhzne

Ethylene

LPG Fuel 2000 rpm

Hphi 0.8

Dphi 1.0

BWphi 1.2
o @ w o w o o o
£ § & £ 8 g & §
=3 = o = & s B 3
o a = = '_"m e @
& o @ 2 a 5 & I
o @ -

(b) LPG Fuel

Hydrocarbon Fractions of Individual Species with Equivalence Ratios




714 ARE AET AZHGNRAA &

4000
—&——— Methane Fusl 1000 rpm
—&— Methane Fus! 2000 rpm
~—— LPG Fuel 1000 rpm
3000 L - —%¥—— LPG Fual 2000 rpm
. M
3 L ;
[ .
G 2000 -
:::_\'—*—-
T—
1900 7 \'
o ! ! L
[} 20 40 60 a0 100
Coolant Temperature('C)
(a) Total Hydrocarbon Concentration
12
—6— Methans Fuel 1000 rpm
~—@— Methane Fusi 2000 rpm
10 ~——— LPG Fuel 1000 rpm
L —%¥— LPG Fuel 2000 ipm
AN
S st
oy
[45] F
= s .
8 v-.__.,____:‘_—_h.“‘—"“o
, L- ‘\’
—
o i 1 o 1 s o
0 20 40 80 80 100

Coolant Temperature(C)

(b) Brake Specific Hydrocarbon Emission

Axzio]l HC & E A& mAc ¥& 117

~—&— Methane Fual 1000 rpm
——&— Methane Fusl 2000 rpm
—V—— LPG Fuel 1000 rpm
—¥— LPG Fusl 2000 rpm

0 L 1 I I s 1
0 20 40 ao 80 100
Coolant Temperature(C)

BSO,(g/kWh)

(c) Brake Specific Potential Ozone

4
—&— Methane Fuel 1000 rpﬂ
—-#— Methans Fue! 2000 rpm
—%—— LPG Fuel 1000 rpm
~—%— PG Fusl 2000 rpm

Specific Reaclivity{g0y/gHC)
T

0 20 a0 &0 80 100
Coolant Temperature(C)

(d) Specific Reactivity

Fig.9 Effect of Coolant Temperature

AT ol By Frle wel dg HE
9 7t g w7l fel e ¥ Ggke)
THC ¥=¢] 2780 =7) W&ot} Fig.7(d)
9] SR& 4zt Frpah=d Wt LPG Q=
Mg Zashe 748 1ol o) MIRe] zhe
AR AE vlgo] dsd) met dEA Y
Hell 7]RA7}

Hizis 20| oigt

Figde 2t 98/718% £x29 7% tislo
Wzt 2% s THC, BSHC, BSO; ¥ SR
& Ve Zolth Al er Wis 257t %
ol WA HC wizaze sl el 49
Aele] A% o}z o8 FHu| A~ AHe] Tk,
S8 BHx Za, wrlexe oz
A%t vliy] XE WellMe] Arsla: F0} Fof 2%

Aoz Aty £xo W& THC wi&¥ 27
&0 Axe 98/718% &5 2§ u v=
A Vehda gled, LPG dge AS vy A
G ZA Amrt & A& & F AUk ¥
&z o] Aol A AL Zho) HXE
Ggo) RE duo] gt v, olnk
¥ THC Fxo] Zav) a#dx e iz
QE AgHT 23} Ao} Fob o@ A%
ol & A& NHHeR ¢ # U

Fig.10& Z 48/71% &= st Qg
259 W37l A8y HC wigge] vjxs o
F& ez ot g dge 39 2 HC
HRES WZs eEr WIBE & Wi} o
o1}, wkde| LPG 989 A% 1,000rpmoi A
Wty 2x7} Aot ol 2w Ao
231 716} Aol Frlete AES Vel

ad rfr



118 MEY-H8Y. 08 28 A

o= 2aF Alste] Fo| 9% P} “lxi& 73
e welth AEY 9F §u%e LPG ¢

o o"l‘ LgZ.} —E' ] o'%“ ] I[]-E} 71'}"3]"_‘
$2 Jepj 2len ol THC $29) Zhael
g Holtt. g .4 9.9) BSO,%} SR&
Fig.9(c), (d)el UrE}‘—} A }

Hat AZ1S S

Figlle 7z} A8/4% @A 3l A7l&
WslAzl 2% THC, BSHC, BSO, ®l&s}
SR& vehd Zeolt}, o714 MBTE W& d=
o] 1,000rpm3 LPG ¥ze A$= BTDC
25°, "g A8 2,000rpmelAE BTDC 30° 9|
th ®3hAl7)e] Wit dad W = 9
A g o AHE HFAA wd HCo A=k
3 o]5o] FHE 2% 418 A RFE WA
t}. oElEte) A7 ZolAW 24 R
A 5o n]d 948 AESE FMTIEE 4T
g71¢ X9 Aol g 22k AEE FUH4A
7lele 9% 25 zZH 9. Fig.l4(a)oA
M3t A7) £5F9 THC =7t AAFHoz 7
A%Ae, Wg Az 2,000rpmolA Al
30° BTDC o] 2Rz} Zvlshe A& & 5 S

g

Methana Fuel 1000 rpm

W30 deg. C
034 den. €
M 56 dag. C
B70 dep. C
B87 deg. C

HC Fraction{ %)
& 8 B

LX)
a

Methanse Fuel 200Q rom

Q 820 dag. C
O35deg. C
E W52 deg. C
=] W70deg. C
a B84 deg. C
5]
)
i
=
]
=
=
@ & @ B @ =m0 8 * @ o
B EEEEEENEE
£ &£ % 8 ® & = & m3g §
3 @ & 6 @ 3 § = = £ o
= w a E i} .% @ ‘i‘_, [ .'_

(a) Methane Fuel

v}, B3] LPG Age)A & A71e Agde] o}
2 THC Fxe| Zarl FRsht e Q89
AS e a7 49eE Beln olvk Huky
of oj& THCe| Rae wi7lzke Lo A5
<8l 2aparale] @Adsle] o8k Roz AzE
F 9o, FigdolAl ehd wiel o] 23 At
e g dswd LPG 99 s w7
L5 Ftel e Bel 2=tk Figll(b),(e)
dlA F9% BMEP|M H3} A71& £57 =
A wj7] o] FrketH old o3t BSHCe}
BSO;0) Az ez 2218l =ns oe A8
1,000rpmel| A1 BSHCS} BSO,0] 2.5]9 Z71sh
= A% Bk
Fig.12¢= H&A7le] 2 2t HCol 4% v
o] wae Jehdck H3} Al7]e] Ao u}
A 7] =7} “—’:E}Ei dg Ag¥o] s}
27‘4 2glol) o3k AlRo] ZAE Aoz o4
2= olr}, ek dge] AL 1 A= ;_q-ol
L} dEdn oy PR HRo] k7t Zrpsl=
o gelgt 4 glom LPG ¥8e A% 1000
rpmﬂl’ﬂ-‘& Aol Falsht 2,000rpmel 4]
= F=8iskA] @

=)

LPG Fual 1000 rpm

W19deg. C
030 deg. C
H553d8g. C
B72daeg. C
EX89 deg, C

HC Fraction{ %)

LPG Fuel 2000 rpm

W21 deg. C
D31 dag. C
M54 deg. C
B74 deg. C
088 deg. C

HC Fraction{ %}
& 3 B

]
=3

=]

Acetyiense

Bulenes
13-

Butagiene

Propyrie

1 —Butyne

Butznes

w
£
2
x
a
o
£

Methane
Elhane §

Ethylene

Propane

(b) LPG Fuel

Fig.10 Hydrocarbon Fractions of Individual Species with Coolant Temperatures



THC({mmC)

BSHC{g/kWh)

1A 4RE AeR Bo1HA I BAN SRR HC MEE Yol UAE 9%

4000

000 —

2000 -

1000 -

—&— Mathane Fusl 1000 rpm
——&— Mathane Fyel 2000 rpm
——45+— LPG Fuel 1000 rpm
———- LPG Fusl 2000 rpm

/

BS0.(g/kWh)

Spark Timing(°BTC)

(a) Total Hydrocarbon Concentration

15

10

——3—— Methans Fusl 1000 rpm
—&— Methane Fuel 2000 rpm
—42—— LPG Fusl 1000 rpm
—%— LPG Fue! 2000 pm

Spark Timing(° BTC)

(b) Brake Specific Hydrocarbon Emission

HC Fraction{ %}
8 5 8 8 §

=]

ror

HC Fraction{ %]
2 & & 8

=]

Fig.11

Mathane Fuel 1000 rpm
W40 deg, BTC
025 gen. BTC
015 deg. BTC
B0 deg. BTC

Methane Fuel 2000 rpm

M40 dag. BTC
0030 deg. BTC
W15 deq. BTC
B0 deg. BTG
[ —_
g gz § 2 8 2 2 2
s § 8 £ 5 .82 E
E 8 % '§ 2 2 % 8 &
[ ¢ a @ —5 4 ]
& 2 @ -

(a) Methane Fuel

Specific Reactivily(g0/gHC)

& 8 8 8

HC Fraclion{ppmC %)
S

HC Fraction{ %
¥ &8 & =

=]

20

119

—G—— Mgthane Fusl 1000 rpm
=—&— Mathane Fuel 2000 rpm
—-T LPG Fusi 1000 rpm
—¥— LPG Fuel 2000 rpm

I
a
fa
&
o

Spark Timing(*BTC)

(c) Brake Specific Potential Ozone

4

—&— Methane Fusl 1000 rpm
—&— Methane Fugl 2000 rpm
——— LPG Fusl 1000 rpm
—¥— LPG Fuel 2000 rpm

Effect of Spark Timing

Spark Timing(°BTC)
(d) Specfic Reactivity

LPG Fuael 1000 rpm
M40 deg. BTG
025 deg. BTC
W15 deg. BTC
B0 dep. BTC

LFG Fusl 2000 1pm

W40 dag, BTC
025 deg. BTG
W15 deg. BTC
&0 deg. BTC
'; | ofl
o nl @ 2 0 @& o @
s 8 P EF ELS
2 = ™Y
I B ) I
o o< @ -

(b) LPG Fuel

Fig.12 Hydrocarbon Fractions of Individual Species with Spark Timings



120

4, A =2
g 2 LPG 98
Poll st HC w2
ol ZHEH W& FT, 24

t}. 98 2 7@ &%
=, 33 A7) e -v—%_
@ﬁ&ﬁﬂﬁ,
At
1) digk dze] #4

ﬂ_|-l]:| ﬂl|rLI

HC vj2Ee diy&e
Wgto]s 7]g} AEoz ofe, Jdd, of
Agd Fol LPG 459 Ay
229, Jddd, =z2gde] grEs 22
sl 7)El AReg o', de, ol
So] gtk z+ dge HC wiz& 5 7V
e HES deAPolth

718 501 AU WdE ext Be

A%, JFA7E AANZ] A 2 87

7o) 257} FL RS vE2E T 98

*3—5#9—1 o] go] ZHAasta olEd P e
A o] 71ek & JEo] FrEH, 1

Zge vy dmel AeHt LPG 98

o] A% o] 538,

3) 27 AR, dg d59 AL HEE
Z 97 ARo| ZAFAW LPG ¥984]
Aol vhe] AL Bl

4) B3l7) M2 g QR vl&e Al nA=
e Qojdoz ),

5) & fuge 2 Jdin =2HY F
gAZ HR o)F Zow wgk dse
A% LPG dge] Aerg 22 gts 71
et

ol 71
M—L-i

2)

=

o2 #®

a

1. Dennis Schuetzle et al., “Analytical Chem-

istry and Auto Emissions”, Analytical
Chemistry, Vol. 63, 23, December 1, 1991.

2. Vaughn R. Burns et al,

Auto/Oll Air Quality Improvement Research
Program”, SAE Paper No. 912320, 1991.

“Description of

10.

11.

12

. Society of Automotive Engineers,

. Trescott E. Jensen et al,

. Stephen J. Swarin et al,

2eA

. State ofv California Air Resources Board,

California Non-Methane Gas

Test Procedure, 1993.

Organic

“Meth-
ane Measurement Using Gas Chromatog-
raphy”, Surface Vehicle Information Re-
port J1151, 1991.

. John B. Heywood, Internal Combustion En-

gine Fundamentals, McGraw-Hill, pp. 596
~619, 1988.

. J. L. Ramos, Internal Combustion Engine

Modeling, Hemisphere Publishing Corpora-
tion, pp. 290~ 304, 1989.

. Paul Degobert, Automobiles and Pollution,

Society of Automotive Engineers Inc, pp.
69~75, 1995,

“Advanced
Emission Speciation Methodologies for the
Auto/Oil Air Quality Improvement Research
Program- I . Hydrocarbons and Ethers”,
SAE Paper No. 920320, 1992.

“Advanced
Emission Speciation Methodologies for the
Auto/O1l Air Quality Improvement Research
Program-10. Aldehydes, Ketones, and Alco-
hols”, SAE Paper No. 920321, 1992.

Walter O. Sieg] et al., “Improved Emissions
Speciation Methodology for Phase 1 of the
Auto/Ol Air Quality Improvement Research
Program-Hydrocarbon and Oxygenates”,
SAE Paper No. 930142, 1993.

Albert M. Hochhauser et al., “Speciation and
Caleulated Reactivity of Automotive Exhaust
Emissions and Their Relation to Fuel Proper-
ties-Auto/Oll Arr  Quality Improvement
Research Program”, SAE Paper No. 920325,
1992.

William R. Leppard et al,, “Effects of Gaso-
line Composition on Vehicle Engine-Out and
Tailpipe Hydrocarbon Emissions-The Auto/
Ol air Quality Improvement Research Pro-



714 ARE AHET AU/ RAAM 2] HC Wi E J&e niAE 9% 121

gram”, SAE Paper No. 920329, 1992.

13. William J. Koehl et al, “Effects of Gasoline

Sulfur Level on Exhaust Mass and Speciated
Emissions: The Question of Linearity-Auto/
Oil Air Quality Improvement Program”, SAE
Paper No. 932727, 1993.

14. Mathew S. Newkirk et al, “Reactivity and

Exhaust Emissions from an EHC-Equipped
LPG Conversion Vehicle Operating on Bu-
tane/Propane Fuel Blends”, SAE Paper No.
961991, 1996.

15. Kevin A. Whitney and Brent K. Bailey, “De-

termination of Combustion Products from
Alternative Fuels-Part 1: LPG and CNG
Products”, SAE Paper 941903, 1994.

16. E. W. Kaiser et al, “Fuel Structure and the

17.

18,

19,

Nature of Engine-Out Emissions”, SAE
Paper No. 941960, 1996.

E. W. Kaiser et al,, “Effect of Fuel Structure
on Emissions from a Spark-Ignited Engine”,
Environ. Sei. Technol, Vol. 25, No. 12, pp.
2005~2012, 1991.

Society of Automotive Engineers, “Constant
Volume Sampler System for Exhaust Emus-
sions Measurement”, Surface Vehicle Infor
mation Report J1094, 1992,

Society of Automotive Engineers, “Instrumen-
tation and Technicques for Exhaust Gas
Emissions Measurement”, SAE Recommend-
ed Practice J254 AUGS84, 1984.



