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Abstract

Diesel engines which emit a lot of PM and NOx have been known as a main air polluter. Especially, diesel
particulate matters (DPM) including black smoke are hazardous air pollutants to human health and environment.
The nations retaining advanced engine technologies have reinforced emission regulations. To meet these

regulations diesel engine manufacturers have developed low—emission diesel engines, aftertreatment equipments,

alternative fuel technologies and so on. In this study, particle number concentrations characteristics according to
particle size and engine driving conditions were analyzed when these low—emission technologies were applied.
There was a tendency of increasing particle number concentrations from heavy-duty diesel engines with increasing
engine rpm and load rate. In the cases of CDPF (Catalytic Diesel Particulate Filter), CNG (Compressed Natural
Gas) engine and ULSD (Ultra Low Sulfur Diesel) more than 99% of particle number concentration were removed.
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26 9AS - FAE- = FAS - 2ol

ol YAFEAE AT e dxlea
o]&2] wi7]3* 2}<¢lell DPF (Diesel Particulate Filter,
ARUALEA AT e FAHURA afier-
treatment device) & AF2lsl= ‘ﬂbﬁ-v]- gt 8 FApe)
q3} 2o duAlad § A7 )eE Adse i,
28} 31 CNG (Compressed Natural Gas, 3+&H A712)
o} 722 AdRE o83k W Fol ot A
AR5 AHEEE ARER AR Az e #
ol 2 Aol uvlz] F v M slem, 3}
di 5= B2 7|eE NEsta ok
AR AN BB YA EAS Aot 3
ste] wialpidle] Bgbdds A nldad
29 A=A F5olr 71213 ) (Degobert, 1995).
FAAFEAL Wl s, deaAy, AAE
+AZA ol vt wiEEA o] 2RI, o] F

HES wel 4= nmolA] 1,000 nm7}A] YA} =Z7)
22 JJepd o} (Mayer, 2002; Kittelson ez al., 1999).
AfAANAM &S dAFEE 7 2
A8k (mass concentration) 7]F© 2 100~300 nm
o] AZ5e] glon], 7|4 (number concentration)
71Eo2E 60~200nmeg Gkt FEEALE 2
o (7191A = 1999).

A4 Aol NEHE WAHEe) A 7
AANFELE JA=I)e FAgle] A PAMFEA
et FHEAFAE AHEEE glot, oju] A= ¥
Aoz WAL MAe] B3] U 1 elf2
Ao 7l HE Y= YA =)ol whalE
glch= 7l o|t}. ul=22] HEI (Health Effects Institute)
ZAte] 28 AFAM = QA v A e o] A1
¥ ol AZgo] & YA 100nm o]5ke] Fu|A
dAletm Fsiglen, ogjdt AR B2 dvA
o oJsjA] ZAFE¢lt} (HEL 2002; Mayer, et al.,
1995). 1818 oA E= 8 HHE F4e= 1
F 5 AR FellMe 3 dAGEAY] WEEs
TA 7| Fe ©Bd] A4S ks AR of
et Aol feiak v dAEe] HEwHel =8
IE 7|FoR 3o S wmr AFoz FAR=
glelx: AE Fof 9t} (OICA, 2003; FOEFL and
FEDRO, 2001).
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AFAEANN HEHE GAIEAS A HE

2 o= #3}2 = (nuclei mode)s L =77} 0.05um
olafeln, Gy gaiPoz AN ek 7|F
EPA2] ZF4AEA W3 A28 Avyd o
23} 7o} (U.S. EPA, 2002). “Particulates are all
exhaust components (with the exception of condensed
water) that are deposited on a defined filter after having
been diluted with air to a temperature below 51.7°C”.
Z, YAFEAL oF 52°C oj3te] =2 IAME )
E2712F AR AF st AL AAH, ol A
da mLoz wWEHE wWEstAvl W7|He B
W7 Fo= Wizl W9 2xg fABH RHFL
ZA ARAAIA 2Fel} AR AH2AE L
uk 7] F &2 HRE FASH BA skt
gholvh AH-UAVFEA-S AA G TAAYe] EAS
2% 2gsin 9lon, A gt Fe] FAHC]
A

@ Solid Fraction (SOL)-elemental carbon

@ Soluble Organic Fraction (SOF)-organic material

® Sulfate Particle (SO,)-hydrated sulfuric acid

a8jea & JAAFE-A (TPM; Total Particulate
Matter)-> ©}-g-3} zte] vjebd 4 gl

TPM =SOL+SOF+S0, (1)
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o 7] A2elA e whet Abskel gAle] &
g 1 BAde] WA Het 4N siAbe wiv1#
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Fig. 1. Typical structure and composition of diesel engine exhaust particles.
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Fig. 2. Typical diesel particle size distribution.
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bl
59 ME5AE BH37) 93] s elof & B2
F7E FolM AR wZel 71} Z s
2= He2e AR AR 0z dBA 9l
o, vhgoz Al@Ate] A FAHAAA], &3
3%, 8 BAA 7] So] 9k (Brodrick et al., 2002;
Clark et al., 2002; Degobert, 1995).
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2 A8 F oo} (Kirby and John, 1996). 27]¢] €
2T Yslo)] o) daalor PAFHH, A
BEL daAl By Fob AlsbEd AbskE A ok
2 4RSS ARYAETH A} 70 Al (long-
chain) A WAAE 3A4317]) 98 @A el=]
£ o]Fth olEdt YAtEe] HEE FHHEE (accu-
mulation mode)& A8 g F ol Fx] £t
z27] gayAES d3rs Z7] Wez &g
7| A 28l 2xr)l 288 o A Abs}
9} SA o] WA, YAEL w3 G5 v Eol
w715 Hde] Aok A2 gy =g]ond vjd
FAe|gR e} 22 wiErta FAeE Wizl
502 RE AFUAEE AAST, AESH = 7}
22} HC, CO, SO, & AtstrFl e ey 7124) AEE
& A3pA7) = AHeEoh @Az B2l 245 fA4)
g IAMEYd YoM Ate] moz AgRn
HC® &3} 3-3o] dopdt 43477182 §7)
S8 Ao e 2AE ARERRE AAHE
et AEEE oozt A2 AEL ¥
oz BEIHAL 7IA-9A B3} (gas-to-particle
conversion) Aol & I HEIdA AL = 3l

Table 1. Schematic of the particle and gas phase processes and factors affecting the particle size distributions.

Step Particle and gas phase processes

Factors affecting particles

—Particle formation by carbon nucleation

—Oxidation

Engi .
fgine -Agglomeration

-Engine design—fuel injection and mixing
~Operating conditions

-Fuel

—State of maintenance

-Oxidation
- Agglomeration
-Thermophoresis

Exhaust system

~Exhaust temperature
—Particle concentration
-Exhaust system design

. —Physical removal of particies
Aftertreatment devices Y P

—-Chemical reactions of gas phase species

—Ceramic particle trap
—-Oxidation catalytic converter

- Adsorption and condensation
—Nucleation
—-Gas~to—particle conversion

Dilution tunnel . R
—Chemical reactions

—Partitioning of HC species between particle

and vapor phase

-Dilution ratio

—Vapor pressures

—Relative humidity/water vapor concentration
—Temperature

-Time

-Photochemical reactions
—Particle surface reactions

Atmosphere transport —Gas—to-particle conversions

and transformation

and vapor phase

—Gas species concentration
~Solar radiation
-Time

—Partitioning of HC species between particle
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AgAl A W EEHE LP9EAE AZAITIE Wi
<= Az 2t Wiy, A=A R 27 uby,
183 FXEARE AMERe W el S 2
FolM 73 iAoz &3E d& £ de Wl
o) FAUVHNE olgehe WHAH, odTlolE B
715 EHRAAG L Feol 9lek

g 9 LPG 2heke] 7 Fjelle 19874
A1 &) (three—way catalyst)7} WA == o] Al
3 2 9EA AMFEAE AF v ot AR 9
59 EAA wlda) 2k UMAFEA o] Heol wl &
7 sl o8 B2 AAT 4 9l 716E]
S AL T ek WA A e SR
Ae)7|ezE 27 474X 2 F39oH(SAFLE, 2000).

@ Asa MEvks AR T UAEA (sootE
Z3H3t particulate)S ZA 3} W, 38 § H =9
AN o= AAR T EFY (trap) 7]&

@ TEAA S0l FA st L= o]} =
AeNA A& e] 753l Eg e A4 |
A ] (CRT, Continuously Regeneration Trap, CDPF;
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® & AT FUSANY 27k
7k224E3 (HC, CO, NO)H YAMEAW ] SOF
(AR 55 SE olg3led A= o
A ArzhEu) (DOC; Diesel Oxidation Catalyst) 7)<

@ dAA7et Fu) FArie F AP
£ 52 59Ho= Aostd PM E F3) wir|7ks
E AEATE Ve 58 5 5

o zE A AgAge 27 AgA dr)ed
E29] xzhgd o] gleh. A AFARel ARSE L 9]
t 98y FHESR A LPGrF d3oln, 2 el
AR CNG ¥ 59 ¢3& 5% CNG7} AMgE
Rk ARERIA W EEHE 298 WEEAS o
Fuz & 9 d859 FHd vl o gEA wiEeF

o] dvht Aol7t A HlmE ARt Sl °]
t odad &A% A7egrld= o et
ohzl W78 NS 57 9% 7= A=
2 9o AeAelA MEHE dAEE daF
Froll ale} & Aol veblid, o2 ¥ d72AE
< d7IAA A A F9 WEAAE AT 5
of o]g=7] el w7|37FEY, nAH o2 v
5 frgstA AMe-Ee.
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2 dFelMEe FHHAA F S A{FAAME
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Aot =3 A QaE oA ARl 7 43FE
ool 7] s 20023 4= 3] 7|7kl FAIH e
2 AME9 s, E 200598 =9" A =
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A MEEAE YR vlmse B
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3.1 Y EHaY

AsAEAel MEHE e MEEde
2A3l7] 98 AXE= 7]128H o= long DMA (Dif-
ferential Mobility Analyzer, TSI 3081)2} CPC (Con-
densation Particle Counter, TSI 3010)2 FA1 % SMPS
(Scanning Mobility Particle Sizer, TSI 3936)Z A}-£-3}
QAx, WA AT 54 Fdse D
ol FFY 4 A& oI MY FFRAA, &
FxZ 1elx SMPSe} A4S HEYARoz FA
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9 9 £x 2478 ALK ANTIY fE
Aejst, A3} P S-S 8] 915 A
237|158 -ZF351el .o, HEPA (High Efficiency Par-
ticulate Air) BE| & AME-Ele] JAALEA S A A
o gy dAedAN WfEHE HEEE 2ARA
wel 80~700°C AtelE FAI3HAl =M, o] w&7kA
o) Q¥E ol4FE A HEPA BHZ 975 54
2719 A ol oF 1m2) HMBelA BT 4
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T/P : Temperature & Pressure gauge
G.A : Gas Analyzer
MFC : Mass Flowmeter and Controller
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Fig. 3. Schematic diagram of experimental apparatus.
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Fig. 4. Engine dynamometer equipped with heavy-duty
diesel engine.
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Table 2. Test engine operating conditions.

Engine operating conditions
(rpm%/load rate%)

60%, 100% rpm/10%, 25%, 50%,
75%, 1009% load rate

60% rpm/100% load rate, 100%rpm/

Test content

Effects of engine
operating conditions

DPF performance 50, 100% load rate

CNG engine 60% rpm/100% load rate, 100% rpm/
performance 50% load rate

ULSD fuel effect 60% rpm/50% load rate, 60% rpm/

100% load rate

Table 3. Test fuel specification.

Item Normal diesel ULSD CNG
Gravity (kg/m®) 830 820 466
Sulfur (wt. ppm) 200 2~10 -
10% Carbon residue (%) 0.01 0.02 -

w718k 11,149 cco} BluglelEsirl 843 20003
A ofizlele}. it CNGIA A sl 23 = ulAd Y=t
2 wMEsds s A8 AR 91 34
Al el AHEEle] AMEH T Sl CNGRlZem
A #R718E 11,051 ce, & 290ps/2,200 rpm, A
BARRAA ] 2000034 QAo APEHER
2 gl gl whet oty craw, dalsdesd
A ysl-g-& Fdeiste] dysidcl el $Hz
g = 20 vpehilgion, ARt o] K
183 ol gslgojch

Addas & 3o vehd ZAA3, DPFe A4 2
kol b st &S vlaslr] A &
% 10wt ppm o}8}l 2A Ao} AFA iy
= #3heF 200 wi. ppm A =8} QUM ALL3}
A3, ONG Al sel] AMSSE 298 ONG d&
& AMg-stgdct

o

=
2l
Ho
o]

1 Mz o 9%

oizle) QAo Balg-g DRlshe] £
e vhe} wiEHe AN RE 3YE, §
A AR Aol A RS wh YA o
AN FeBEE 27 Sof eligith of& 1,200
pmI} 2,000 rpmo2 AR IANSS gAReA P

3, iz Bk 10, 25, 50, 75, 100% 2. 348 Ase
A 2ol BRo] qixlRatge] Zrigtel wlHs}
of AU P E 2715 Jehliglon, gy
¥ 80nm B2 Ho peak F=F viehlgich 1
¥ 62 2 AAYANeS2E vladt A
o, U9 AxEsHEA9 1,200 rpmBoHE 2,000
pmol| Al A pEErt Stk Ake vehigd
o =8 $9§ AR SRSl Al BaEbgo} 9gt
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Fig. 5. Particle size distribution according to engine load
rates at 1,200 and 2,000 rpm.
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53] R3pgH YAS lESAE B9, oF 50
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S o 5 ek F, dAE RS- el M AR
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A7k F7HE & 4 Uk ole A3 A7t
FYE Az AR3} FA2ALSF /AR
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E5=t Y3 HC WiEsex ¥4 Jehr] 4§
ot} &, A3} FAEAYSE 42 E7] Yo} ¥
stuz odele] F whgdlo] S W MUY AEE
o] EgAdse 7)Aoz M A (Saito et al,
2002; Ristovski et al., 1998).
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Fig. 6. Particle number concentration according to eng-
ine operating conditions.

—— <50nm %
—— A/F ratio

< 50 nm %, A/F ratio

1200/ 1200/ 1200/ 1200/ 1200/ 2000/ 2000/ 2000/ 2000/ 2000/
10 5075 100 25 50 75 100

Operatmg conditions (rpm/load late %)

Fig. 7. Emission characteristics of particles below 50 nm
and A/F ratio according to operating conditions.
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DPFel| 53 Ab3tEml &l o8] =27} F3)
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Table 4. Particle mean size and reduction rate by DPF.
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Fig. 8. Particle number concentration according to oper-
ating conditions by DPF.

Fig. 9. Particle size concentration of heavy-duty dieset
engine and CNG engine.
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Table 5. Particle number concentration of heavy-duty
diesel and CNG engine according to operating

conditions.
Operating 60% rpm/ 100% rpm/
conditions  100% load rate 50% load rate
Item Diesel CNG Diesel CNG
Particle sizemean 533 5774 5696  34.56

(nm)

Particle number conc. 5 | 105 42% 102 1.6% 10° 9.0 x 10
[#/em’]
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load rate 2} 100% rpm/50% load rate & FZ ol A 7}
7} 62.33nm, 56.96nm<] ¥FH, CNG Azl e A= 60%
rpm/100% load rate®} 100% rpm/50% load rate 74
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Table 6. Total particle number concentration according
to diesel sulfur content.

Operating Total particle number conc.
condition #Hem®)
Fuel
Sulfur 1,200 rpm/ 1,200 rpm/
(wt. ppm) 50% load 100% load
Normal diesel 200 5.19E+05 3.63E+06
ULSD 2~10 5.85E+02 1.99E+05
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Fig. 10. Particle number concentration and size distri-
bution according to diesel sulfur content.
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