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A Study on Characteristics of Particulate Matter

Emitted from Combustion Process of Marine Fuel 0il

Rho, Beom Seok

Department of Marine System Engineering
Graduate School of Korea Maritime and Ocean University

(Supervisor - Prof. Cho, Kwon Hae)
Abstract

The International Maritime Organization(IMO) is implementing staged
and ongoing regulations on air pollutant emissions(SOy, NOy, CO, etc.)
from ship. Recently, it has been reported that not only is Particulate
Matter (PM) harmful body but also it cause great environmental hazard
such as climate change. Especially among the PM, Black Carbon(BC) is
attracting attention as a major cause of accelerated warming and

melting of Polar Regions.

In this way, it is necessary to preemptively respond to
international regulations that are strengthened against PM emissions
from the combustion process and anticipated New Emission Regulations.
Also, in order to improve the measurement system and to develop
abatement technology, 1t 1s necessary to study the PM emitted from the

combustion process of marine fuel oil.

- viii -
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However, there have been no fundamental studies on the optical,
chemical and physical properties of PM emitted from combustion
processes of various kinds of fuel oil used in marine engines.
Therefore, the purpose of this paper 1is to study the characteristics
of PM emitted from various types of fuel oil used in marine engines as
a basic research for developing the improvement and abatement

technology of this measuring device.

In this study, PM emitted from the combustion process of marine fuel
oil samples was collected. The Light Extinction Constant(K.) was
calculated by an optical method. In addition, since the particulate
matter emitted from the fuel o1l 1s mostly composed of carbon
components, the analysis value is calculated by applying Raman
spectroscopy to confirm the carbon structure. Finally, we investigated
the properties of carbon by using High Resolution Transmission
Electron Microscope(HRTEM) analysis ~method which is suitable for

analysis of aggregation state, shape and nanostructure of carbon.

As a result of the optical analysis, the marine fuel oil samples had
similar Light Extinction ~Constant(K.). From the Raman analysis
results, 1t was confirmed that the PM emitted from the marine fuel oil
is an amorphous carbon structure different from the ULSD for
automobile. Finally, similarity of the Light Extinction Constant (K.)
of marine fuel oil samples was confirmed through HRTEM image analysis
of PM shape and agglomeration structure discharged from marine fuel
o1l sample. In addition, the particle size was decreased as the sulfur
content increased. In the high magnification image, the fringe
structure confirmed the amorphous carbon structure in the case of the
marine fuel oil sample and the graphitized carbon structure in the
case of the ULSD for the automobile, supporting the Raman analysis

result.

_iX_
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This is the first study to fundamentally analyze the
optical/chemical/physical characteristics of PM from various types of
fuel o1l used in marine engines. It was confirmed that the average
Light Extinction Constant(K.) could be used for optical measurement of
PM emitted from ships. Also, it was analyzed that the PM emitted from
marine fuel oil 1s amorphous carbon structure. It 1is the first
experimental analysis data on the PM emitted from the ship fuel
combustion process and can be used for the development of relevant

research and measurement device improvement and reduction device.

KEY WORDS: Particulate Matter(PM), Marine Fuel Oil, Ultra Low Sulfur
Diesel 0il(ULSD) for Automobile, Dimensionless Light
Extinction Constant(K.), Raman Analysis, High Resolution

Transmission Electron Microscope(HRTEM) analysis
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Variable

Nomenclature

Description Units

Light extinction content
Light scattering content

Light absorption content

Distance between the center of an individual
primary particle and the centroid of the

associated aggregate
The number of primary particles comprising the

agglomerate

Radius of gyration
Prefactor Term

Fractal dimension

Primary particle diameter um, nm

Laser intensity reaching the detector

Laser intensity prior to the interaction with the
PM containing medium

Intensity of Dpeak

Intensity of Gpeax

PM volume fraction using the light extinction
technique

Gravimetrically-determined PM volume fraction
Wavelength of the light source

Path length of laser-intensity

Mass of PM mg
Flow rate g/h
- xiii -
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Variable

m=n—1ik

Ln(7/1,)

P

Description Units
Sampling time S
Density of PM g/cn

Measurement uncertainty
Measurement factor
Refractive index
Natural logarithm for light transmittance
Fractal prefactor

Optical diameter of PM um, nm

- Xiv -
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RPM 59 =7 55 WHASIHA w&5 = PMe 7% EA &3t A7)
P HLlee et al., 2016)

Auk diRoju} gk A oA wWlZ= = PMel ok @A A1 A= XY
FHARAT, AutA R {7 ALHAHoA wlEst= PMo gk &HA 71z o
T= A9 ¢S AT wEtA A AP Ao e =1 AH A9
Ag 37 oA, daVIE T3 dlEFH = PMY AR 7z EAS B4
o] S 7HETH

Fig. L1oA R® PME 2z A} Q1917 wAydoz vz Q93

TGO 12 TAL ) 23 DAY o® yd

FM by secondary 5ourc%
-~

M-

\\ 2

I Composition of PM(3%:) ‘

| PM by primary source

s 0 0
Pl L
.‘.

S

T\
N

s

combustion

A

produce

(PM2.5) ’

~

F.ﬂry

lllegal incinera- Construction site
rest

Sulfuric acid,
Nitrate etc

Automabile
exhaust gas

Road, Empty house

Carbon and soot [ 16.8
Mineral - 6.3
e I 18.6

583

Fig. 1.1 Primary and

Fig. 1.29} #o]
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/" Chemical Physical

Yt 1
element E;) Light \"1.- L{gﬂ"ie;’?::ﬁ.-on F/Ughg\é eleme'}t
analysis lprmiing I|j ! c.;m;ﬂ“ imﬂ a:;l;:;
- Raman | oot Lo, = ) -
analysis \/Scutlulnuﬂbedu\/ - SEM
- EC/OC  Grohiews Amohoss  Agetesio Pt Dinensot - PSD
analysis | /
- XRD Llight extinction measurementl .
of PM by primary source

Fig. 1.2 Analysis method for primary PM characterization

auso®, gstrad dge dadnAolA Tsts PMe| 33 542 o
g A& B4 wet AYHE 35k JEF YA H YA ol F ¢,
T5, 2%, getxA 59 A4 B A = w2t AR A T A
227 ol ola] AAEY] Wl 33 D BelH 4P Bao] Basin

AN E 4ol the Adddnd AF 359 dax daHH L T 2
A5 PMe] 3%

A5 A L7 PMO| 318h4 g tiek 45 AAsHAT. A
[e)

Ee B8t P sobe 93 WMEHE PMS AWT F ow 2R of

A6gANE AATFoAA wWEEHE= PMe &8 245 437 93l
35 % A-¥ v 74 (High-resolution Transmission Electron Microscope:HRTEM)
A3 BAS AN AndR g 2ud 548 F712 sofsr] ¢9)
}5 218 ULSDol| thajA]= HRTEM =A 3 248 AA &9

Rl

N\

N
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A 2R dAGEde] I8 EZ3 MO t71ed A E%

21 A=Y B 7 54
IMOSI A= PM& Aawx ghe dm m:
24 FAST Aok AT YnHow Anfel AaAHdA MEHE PULS

z7]de & AART FAEEIL, w7 BN A mdesea 3 Ak

5 S Zgsle fgolgl eyt dok wiEE = PME 1 3717 001 ym ~ 0.3
w7k 7P WolAl ulg A1 sbMen, /e ®A @ gr] Fol 2ilEe
gEoliiEA tr)E 2gAT £, 284 Fee] B AAd 71F §

H

N wEras F49 Fol FHH o BFME FUHW
Azteol of# 7h4 AP FEw

IMOE ¥t B Aol AEHL St AFL BRI AaTg Fo

WAATL Qe w717kze] PMol FESa glom, o] PMo] A% D 7] %o

NAE Gl tal A&How =ejaiy Uk Af A BH Fol

AHrolle &, S50 slbg, A 3), IEEdAL8 77 =) %
H

i
>

F BFE g3ras 5 ekl dthlack & Corbett, 2012). ©l21d Be=
(Fa& A9 52 BEgdsiy Add dxE LoA XJZHX*QE PMQl +E
(soot) BHE& dorl= Ao AA ATHABS, 2001). 'FE=I= o= It
Ao g gstrs 7Nk dgrt B A4S T AA4E S 1A FH
B AE vygx A& TcBond, T. et al, 2004). Autol = AMEE I

T A8 F2 Wi b0E 34 dEFEYG A8 AHE 39T o B

S
FEZE By A FItHLack & Corbett, 2012).

oj¥el HxH P Aol oJstH Hl=3 A oA mro]ZE R E(xm)
2719 JARG Y wEmm) 2719 dATE HiiFor Z4do] A3 A=
A AL ATHPo “schl U, 2003; Kittelson, 1998). tjA Az oA A== PM
W2 0.1um ~ 1um 2L wgaolAwt, A= F Hdl v YA+ Fig.
2.1014 Yot e A7 10mm ~ 100 nme] Y= wE HE Qbel] Utk Y% A
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oA =77 F JAVF FAe] gluets, 2R 77 F2 JAE 54
712 4 dorg ZuA =79 dA tid 8 7F A7) = Ak Braun et al.,
2005).

025
Nuclei Mode - Usually
forms from volatile < ‘

a precursors as exhaust ) ] :

S o ldiutes and cools Nanoparticles Fme‘Parrtlcles 4_‘

s - \ Dp < 50 nm Dp <23 um

a -

1 gltre?ﬁrgOPamcles PM10

g p=100nm Dp < 10 um

= 015 < 4‘

s

k=1 Accumulation Mode - Usually

‘E consists of carbonaceous

§ 01 + agglomerates and adsorbed

i _materlal

g P Coarse Mode - Usually

S A N consists of reentrained

E 0.05 1 r N ', accumulation mode

= / ,.' '\‘ particles, crankcase fumes
< ’-—'L\ S e -

0 ae=" I e e ——

Diameter (nm)

— Number = Surface = = = Mass

Fig. 2.1 Distribution of diesel PM

gslrd A8 E ALA7|IH £33 PMoletar Ellﬁ: e E4o] AdET.
PME& FA '%‘(amorphous) 4 =5 (graph1t1c) T=E 24

’,.a
®,
=t
D
=
R
O
=3
@
)_l
(o)
(@))
N
)
=
o

ok
ox
X
oxl
i)
o
Ac)
X

Fig. 2.2 E3Ad23 1) 7 (Transmission Electron Micrograph: TEM)S 3f
34,0008 2 st Aoz S YA dzloA wlEEHE PMe SHA
(agglomerate) el S HolFtr} Fig 2.2 $HAE FAs= Fod 4F 13
A2 FHE W] HAFH. FAPHARA R 7 (Scanning Electron Micrograph:
SEM) =& TEMS 53 PM2| 1z Aol thgh A& gutd oz Hghel o
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g F& HAE e g 2o 27 BE2 FAIE S Zhu, 2002).

AT,
Agglomerate

s

1 Aol 24 Baghe dEW H9Chu et al, 20000 2 S 3
5

-

= T
< A8d Ao](H/C ratio), PM M=% 912 Zto], PMo)l &J3k A3t &=
#Ago] zolE HEHE MUY Fo], dER/EAHFTF/GF St A4 =
A 59 Ho] 5oz A MZ gr=tRDalzell & Sarofim, 1969; Dobbins &
Megaridis, 1987, Charalampopoulos & Chang, 1991; Koylu & Faeth, 1992; Zhu
et al., 2000; Koylu et al., 1995; Jensen et al., 2007). Table 2.1 1z Y%}
SAGI o) AA A8d FA =& UER I th
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Table 2.1 Summary of primary particle (@) of PM

Research case d, (hm) Flame phase Fuel type
Dalzell and Sarofim, Laminar diffusion
5 -80 Propane(CsHs)
1969 flames
Dobbins and Coannular
o 10 - 40 ) ) Ethylene(CyH,)
Megaridis, 1987 diffusion flame
Charalampopoulos .
8 - 29 Premixed flames Propane(CsHs)
and Chang, 1991
47 Acetylene(C,H,)
50 Benzene(CgHg)
Koylu and Faeth,
Turbulent
1992; 32 ) ) Ethylene(C,Hy)
diffusion flames
Koylu et al., 1995
30 Propane(CsHg)
41 Propylene(C3Hg)
Zhu et al., 2000: 37 Laminar diffusion Ethylene(C;Ha)
Zhu et al., 2002 51 flames Acetylene(C,H,)
Jensen et al., 2007 57 - 74 Pool fires JP-8
41 Kerosine
. Coannular
William et al., 2007 36 A . Ethene(CyH,)
diffusion flames
20 Methane(CHy)

Fig. 2.3 & 240 FA19 vt} Zo] PM A& A= ZAqd Y& FA 3t
=5 wjdd /i PM9 1A dAtE A I Koylu & Faeth, 1992; Koylu et
al, 1995). g o2 REH FE PM A ANE &9 12 YA A FE 1,000

Mol 174 YRR Zgeol 74

<
T

TEM =& SEM 94 A2 B4 #4e Fo S490.
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Fig. 2.3 Schematic of radius of gyration measurement of PM agglomerate

Fig. 2.4 Image of radius of gyration

measurement of PM agglomerate
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PM 34 Z71= dubzo= A3 MARy BoE o838ty ATt
SHAL A3 wEL 4 2.1DF 2ol Ao

2.1

ol g HEE A F s}
Z 5 ZFF(nitial H/C ratio),
MEH Y A Aol FH AH-o MED Fo] Aold o FAHEH=
g, ol AlF AIZFY WHstE Uehd), A4 219 Zo] S wE ZA H=
HKoylu & Faeth, 1992; Koylu et al., 1995; Charalampopoulos & Chang, 1991).

12k J2ke] =719 A Z7] 8o =Zdd 7|2 AHolH= PM A=
A zag NAE 4T ZHY 75kt 4 ot A A4, 1%
A& M4, 3 Hb(gyration radius), e F7](fractal dimension) 52 2
22 FAE 15 4R s 4 .29 ZtHKoylu et al., 1995):

R, B
N, = K8 (2.2)
”

o] 7] A, o] HE g (Prefactor TermVelx, D2 Y H7], Ri= 3
A e JEt. 283 g 14 94 A7,
PM A o] Fx2& /ME QA7 71E9) JAFA S} FESFA F e F 9

3k HF9] Particle-Cluster S84 =2 /2 4 A

wo
[

Cluster-Cluster & A wWAYUZNA, LS ME YAEo] BAHA &x

1) AJARHEIRF): °F 712 ol WA SA}ol| st AA
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Particle-Cluster<} Cluster-Cluster WA UY &

+ ZIe xdH o] YAstE Wy wet AR En. B
g atdgto]l =545 Y Aol W e = £5 X
3 B Jtgoz o]RoA(Wispy) A = Fxobe= dixFoz AY 7x
7} A HEH

w3, Particle-Cluster 832 7WE JAQA S8 2ES} Hluste ¢ 22 ©
Z 715 zte dAb7F Y 2EQ v A ] @EtEA gal S

4
ES FA ZO2 o]%d & JOBE Ny AT FRE YA

HE
W

02 7z EAS §58 2 9= PMo AA HFAL zAE7] Ho| PMe)
b AR B4 0] AddEojof ot sHAIRE 74 JJr;Hoﬂ 2%
HAUSET PM &4 7122 882 ol =

A, AR D Akl ek AR Ak #E sk %}% o)
Aol géFet dAl= AzHol oEH

=
|
= - gFestH 4E, 25, 98 T 9471
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oz AT & 2 O
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6 — HAFTZHOZ A& FH 4 A4S A8 1A 4A 3
(Bockhorn, 1994).
50 nm

&
pos ‘ Coagulation
@

Surface growth
coagulation

Feaction time

M
Oy Molecular zone —

Fuel and oxidizer (premixed)

Fig. 2.5 Schematic reaction path for soot formation in premixed flame
(Stiesch, 2003; Bockhorn, 1994)
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(Frenklach & Wang, 1991).

n-C4H; + C,H, — phenyl 2.3)

n-CsHs + C;H; — benzene + H 2.4
4] (2.3 1 Hbgo] AEE Yrhiv, WA Q4 AL weo] o
de HoFEd. WA H-F= ol dd dnzZe Hed ¢ J3 == 1

HACAZ <&# 3R H-FZ(abstraction)-CoHo- 3 7Haddition) et £33 ¥4& 53l
WS SE] 47(E PAHsE A58 F Aol 4o & dokFrenklach,
2002). HACA 7§3-& Frenklach and Wang(1991)¢] & o2 =%t}

PM #Ao] AlZEE & 249 A& vus) & o, ojd Ao AT
A Z7h= PM 7MA o] 3o Fm2+ FW A% #48& B3l dojxtkPrado
et al, 1981). HACA Whe &4 Z s wg 44 =
ok PM E99| e, WA LA HACA WAY
k-3 «]?ﬂ Ao —eréﬂt‘r(Frenklach 2002). C-H

A+ H — A. + H (2.5)
Ao + CHy, — ACH» (2.6)
ACH, + CHy, — A + H 2.7

1714 Aix= i peri-condensed ringe] & WEFE EAbola A-v St Zolth
SAFQ BA A4S 91 HACA WlAYUSFS 3714 8 S@AZ H A& F
FetA 7= A @259 g HZd Aol Eo 1A dEie] CHyrt H7bE 24 (2.6)9]

_‘]4_
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{

S

AALE(PAH 24 44 % xelsh e, olzlol BHsi
A

e SN /LY T2 okdn. 1A BFEFE dg= HA
[e)

o
ot

N

ki

)

g lo

O
=
rE
oo
ftlo

Agown A4E & Joh o e FAHA F Ao HFE welr} Ads
=, % ¥4 (polymerization process)S 3l Biphenyls &A% W3
go & A2 4 @DFA 2ol CH, H7HE S8l ASKH, 234 o= ¢
& PAHZ} A E T

PAHO] ExtgFo] UA WHelol =23etH A G 3FolA 14 dA=
o] Hol7} AlZtE= YA 7l Al(particle inception)7} A SITE o] Holeo] A
= Aol 300~700 amu(atomic mass uni)E w FAs= AoE dHA 9l
ot o] EAEFS zte PAHE =88 o= BE9 22 A4 JuH= 8]
A &g cHFrenklach & Wang, 1991; Frenklach, 2002). 18x] & 7%, PAH
dFAE FES S A2 SaH7] AFsiH o3 PAH o|FAE FA
A= A B2 PAH 2749 %E55te] PAH 2432 34
BH o7 o= PAH Z¥~HE Fig 250 SAE el o] Exiako] Z7}3
of met uA YAE T

Graphitic Nanestructure SP? hybridization
Carbonization{Inceptionj| HACA Particle Agglomeration Graphite

aliphatic { CHyCH, ) {High Temperature) | {High Temperature)

hydrocarbon radicals  HACA T

{n-C.Hs, n-CHs...} Full:arene_.
Sootor
Catbonaceous PM

Fuel Pyralysis Carbon black

Polymerization PAH condensation | PAH Coagulation .
(Low Temperature)| (Low Temperature) Diamond

Resilence Time _Amorphous Nanostructure

P* hybridization

Fig. 2.6 Conceptual diagrams for soot formation mechanism and molecular

structures of carbonaceous materials(Choi, et al., 2016)
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old gt GAANA 1 Zhs &3 HEgo] Aujd Y o PAHs= CoHpof 2
6 2o Fo=g H|=EtHFrenklach, 2002; Bockhorn & Schafer, 1994). =3},

A A ok HACA HH3-S 7hs o}ﬂl atm, o]Z 2 Aw ®9W R g4 A

ZY3ch olAL ¢ Be 592 Ur Fxo o= olojA SP
2 A3H(YP4 2a[Elemental Carbon: ECISF FAH &2 F2)& 7HAE 219
¥ FHo W va T2E AT EHZX“’?._ PAH 43¢ 9% kg 7

A ”EH«I ﬂﬂ #eo] FER U3l o & PAH % PAH $FF5 %*éé}t—ﬂl
AfH oz {7] ©4(Organic Carbon: 009} FAS Fej=4 o ©-e SPP 4
gde 7 FA4F &4 727t wEolti(Vander Wal & Tomasek, 2004).

PM 7AA 2 9 A AL PMO U 725 si4ste © 3o e F
L3ty 1 o= FW AARY 74 dAdA AR Al FF S UEY
7] ot dE S0 wekol AN Tt A sl W AR
ZF dA el A A Al 79, PAH A4S 918 RES SHoA B sshE A
Ghell gk Edo] A7 wZ }E”‘ 3} 7 (Frenklach, 2002; Vander Wal &
Tomasek, 2004) PMe] Wi =ojo FAYG v Fx=(Ux HJA7x)E At
© OE 7IA 3 TE=2 dste]l & Alel=9] PAHE AAE Aok tix
2 149 §k3e PAHZE 9 474 Z @Al A CHeb 22 o A2
o7 FH= ditAd B=E vekdtk(Frenklach, 2002; Vander Wal &
= SEE EAS dUA Ao AAR < H
5 HACA WH-&-& 7lestAl PHHACA vh
FololA &4 A7 S7FE 7FA0). olA PMe] i sojd

N
rH

|o

A
e
o
Ll
&ﬁi
ox
E
>
N
)
)

e =
SE, F9, 49, 232 9 £7 go] Bad BAL Ba 2AAA ©ad

3 d ot ARt A= a7t 2FE0 wEolRl Mze 9
Bio] eulg. X} euEtoz: sitEo] A d¥shy] o Aldd 7igoltt
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-l (
r)-
o
rd
i
o
£
Ho
>
<
-
BN
)
J[m
o
tlo

Zh= A0 ® delA QT

PM REEA S &4 T2 B 2443 AFH A #de] Atk &4 AH, 4A
7] 9@ AR S(crystallinity)¥de} 22 A& PMY A FaFS mxioh
PM U 729 JHL& A5 A&, AF A 259 22 x4 283
ol gt 3152 EA Y olsi= PMY =84 543 38 wheA e Aostr] ¢
3k 71z @A o]ti(Vander & Tomasek, 2004; Grieco et al., 2000).

Ao ME g8 T/ AEFE 129 IEE AL AaA7=
ATE 2 EIEEE FEE AolH e VA= U 727 A ¥ i Wornat et al.,
1995). AEFE PMO Uk Fx9 zojle F2E d85 24 d4 A4 2 A
& 250 93] Zekzlti(Vander & Tomasek, 2004).

U gEloA PM 729 AR AgS gulz oz
3l 59E 717 HRTEMS AFE3te] dojzl o]n]X]
3 AlE AES EI YA Alg, &9

3k AE
2 24 tg ARE S F Ak

gad =2 WolA Az ga A= e o ' ?JX}QP T3]
Hof 9la, Fig. 2.73 o] shube] I35 ZF(graphene layer)S A3 sh=
A5 @ (basal plane: a-b W3 WellA &7+ o2 m)dE o] Au}‘ 7+ 1)
¥ Fo Zr+= g4 gzt 27]9k 593ty E,_X](fringes)a‘ri_‘a 3o} ARk
o=z “qgF FZ(turbostratic structure)” = &zl =

C < wet A= ol g44o] A5d 2938 = :L%% UERATE 5
2 C & ok 0.35me] ~el% Zol(stacking length: 3t H2)E 2zt WA
IHA Fog AL

B

un r2 He o
ng 1%

@]

o)
oy
|o
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Carbon atom Graphene layer

Reference directions

b

a

a=b plane: basal-plane

Fringe length
(Carbon lamella length)

Fig. 2.7 Schematic of graphitic carbon nanostructure

sldo® AAHEE PMO A, ©4 ¥eHlamella)d] SAo] YA
(nanoscale)ell Al #& =& EAOE Q&) PM v Fxga B8t PMO &3
2 Aol gk el ae st 12 dA AR Y Hig S8 23deked, 11
A (A AALS g a9 U vy 2719 JAEAE FAEE 5 o ~ 50
mm 2719 12 YA=Z P A HHBarone et al.,, 2003; Wenzel et al.,, 2003). YAt
A7]= vl (microscopy) E+ 4tek(scattering) 7| o2 A== PM9 T8

3 722 HeuE 9 shfol,

PME & 722 Ho| e v 2 Jde 47 2o gdart AHe
ste A 2 vehdth o] guel e FxE, 729 WAE 3
Fejol 7 HHow wdd HY I ANER wreojxit 42 AFAS
2(Ishiguro et al., 1997; Stasio, 2001) °] &HA F+=& ZA7°] 3 mm ~ 4mm<l
A JAZE o] FojZ YR Zo9} i A ES F714 wjde 71X A 2HA

2
pog R

-

o7 FAHE IR A EE 29 JYgolE Fxe=

_‘]8_
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S I E IR

2ok E333sHRaman Spectroscopy), 3% 7]< 1831 HRTEM &< PM9| 4
= 72 9 JHE EAst=d A8 = H4 71<(Shaddix et al., 2005; Braun

et al, 200024 PM< &4st=t] F&3HA o] &5 Ut

_‘]9_
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2.2 MO8} A 719 7| dEd 4 ¥%

A, A MA EAL ¢ 90%7F 50,000 He ZatE Aubs 53 55
UATIMO, 2017). whebA &g =A 7o Ao A Adutoll A wjEH = w717
= FASAZITFAMO) o]3] #1744 ¥ MARPOL(HHIe. = HE <2<

=AEeF) 73/78 F&5A VIS AddtezRE Y tirled WAl B3 2ol w
2 A= THIMO, 1998).

Mutl A e2% B0 velHoR WEHE AL FAHY, L2 53
BAS TPW AEe Aue] ANE FAARALFH). AN NO,o| wlZ
o] ARNE G Aol AN o] FAHIRAIFE ()a), A
o AEE ABFe FFAFL ENE AL

~

SR 77181=(VOCs) vl= A1) B sl 4zl o3 tirled

n}
SITHAN 14712, fra=Ad ol A <]
%
w2517 93l A 27T 27 EE Ho] QKAL) Eak, Aukd

_20_
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B F2 Wd A8 TEDE st AUt

19973 FEA7F AR E GAlo] At viEE = COe= 1 o] Hlwz 3
o= o2 Al iAol ALlE Ao, 1998 FE S
(MEPO)@[ 4] Auke] CO; HlE BA wAlE E440=2 tF~r
o 2004doll= Addr 247F2~ wlE FAldl @3 F314 ¢ A[Resolution
A963@23)]E AEste] Adute] ZA|eFe ME 247 HWiEFAE A8 T+
e Ao HZole A A dAiol o EAEH= PMy EH7HE
(Black Carbon, BO)oll tigt =9% &&3slA o] Fojfe wet wjE AAE ¢

g FFS == oKChoi JH, et al., 2016).

NO, =9 7%, MARPOL 73/78 F<&A1 Vel sf+ef(Regulation 13)(MEPC
58/23/add.1 ANNEX 13)o] w2, 2000d 1€ 1¢¥ o] HA=xstAY Fa3 7]
Z7F dAg ke gAQlzl Ego] 130kW o] Ao AHL=y, vdE
OAaN A FAe AAd AQX, A= Yol ARE &&ah= dAb Adutol =
AgHA ek A2 dxd Aol fAddds F8 Jfxrt o] Fox fA
Z1#E A" AA 718 Y AR A zFAolA NOy 71 ZEod wzt A
AFE AARE & AdeA AlzEHATE  CdxIe =AAd o
(Engine International Air Pollution Prevention Certificate, EIAPP Certificate)’
5 aibol Aubol] H#sfol ot I1Eld R2ALE BEE A=EE ASet
A Aurs Azxgoks A o 7] @ 9HER S A (International Air Pollution
Prevention Certificate, IAPP Certificate)’ & ®rgwrolok slx, FE7]7H5)
Bt M Yol Basfof gt

IMO= Aubdz A71 & el Ao what NOy FAIW-E< Tier I, 1, ME
3t 3tk IMO+= MEPC 58=F 3]2](2008'd 10€)olA & HE&3stx A=
NOy W&+ Al =52l Tier | F=Rth 15% ~ 20% =< Tierll 7)<, Tier | X2t}
oF 80% 7rAaAlZl Tierll 7|+< vwldAch & 20113HE Axye Ade nE
AN Tierll F2L W= I, 20161 1Y€ 1Y o) Fo) &=
(Keel-Laying)=l o] 2&3tAl =& AutREHE ditsigdd A= Terll 5, #&
(&

FA HECAHANA = Tierll FF< THeloF It} wjE A= Table 2.2

==

A XA

b
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AE A o] Ao A4 I LHx=n: rpm)ell weh A HTH

Table 2.2 MARPOL Annex VI NOy emission limits

Total weighted cycle emission limit (g/kW<h)
Tier Ship construction n = engine’s rated speed (rpm)
date on or after
n < 130 n = 130 - 1999 n=>2000
I 2000. 01. 01. 17.0 45-n02 9.7
1l 2011. 01. 01. 14.4 44-n0%) 7.7
1 2016. 01. 01. 3.4 9-n0? 2.0

. =2 A%, MO MARPOL 73/78 R4 19 FeKRegulation (MEPC
58/23/add.1 ANNEX 13)o] w2, 201137FA = duta| oA gst= Auke]
A FIHFe 45% m/mPercent by mass) olstedof 3, 2012 R E=
3.5% m/m °]stZ st 2020 @ F-El= 0.5% m/m o3} of it}

=3, IMOE 2 &9,

ECA or SECA)A 2383}
o 35
El;
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Table 2.3 MARPOL Annex VI fuel sulfur limits

Region Sulfur limit of fuel oil
~ 2012.01.01 2012.01.01 ~ 2020.01.01 2020.01.01 ~
Global
4.5% m/m 3.5% m/m 0.5% m/m
~ 2010.07.01 2010.07.01 ~ 2015.01.01 2015.01.01 ~
(S)ECA
1.5% m/m 1.0% m/m 0.1% m/m

“12]3 Fig. 2. MARPOL ANNEX VI 778l whe} NOx 8! SO A7+ o8 Al
71¢h A= ARAE vERA Zlo|th

Fuel Sulphur Content (SO,)
[E%t%valent] %4

4 k ! R\ ¥ 1
35 | i ' -
3 - ! !
25 —— All vessels(old & new)

2 |- 1 e | a8 B B rel &
15 - 1 —1 = s # . 1
1 b |I_ _mECAs _ _  ggey N | !

05 |

0 | | ) — e - e g - - - = - o= o

NOy [o/kWh] -Two stroke
[ 17.0

Tier | ey 14.4
Tier Il -

Tier 11| | | ] i ]
2008 2010 2012 2014 2016 2018 2020 2022

|
Only newbuildings I_ 3.4 |inEcas

Fig. 2.9 MARPOL ANNEX VI regulation timeline and limitations
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j_

LI (MEPC 62)3]2]” oA At 247}2(Green House Gases: GHG) Hli
QS AP olo] mel 2013dHH M2 AXE= 400 GT o]/de] A

o thafj A ‘oA & AARATEEDD & A&3stA H3Aoh EEDI= 1%94

stEo thal 1 drtd &5 A HiEE = olitstd A for Yehd=T,

7 2 7t 5 dyA &S] FHekg 2UiFAAE ol A& wek 247

S
H&HE 29 F AL Ao 7|g=EH3 9t

ro

£33 IMOE EE &3 Adtd e duAgEsEs SHAZI= foldA
f-& FE| A (Ship Energy Efficiency Management Plan: SEEMP)’ & A& &}ar

Auke A A RE AL sty Wi Axo] o3 o

1 1 d\é! =
3 ek (CO), 3FAHEE(SO) E AAAEENNOY 59 HiEY 982 A Hot
(Corbett & Fischbeck, 1997). ~ddF F7]#e AMEF = A& fAdz &4 Al

AE[F7F A3 8o 2 A4y W2 BAME o 120A A9k 4kt v
(MAN B&W, 2004; Harshit A. et al., 2008). #}~7]7}2= W<l PM
AFo] AAdH O]'—Zr 2o dAke] X, FEXHOE dAadH &

fo ol rir
ﬂl‘.‘){_ﬂ

e &k
ol
ox
i

e o
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250, + Oy — 2503 (2.8)

SO3 + H,O — HxS04 2.9

A& FAA BHdE NOw= WA wh-gsie] F3st 218 FAYAND
AUTHYing et al, 2007). 4} (2.10)3% zEo] NO.7t 83} wkgstH 4k4 42HO)
7t #3tet vhES Fal NOoA Eeldth

NO, (33}st ¥-§) — NO + O (2.10)

1>
<
)_a
=
2
o
L)

2 dAHO)= 371 T2 Ada E2HO0)eE 2ot

SItHRubio et al., 2004). 2] (2.12)914 <} ZZo] NO,, O, % VOCs T2 il
Hk-S-3la] AAL spalslolA ©(peroxyacetyl nitrate: PAN)S A A3ttt 3}8h2] o
CH3CO-OONOyo ¥, Z22Adg 2y 228ty 57| = gkt

NO; + O, + VOCs(33&}38} Ht-g) — CH3;CO-OONO, (2.12)
F3}s 22190 PANCHiCO-OONODE =& A2ale] Ade @At 9
oJEY 4 9tk EF, PANe| o& tjiEe] A HFAEL AAe] W2 A
e 2.

o5 E9o], o CO7l &A3td snaFZEHlo] HoA AEXE JFLE &
st XAl Ho] drVls, FF L A HANE oA Aol oA H
(Mochizuki & Forster, 1962). =3l 1% %9 SO0l i%ﬂﬂﬂ Tg ETo] /i
2 g Jow, 53 # AR oiygt HU|F A9 AE =7 4 F
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o

237} Qe COsh SOl wls) NO©| AsE Adow AZ4d A8e
AL oI HBE 22 GAo) dFoM trl e Fel Ak

rlr rr

N

ole} A H o]yt HA v HIAIWA, S AduteA e PM2 &% FE
oA HiEHE FHd B IFE v ﬂﬁ}(Eyring V. et al., 2010; Corbett J.J.
et al., 1997, Eyring V. et al,, 2005). wetA &3 <20 Ao A wj&=+= PM
o el dE AEsta, 1o ad viE7A =97t IMOS MEPCE F4o®
78 Folm MARPOL Annex VI/Reg.14-SOy and Particulate Matter= 2] % L
ATH

E3], 82 A9 g #A(McConnell et al., 2007)°] EolxH A BCell 2
3 7130 G| oz 2, EZoA BCo wlE =7} sbsAd sk ¢8r)
Eolx]al QItHGranier et al., 2006; Stroeve et al., 2007). ZHEZ dulof A
Hl &5+ BCE olslisid = =go] Hastth IMOoA = oldet =8 3o
2 A AT F= AY &3 Ao BT 5+ = BCY wWiE JhesA
o] wE A 2o sl =& AT FUE H2 E d sk A
7)o ofsll A EE BCo AHoe 54 H A4} A vA= F T
S AR E =Y0] IMOE FAISE o]Fofx 3 JTHIMO, 2011b).

T8 =9 A3=Z, MEPC 533+l A = PMe] &4 HE, Avt& Aoz
FE PM & 7129 dFFHE), Ao 2Ry PM WS A4S 9% A
g 5= HESIAT

MEPC 54xtoll & U3 29wl AEd S44Y 33 #d 2235 2
dogol il HEsFaL, BLG 102}l A 2

rlr
T

MEPC 55zt = 514 sgAIdel &89t #dste, MARPOL #£4 VI
of ATtz Adstas A, BLG 1Al A= s+
9] SOy ¥ PM #d =Agoez {4 Be|l PM A4S X33/ |= AT
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(IMO, 2005; IMO, 2006a; IMO, 2006b).

w3, 2o BCo| ¥k =97k BLG 16/15/1, MEPC 62/4/3, MEPC 62/4/16,
MEPC 62/4/18, MEPC 62/24, MEPC 62/4/24 5ol thEojgon] 53, w29
ol BLG 16/15/19] “=AFs) Mutozxele] BC wjE-IMO He' EAME
AZsGa, BCl td gel, FAWW L Aol ol By 2AARE
MEPC 657 R i4o] Z3ATHL AHd ¥k YTHIMO, 2013).

MEPC 623} 3l ofo A= =A|&s Autel BC wiEo] Aol vA= Gl
el =27l = A4S ATHMEPC 62th, 2011).

FedIA s HAE9 Y3 (Sub-Committee on Pollution Prevention and
Response: PPR) 1z} 3] oo A& = A&l FAstE Adubol A wj&=+= BCrt
B2 vA= G tsll =ostdtt. olE Sl AR Adutol A i
=5+ BCY Ao AH@D) , ALY ==©Q) , FLAA AoATH ==(O)
olFA PR AHoE AHeA X VAR @, O I IHH =9
7F ATk oivt, Aol =3 Fste] AAH 471A] A2 F eBC (Equivalent
Black Carbon) @ LAC(Light-Absorbing Carbon) ¥ 7} oA Adle= AoR
&olste] o]& MEPCol Ristal F7F AXS e ZAo=w FHAG. A
AHEHQl BC A olE MEPC 673+ 9 PPR 2ol A Al =2lsts Aoz AFHAT
(MEPC PPR 1st. 2014).

MEPC 67} 3|ojo A& wA| o245 #lZ5H BC/F =3l wx+=
ol tiat =97k AT dF FATES EHWFE Aol tis FAaF o
ZARke]l PPR 1At A= A& AA ST PPR 13k Al BC Ao 2 &
ARjel ik A ATAGS AA A @skeS 18 3te], 2H7] PPR 23t
Me ©de] BC A9t 371482 HEZE thi 53t AuAgrS s
A& A A8FATHMEPC 67th, 2014).

PPR 23} #¢lol Al BCO| Ao/t FAW /1% Wshe] AFYF=S =55
Qoit, Aute AN WEHE A2 HolHE FaA Belol tE Frb
A AEE QAR HUT A4 B AW HAEES Fsbo] ThFe BC 24
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PHe AT BAY A4S /1 AEAVR Sa 94 AP B A

MEPC 682} 5! PPR 3ztoll A A=<]st7]1 = st HMEPC PPR 2nd. 2015).

MEPC 68z 3]2]ol A= 7]& A< ‘Bounding the role of black carbon in
the climate system(125 Bond et al, 2013)° oA A A% BCe| A7} =& s
of FAbst= Addtol] 7H A sttt A4Skt o] we BCx ©4 i
A FE FARE AES 7HA e =24 EA de s, =34 &rjel
52 e g B83de EES BolH, # FFAE 713l g '@a
o AGAZ Aot AHMEPC 68th, 2015).

PPR 3z 2lejofA= BC 578 2 Alo] ol tigh ¢S w57] faiA=
BC wWi& A5 Fo] Hesdithes HAdste] ‘S48 o A (Measurement
Hotdoh 1ol ApEAR] wHolH £ B Aol tiafA o]
= Weks =93t A HMEPC PPR 3th. 2016).

Protocol)’ &

BEREREK]

&

ol

PPR 42} 3loJex= 4 ATl tizdt A5 ES gelste] BC AEE AT
2 AY A B T& ALKAA =oa it e 7 WES IUE A
23712 93 FY A (Working Plan)S wl#E sttt PPR 5xtollA A5 4
e A AT 4 A7 By oFZA 8 TP ARt SR A
sl HE <<Usta, PPR 63kl A= BCol tidk A3d =4 Ao 7| HAE

3 5 Az oL 3}71E 39 THMEPC PPR 4th. 2017).

PPR 53 3]9jol A= BC dlole] £ SsiA, A0 23 AT td BC
By gAAE ¢4ssdtt. 5 39 7|3k &<k AbE FSN(Filter Smoke
Number), Lll(Laser Induced Incandescence), PAS(Photo-Acoustic Spectrometry)

7Hg A SAAMHe R AAsiAT. B3, A= A4 A
2F ZAHE PPR 63N E ptRe@ HHo R, 24 ey duto 2Ry
HiE == BCol d3FS £017] S8l 2ot Fdg TA WUt g8y A
A< H71E 4 o]tMEPC PPR 5th, 2018).
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A 3F Autdsf A4 R Ad FA

31 43 AdERe 7 2 AS

Ak 712l AHE-H]
OlMDO)2} &= A4t

- b
Cg el F6 EE Aug B4R AT

rlr
re
ft
Jo
o\
]
o

II

4 Obf)
oM,

Jo

ko

Ir

MGOo| tigt 7] Table 3.19 AFF AL F A ¢t Table 3.2¢] SO
8217 Fuel Standard®] distillate marine fuelsel F= o QE=vl DMA, DMZF
Aro] 3gfaFo]l 1.5% mTl &4 FEF2 A== =2 1.5~6.0 cst/40C 9]
ot MDO¢ 749 DMBF o2 MGO® ZHAMF == MGO9F ®WA-Co EFF=
Aol A HE7F 12 cst/d0CE HA Ee F3XF fFrEolHCho, 2012)

Table 3.1 Diesel fuel oil specifications(#]2016-203)

Flash Kinematic Pour. Point Carbon | Water & Ash Sulfur
Type Point | Viscosity(40C) Residue | Sediment ~ Content @ Content
T mm?/s i (mm) % /) % (mm) % (m/m) %
0l

For ship . 40 T 1.5 ~ 6.0 02 1 002 | 001 ] 005 ]

W: =13 |

For 0l
automopile 40 T 1955 7o 05 L 0024 002 L 0001 L

Table 3.2 Distillate marine fuels specifications(ISO 8217-2012)

Flash Kinematic Pour Carbon Density at Ash Sulfur
Type Point  Viscosity(50C)  Point Residue 15C Content | Content
T mm?/s T (m/m) % kg/lcm®  (m/m) % (m/m) %
DMX 43 1.4 ~ 55 - 0.3 - 0.01 1.00
DMA 60 20 ~60 -6~0 0.3 890.0 0.01 1.50
DMZ 60 30~60  -6~0 0.3 890.0 0.01 1.50
DMB 60 20 ~110 0~6 - 900.0 0.01 2.00
- 29 -
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= HFo] 0.9 HAZoA 1.0 o] Ax A, =Eo] 0.2% ~ 1.0%, &
o] 0.02% ~ 0.1%, AsHo] 80C ~ 130C AHEola, ®dzFo] 9,500 kcalkg ~
10,900 kcallkg AEo] ZA m= é?—i/—“ﬂ‘?/] A A go]tHCho, 2012). Table
3.3 W7-A9Y =g AS HEH AL

k

Table 3.3 Bunker-A specifications(KS M 2614-2017)

Flash Kinematic Pour Carbon Water & Ash Sulfur
Type Point  Viscosity(50C)  Point Residue Sediment Content | Content
T mm?/s T Mm% V)% mm % mm %
1= 60 T 20 | 51 8 05 | 005 | 05 ]
Bunkefos 601 200 51 81 051 0051 104
3 60 T 20 | 51 8 | 05 | 0.06 L 201

o] = A3 AXE E3 BEXo] 753 MGO, MDO, WA-AE F%5S A+
g AadE R ABEE AASET A7 U ARdsER AAEL “H” 9g
o ’é—ﬁ-’dﬁ AZF A8~ 8 =(Service tank)ol A 2|HSFG T “H” o gt
AFAel A5 MGO, MDO, A -A, ¥A-B AXES ASFE A&t Sl

Jo
o\
i3
e
=
re
il
Jo
3
d
lo
re
>,
_L
oxl
=2
>
=
i
n
rlr
o
=
lo
J{m
Z:
o
]I
i
ol
rlr
o

H, 3FFF Aol 2 EA4S %—7}& gtotslz] 98 MGO, MDO, tgﬂ—A
o i) *“46'}951@. 71E AR FAALEFE A9

ool Zpg AL, WA-AR AFE B3fol

SO0l A = =
fAe AFe wolw Yt
olgvtel Wi BAL g8 BTl Aol i TAATI ALHE 2

3} ow Sulfur Diesel Oil: ULSD)S A thAtol] E3H3lth. o]
3 A4 @ EHS AFJHHAE dRukol Table 3.4 Aglstgon,
o] = AZ A, MDO+= Avtd s AlZ B, §H-A

o
L =1 T
§ AE C2 9Ae Bdslel BAL Aaan,

_30_
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Table 3.4 Specifications of experimental fuel oil

et Ttome it ULSD for MGO MDO Bunker-A
automobile MFO MFO MFO

sample A sample B sample C
Density(15C) g/ ci 0.825 0.8536 0.8727 0.9085
Carbon Residue (m/m) % 0.015 0.01 0.49 2.65
Sulfur Content (m/m) %| 0.001 | 0.03 0.16 0.73
Water & Sediment (v/v) %| 0.02 | 0.025 | 0.025 | 0.05
Flash Point C 40.0 7T 74.0 76.0 76.0
Ash Content (m/m) % 0.02 | 0.001 0.001 0.006
Kinematic Viscosity(40C) mm?/s 2.825 3.002 3.154 11.95
Pour Point C 0! -6.0 -6.0 -12.0

#¥ H(Kasper et al, 2007), ﬂ]um, GELER m Hogol Azstyol A B

t PMe] wjEe] mAE GFol BeiAE B APt FAHAE ekgrhlack

& Corbett, 2012). HITole AHZH BAARFY =& IAFAEH Fdo] F4H

ABE ASFoER P4 2 7] YAt BaHE o2 B Ucklack
3}

et al., 2009; Lack et al., 2011). Lack et al.(2009)& 95 -G Z3= 3 Al Ro)
AR oA wWlEE+= PMe F7]o vX = &S AT} o] AFAM= g
ol =2 dEf= 3 THFo] A2 dsFrRY 2 JAE AU =
AS Ho FUT

- 3’] -
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32 33 A9 BA
321 #% 34 A 78 A8

Refractive index = m+ ik

Elastic scattering

Scattered Ineclastic (Raman) scattering

> T -
Incident Transmitted

YYyvyvyvvyy

8
»~ -

Light extinction content(K,)=
Light scattering content(K.)+Light absorption content(K,)

Fig. 3.1 Schematic of light extinction by particles

Fig. 3.1 =AIHo] Q= AAH AAFo o3k FAE L, JARe 2717 o
ko] threfet FA 3oz 540 ool AtdEa F = dx
ot 479l =- A 4 (Refractive Index)ol] o3 F&FS W= ZAoE2 dHA o
H(Williams et al., 2007) FAEATKI= FAHEAFKY FFA K2

stog ZHAY & Yt

4 e
2
N
2
[

PMOl % A7 9AsiME Mds A4 WAUE 2 54 OF sl
Aaysolop @k 2ejme 59 U ulde] A4, A, WE DA A YR
WE AU AZe] a7Ah oF 8 A W PM 24 A A7 A

& AT 5 Ux, £HA 2ol Absd B AZ JMel FE AEH
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Fig. 3.2 AWdEf PM| Fa8A-K) S48 223 dadAde Ad
8}7] ﬁsﬁ A2 A4 AR AR Y AReln Avtd 5/ PME Fig. 3.314 ¢
A

. glll[’” ""'!

3/8" Gas Heater

¥ o T

LT

Air or O;/N;

/ 1/8" SUS Tube B

— MFO/ULSD for Automobile

Fig. 3.3 Drawing(left) and picture(right) of co-axial diffusion burner
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Fig. 34 Fig. 329 4@ 3Xo| olo] $57 WU A4E B3 Y49
PMe| HABAFKIE 24317 sl £ A7 FgolA Ay 49 A el

Aol

Fig. 3.4 Picture of an experimental-setup for light extinction measurements

AA Adute] A Ze e AgkeAle] A F o]
HUE ol&ste dPsiith 57 HY 39 Edo=Ry BEH

l

0,
o
2
I,
o
(d
ft
ofr
Ay
o S

[o
g
=

719 &%= o] Transmission Cel(TC) &0z FUAHT. FAlstyg o 2 RE
A E = PMe %S Mass Flow ControllerMFO)E &3l 5=F wUd Z35

t ARFE Afshe W oz Atk

Fig. 3.50 AAE AAH TCE 0.8mx0.08mx0.08me ZS5HAS FEH=
FrlF oz AAFHor Yides F3 S HJER =3ty mHd 9
& ‘3-!9] WA S gAE  UAESE ST
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Fig. 3.5 Schematics of transmission cell assembly

TC 3t7 Addol= Flg 3.6 &2 PMe| AF AA7F AAHA doH, V¥
(Pore) =717F 0.7 wm?) 21+ EE7F A= Ant. o] AF AA= PMo]

[e)
(=luin
F4E F7IZRE PMRE FESES A5 Tt

97 A #U) A=

o]
H
)€ F HAE71= 43 5 PMo] =3d 3717F TCE T3t Aol wopxl
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B Z=DE At AL FEAEl)= =4 Aot

0.4

0 100 200 300 400

Time [s]

Fig. 3.7 Measured transmitted laser intensity ratio as a function of time

3.7 AAE kel o] PM3 EjtE F717F TCol w+d=7] A &5

wd Fe FFEAEUL)S S LBsAH. =, PMo] TColl w457 A

3 Fo] FEFL(/)] dAFFHLEZE TCol| ZF3teE PMES vty 7H3E
oF =3, Fig. 37004 &AE < = A" PMe] AF F3boll A #ol
Ao} By Aol e B HE71E olgsk SR FAe A7) HEU) )i
o= Fde] g ACtability)e FEATL & Ao PMI Edd 77t
d=7] AlFEE 2 AFRE FERE1)S F43] Fastd

}el(Quasi-steady state)ol] =23t}

H

(@)

2

I

o ©
o>

Ho

T
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SE el PMo]l EH AfE  J=F A4F = wet
QF S5& &< Z]%‘SP‘E\EIP—U% I A PMe] A#F2 Fig. 3.89] AY HAA

L
rlo
ot
Lo
)
ok

PMe} FaBATFKIE SAsH7] 98l & AFolA A-Sd
el wel 4" PMe] FEAEW)H ZH=Z Afd PM A3 dadAE

Fig. 3.9 Images of CEM and controller
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Fig. 3.9% ol A3 A" CEM¥#} HEEZ oty HEE#H+= CEMER
ol MFCE Ao <+ Aot CEMY Ap¢k2 Table 3.5¢ &t

Table 3.5 Specification of CEM

Maker Bronkhorst
Model W- 102A 122-K
B e
Material ax. heating Press. range Power Max. power
.............................................. L5200 AR SO S
Stainless
steel el 20 A A A
Flow Power consumpt1on Heater capacity

Mlxmg valve: Heater:

60 g/h(Ng) 12 g/h(Fuel Oﬂ)f 4 WMax) 150 W(nominal)é

A EAHLiquid Injection)ol] 7]¥+e & CEM A|A®HS 7|EH o7 W EF A

sgla) 2ok A BAL gAe] o 715} Z71(Vapone] HEe, Auagl
Aojobs @e) A 5EL Acjsis WAol =BG AFAOL T x|

of3] WA FElE HIEHI 1 FH -O—HE?LE}.
Fig. 3.102 CEM Alx®le] FAs MPFEE
AojH = A= Mol 7129 374 CEMOZ B A 1 7137} dojdr) 7}
A7l FH 259 200C AbololA 718f 7 2 5E
AW e Wi Fa7t H4stEo] glerE Ax"e 3§
MFCe] ®kg-oll o3 F3atA veldot d-2w
A A 22 dH 55l SHEHE vpol-7f
E FHED 58 2% &5 HYE 7FH P9 Boer et al., 1995).

CEM #Hl& 5cai/min ~ 20 L/min ¢ WellA Z7](Vapor) ZE(E 7]l
sl st 250 mg/h ~ 1 kg/h Abold] F &S AT = Aok ol APl A&
H CEM2 N9 7% 60 g/h, A5 B¢ 12 gh7tA @S Aot 3H

oAl Al 4 Q= Hdl S5A0W) HE] WolA F7] 55| AGH

6) ol AN sheits SollM FEAez A2 4 e 54 220l H71 A gAY 24
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Wfﬁﬁi

L=
Ligquid flow meter MEC
“-.\ Cas
Gasmicquid
= = — -
Controlled
evaporator
rmixer
- Conmtrodied
D =D
ot

=719 AiElo] 7E2e HeT Y £5)2 Iz oE HEH A2"HEY CEM

MM o =tk CEMAIAME ©] Hl&S 0% ~ 100%(E3=) TN g = 3l
ARk HEY Al2ElE o] H| o] nkHoR Hdl 90% ~ 95%°)th. WE# S}
CEM /\]i\‘E‘ﬂQ] .g_ ?-/H QA Lq].,_oﬂ o]e:h:]_ j_E—]oﬂ
H SH A & @90l

A9k CEM9] & Al7ZFe 2 ©9jolth. CEM Alagod s HEY A28 b
w3t Run/Vent 2klo] Ha3dkA &t CEM2 w2 A5 2%(0TC~200 C)eoll

o

AT A7} JHo HE=2A & & &= EAo] JhBoer et al., 1996).

A u
o
Ry
I=J‘
FIF
PR
flo

i —ﬂ
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3.2.3 Mass Flow Controller(MFC)

Fig. 3.11& oy A3 A&H MFCo|lt}h. A%F& Table 3.6 2t}

Table 3.6 Specification of MFC

Bronkhorst

L13-AAD-11-K-10S @

0 i Stainless steel
+ 1% FS 5 bar, 20 C 31617320

atvoltageI/OatcurrentI/O
100 mA 120 mA
: Bronkhorst
© Model | F-201CB-1K0-AAD-00-V @
Accuracy '''''' Press. & Temp. Range . Material
| 1% FS_ . gba0c 0 AN
..................................................................... ?!.P._YQ.I.P?!;%?...U.Q.__..__..._..__....?1?._QH.TI_.?HE._I_./.Q.__..__.._
290 mA 320 mA
. LINE TECH
M303()V® """""""""""""""""""""""""""""""""""
3 bar + 1% of FS <90 bar, 0~50 C
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" fjout Signai T

Fower 15 or 24 VDC, 350 mA 0~5 VDC or 4~20 mA
¥ slpm : ©9] AE 7F2~9o] F3](standard liter per minute)

AL AY AA oA CEM AX Ao da5fF $+S 2dsles MFC(D)9 98¢
2 -3 MFC(@Q)7F A9 81 5557
of F 370

Hgow AgHE N, 7t2E
oA F71%e 2dse MFC@)E 3713t

Lz 24e 99
o) MFCE 94 A8 2o AAs4rh.
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Fig. 3.11 Picture of MFC installed in combustion experimental device

324 HolA BA & F A&7
Fig. 3.12= o|¥l Aol A5 dolA ZA9k F He7]olth. A2 Table
3.73 2ot

Table 3.7 Specification of laser device & photo-detector

Maker ! KOREA SCIENTIFIC Co.

~ Model Kss00
PEC G50 m . 10mV 230 x 82 mm | 10 x 150 mm
Maker THORLANBS

~ Model | PDAI00A-EC(Si Switchable Gain Detector)

WavelengthBandw1dth """ p é’é’k'"r"é's'fi’c’jﬁéivity”'"""'Aé’t’i’x’fé"}&féé """

,;‘ ........................................

SPEC- 13401100 nm | DC-2.4 MHz | 0.62 AW @ 960 nm | 10mm X 10 mn

PMe| BadAFKIE 23] 9814 A8E s Fig 31260 gl
4ol 650 mel Aol AAolth @A 7% AX TOE FAse YRS

a

0 nm<! 7

FEE A7) QA BEFY FAVOE sl FaWE Yoy Ho. @
= )
= ™

o
ofE Fde AVIE FAs] HsiA, Fig 31247 3 9 i
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Fig. 3.12 Images of a laser device & photo-detector

325 ¥ AAAE

Fig. 3132 ol¥ A3 AH8d Ad HAA 2ot} ALY Table 3.83 o}

(a) Before Sampling (b) After Sampling

Fig. 3.13 Measurements of mass of sampled PM on the filter
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Table 3.8 Specification of electronic scale

Fig. 3135} o] A-a PMo] A%< 2437 Slal, 49 2 "He 7S
Beld (0" o2 Agsdch AY AP vk F B <o) BA
Z43te] PMe| AFS Taigith 43 A B TAS 39
o= AYstgsll AR olF FHF e 25T PM AE

o
rot
ox

¥
o
!
> X
i

_—

ol
ot XNrr
o
§2
LN O B
)

"~
&
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3.3 29tk £347)(Raman spectroscopy) |

331 2t 34 78

| oj® mde ERg w el wg

Hlo
=

5 2.

o
1=

o}

1

e
Raman scattering

o
-

]
=

O

Incident light : v,

J

1

Rayleigh scattering

v,

Vo

Fig. 3.14 Scattering by incident light

~

I atsd o gde 2

3

Fig. 3149} o] iApgo] Azl 2

A el 2 ebd,

—

B

B

oju
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Fo7h @l
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A
S
FUoR ol gd 4 A Ho=A APF HolH

=
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of #3 ARE WS F Atk d2A AEY BT Dpeadt Gpea 2= 8O H
£ F Y wol g 4t J37F ok Gpea(1,580~1,600 cm ™) A O &
429 ~E#A R B(carbon-carbon stretching vibrations)¥ ##o] ¢+ HkA
Dpeax(1,350 cm™-& Z2]-4&= 7 X F(poly-aromatic ring vibrations)ol]l 7]<l
gtH(Popovitcheva et al., 2000). o] 43 oA FAAHAH Dpexhal
e AER A7t 4% o g3 Axol tdk ¥El/l) 42 ta 4
GB.DY B34 FHAHAE ol &t Ux 72 193 F A7E d5S
UA T

L, I

—=C— (3.1

1(: Lu

A71A Ipe Dpeax® =013, Ioe Grea®l =0Tt C= thEF 44 o] 73

Aol Lee BE Ul @239 $A0h gt Bl 2aA 29 19
B F FAVE F43 ARE AFEAT, TBHY BHL AsHE e PM
o Yw Tz W7} F7h2 o 7AC WA 395 AEe}l @i vt 2
o} e FLF wa U TR B4 P BPUS ol gt By &
s

al @3 AFFHolth dE =
ED= &4 AsoA g2 W9l 489 A2 At &2 AA 7= W] 7
stttk mebA EDO] 7H8Ad 2 =AAA AE £ tie AR Atdd
olell mlel, XRDe= &y 2o tig AAZ<Ql 40| 7Hestth. XRDe
- 45 -
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T AREES 7 g Holx A" SAWR eIt X-Ad e Ve
A

T ] AFgE 3 JtiZhu et al., 2004;
Ossler & Larsson, 2004).

332 It 4 FA N8

Fig. 3.15€ /% Aol A-85 ehwr Bg7]olch. 25e Table 3.9¢) Belsh
Ak e 2371 B A do] ARoE 3EE o YAR ¥ F

T AE SASEt A Fx2d B ARE A& AHlot

gt ~HMEHS Ba EF@ ni Tz tﬂi}oﬂ H}%ﬁ}t 2oz B8 57
o]

tHSadezky et al.,
2005; Chen et al.,, 2006). 2~HEZ FEA< %?‘fﬂ TZZ 7,%1} A=t 22 Wi
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=94 EA4S +5Z 4 dvkEscribano et al., 200D).

Table 3.9 Specification of Raman spectroscopy

Item Spec.
Maker & Model e NANOBASE & XperRam Compact
Laser e 532 nm, up to 100 mW DPSS laser

e Mechanical stage with right-hand control
e Reflected LED illuminator for bright field
e Quintuple revolving nosepiece

e USB 2.0 full HD camera

Microscope

e x40 , NA=0.75

Standard objective e >00% transmission from 360 to 1000 n

e Input f/1.8

e Focal length 35 mm /50 mm

e 1,200/1,800 Ipmm(Resolution) VPHG

e Micrometer for center wavelength adjustment
e FWHM resolution :~ 0.12 nm

e Raman shift range : > 3300 cm™

Spectrometer

Detector o [CX674

¥ 1,200./1,800 Ipmm : 1 mm¥E 1,200/1,8007§¢] 2Qle = A

pair per millimeter)

rok
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Collection @ kmou

o= 9vu]dine



34 1¥3}s AAENA
(High Resolution Transmission Electron Microscope: HRTEM) %]

Fig. 3.16& ol¥ AT tid Ad5/F2 PM £ AL&¥ HRTEM Awjolm
# & Table 3.1001 433 Th

Fig. 3.16 Image of High Resolution Transmission Electron
Microscopy(HRTEM)

PMel uiF Fx Ao mEAHOo=2 AEH= Aol HRTEM AHlojth
HRTEM-& A n Aol 3 £7Z FUd3 FAA=R thalo] Az HAxa =
A3 dAmAo =z FIaAn AT 7B Fx2E 2t HRTEMES 340 71
thalel vhgo]l FH2 AAW S ol &sty Eles =l A& A7 A
ojg3te] FstAll=2AY 2HE E T e AAN=E o) &I AR
AR 2AE AH Aldol] FHAI7IH A2 o258 Fdhu] ojv| A&

Aoz s 03m ~ 0.1molth ojW HRTEMS] &35 7FHEAY

W

i)

fr e o

1)
=
A
==
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o2 AL HEAYe] B4 FS FolAL o] AAHE BivL F
Exiso] FgHel noh FAL ARE BT 5

AT, T AYOR J1EE AAMTY JEAgoR nEA BAL 4
23 & ok Qumos mEAs A B4 BEAI AL 100k

f el HA v v5H 22 FUIAE =2 200kV~300kV4 7}ERG o
2 581 AAHE o] &8sl HRTEMes 2 AR&gth Z2A "oy 23 o
et B34 ¢ e AARY AxrE @Rkt el Fstdn A Bl
st ¢ HojuA thdEe HAIZRl WRFEE e st AY @
ZAsAY S A= F s B ofyg mlo]aE oldte] HHZI P9
s}st =4 71 A] gatA 24 F e 717lolt
Table 3.10 Specification of HRTEM
......... Maker | ... JEOLGapan)
~ Model | JEM- 2100F(FE TEM)
nghresolutlon __________________ i Acceleration voltage Magmflcatlon
| Particle image | | 9 F.l.q..}.f.l??l.g? ........................... 8 o range ..
High 80 kV, 100 kV 2 000-
resolution 023 om | 0.4 nm i 120 kV, 160 kV 1 500,000
spec. 200 kV T
e i crostructure  analyss, Niicrostruciire nalysis, Nanoparticie
Application
analysis, Crystal structure analysis, etc
S?}%pele Metal, Ceramic, Thin Film, Nanopowder etc
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41 FaBA A4 B

MFC ® Air ®
(Air controller)
Ii .
[ b

.

(Fuel oil controller) | I_X

|
| I

- — — —

Co-aixal
diffusion burner &)

e m )
I

=

| { @ |
| CEM(Vaporator) & -

| MFC @
=y (N5 controller)

w
[~d
o
-3
A
3
X
1]
-

——] = - —_ -—

5
N

Fig. 4.1 Schematic diagram for burning co-axial diffusion burner of fuel oil

Fig. 412 F4E

da A AFL o %E‘r. A& Odi%%— ARHA@) F+oh 95
BA(@)9 ds8fr

o] No(@D) 7}
(@& HYA™ 200C 72 7t E 1§‘r AZFfr= MFC(@)l s =4
# Aol 7F2Ndll o 57 WY WSl 3adth 4483 57
A5 98l Air(@)%Fe MFC(Q)E 3 =d5HA
o A8 A5/ A4 MFCE T =44
Table 4.13} Tt}

(g ﬂl{rll

off
Ay
B
o &
©
o
i
-3
oK
il
Mo it BN
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Table 4.1 MFC set point & combustion condition

MFC type | MFC(@)-Fuel ol |  MFC(@)-N; |  MFC(®@)-Air

...............................................................................................................................................................................................

..............................................................................................................................................................................................

1. Flame will not be floated
Combustion 2. lgnition condition should be correct
condition 3. Flame holding condition should be good

4. Fuel oil will not liquefy

Fig. 42€ %7 WU A4E T3l A49 PMY FLdAFKIE 43t

7] A A Ad AX e ARt

r
T TExhaustT T — E:E Duct

7\ I | ‘
/ \ s
/ \ s e Ty J
TTTTTT soot S E—
Computer Data Acquisition board
5 Transmission Cell
s burnar Nenhelometer®
. Beam Splitter (TCAN)
A= ;;‘__.——:‘;,-.-_.;1______.._=:_:_.._.:=:::=::::f:_‘_'__
pul 11 —
Laser | 1 1 x Ii ®
1 il =
@ iris Diaphragm A Detector
Differential @ Finee ' Filter(8)
prassure gauge I I
-
il e,
[ el " (. ¥ W
L || —
f— b L - Air Flow

To ther Exhaust [ | = Sensor
Vacuum Pump @

Fig. 4.2 Schematic diagram of an experimental-setup for light

extinction measurements

=7 HUA@o o3 da FAAA YA PMe] TC@)o 42 +

=% 3% Fol IFRZ@)E AHAL o] AFHIZE TC 47 479 3
- 52 -
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=
Ei‘ﬁ(@)% A28kt TC 85 Zols PM AF Ax71 x50l 9l
y MBS B3 HaA o= 92 JE(@D)E PMo] ZA# A AH Al
S22 FE@)F ol &3t PME AT

H
ot o] o FFEHFE)e FAs7] s Fd A e F=& A
3

=

r[r

Detector
Transmission Cell
Laser

L ——

Fig. 4.3 Nlustration of light extinction induced by PM in the TC

ol

TC shfol PMRS AW & Y& Flda BT 480 Jo A7
T3+ 59k PMo] Helo] HARol weh P Avky Foe] gl <8 Fig
44004 B 5 e AAY Fo Wslo] ohE AZ A9 [gk Walr) 27}
)57 =,

3.5

W
T

Voltage[V]

PM sampling period

1] 100 200 300 400 500 600
Timel[s]

Fig. 4.4 Schematic diagram about voltage change with flow rate
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[}
o] ZFH F717k TCE FH3HE Ao] Shobdl Bee] Z=DE ZH5 o
FEU) §e AL AW Folth o|dF WEE welsy] S5 Bl 1
KD Aol AR fRGe AED A7 BUe] BE ARL ALSAT.
FEALA] EAA Aol EDF AFRE TC o}% A8 AY A

94 JEE 53] PME s A#staTh olwl =44 Ao =23 HF
F4&1/1) Bouguer = met 4 A.DE Yeld o AHChoi, et al,
2009). FFAH oz FEHAE()S AAZT=2 HEsY gal/l)ZE YERJ AT

7 fo
TO— eXp (7 KGTL) (41)
21 @.DoA Kee FAEA T, [+ Bt o=z SAHA PMY AAEE, A+

Fde] w o], L& #olAe AE Aolg 9rjgit. 3HH, dH=E AT
PMe| A A ZE fy= o A4S 4 AHChoi, et al., 1995).

s
1>
=
)
i
o
ofo
ol
ol

4 (4.2)X me ¥l Ad PMe| A&, V& TCol f#dd &719 73,
= AR, p= PMO Dxoth AL St BE ) AR d PMe| A&
A Aee ol&ste] S48 om, PMe A Azl Addglel d8 ARE
He 1.7 gldE A &3 HChoi et al, 1995). 241 4.2)o ofs) A4ke f,= 2
B2 A PM3} 22 Aol S48t euz 4 4D FF34a/l) B+
e ol gste] AL f9} Zolok o] AAE H LA A (4HSE UE

g Atk

(4.3)
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A=, FLrEAFKIE 4 des T HF AL & AHChoi ei al,
2009; Choi et al., 1995; Zhu et al., 2000).

v
P ALH(TU) 4.4
¢ Lm
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Collection @ kmou



42 ALABRONA HBHE AAIBAY BaBAG BH

APE AAABF BESS 3PN HHT B} FH FNE T 23
Ach. AX el Ax® WEel AW PMe AFT AHA FU Hojx

(/L) B3] AR AA S Fig. 45 ~ Fig. 4.70] JERAAT.

2.3 ! ! T ! !
MFO sample A
. i : i |
> 2
=
S
=
o
. 1.5 -
o
v
wv
S
=y
P & : : 5
.~ |y=0.26205+2.4915x R*=0.90386
- Wi ; ; i ;
0.2 0.3 04 0.5 0.6 07 08

(/1)

Fig. 4.5 Measured mass of MFO sample A PM on the filters
plotted versus £n(I/I0)

Fig. 45014 HolE ule}l o] TC ¢tZFo 2 fFdd Autdsf AZ A9l PM
ool Z7istel uwel gal/ly) Bake]l 0.45(optically-thin)oll A1 0.65 (optically-
thick) AtelellA A Ao w Wstal Y55 BAFI AT ) Bk xF
I AR A7 y= Aol AAE FJsHr] Hel AR ol &ste] WA
o] 73 A7 Fig. 450 FAR A Felo] HE J#xrt ZAEY oF F
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sl AR A aalll) Fgk Aol g dAC Wl 4 4.DF 4 U)E
ol &3sto] FaEAFKIE T Aol ZAE fle AL FUAE 5 AT

BE Cx 7=z A3 2= ealll) Bak Aol 9
T WAV AEEHERE 4 DI A @2DE o8&t FLEAFKIE 7T
[}

ik ; ! ! ; ;
MFO sample B
e e :
E
o
Y= 1.5 -
o]
v
7
=
1 F
y=0.30871+1.8857x R2=0.95685
- : ; : :
02 03 04 06 07 08

tn(1/1)

Fig. 4.6 Measured mass of MFO sample B PM on the filters
plotted versus £n(I/I0)
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Fig. 469 A¥dsf MF B A& A wiE5+= PMe A& £al/l)
o] 0.51°14 0.76 ko]l A ®stetar e YEtaL At 4

2 HiAsH S ol &ste] dAA S TR AHHFHY HF gz
Ao

. ! ! ! ! ?
MFO sample C
P deatssiasts s —— e e
> 3 :
= s 3 -3
—o : : ~:
= : :
e 7§ T — —— AN . S—— :
o ; : f
(@] : : el
“ e
< -
— S S— e ALl a
//5’“ : : s :
©% . | y=0.44879+4.2497x R?=0.93531
o i i J i |
0.2 0.3 0.4 D.5 0.6 O~ 0.8

(/1)

Fig. 4.7 Measured mass of MFO sample C PM on the filters
plotted versus £a(l/10)
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Aolol A WAL Yee FehAT ATk AE A 3 AE Bst vpAAE F
A S ol 7

Aot o] AN AAFEH ] A¥ Tz mAEH.

o
iR
o
)
)
N
ol
3
o
&=
S
>
o,
»
Z
=
>
©
Lo
=)
2l
1>
s
-4
&“

_58_

Collection @ kmou



Table 4201 7+ Amfo) F2EASK) AL@3 FE7kol
714 Ztzte] FAEASKIE Fg 3129 F A2/ES o

/) #h= didste] 2 4ol o3 ALR kel

o
o
i,
9
s0
i S

oo
ol
el
£
|\
o

Table 4.2 Summary of measured K. for marine fuel oil sample A~C

MFO sample A MFO sample B MFO sample C
/1) Ke La(l/l) Ke allfly) | Ke
045 { 76 0.51 | 8.4 026 | 80
059 81 058 90 030 81
062 | 85 064 89 031 | 79
063 | 83 075 = 86 032 | 79
065 @ 80 076 = 83 035 = 83

sl 869 828

MFO MFO MFO
sample A sample B sample C

Fig. 4.8 Comparisons of light extinction constant for MFO
sample A~C
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Fig. 4891 2] (4.4l 93] Atd Hdutdgf AZ A ~ Co F&
HH7zro] EAE Q) AT A 44HS o =
3k &&= (uncertainty)?7F AT A BT+ 24 444 E3H 7 =

o
g el AZ A ASE AZ/9 A Y e 2
o]
5

Lo

2 Axol 24 243 9(+0.1 g/ad(Choi et al, 19955 283l 2 U5HE
Axkst o, Aqtd 54 £ == £10.1%°1H

0K S 8K, 65 \*
(’,: n e n 4
N &

€

2 @4.5)A oKee F2BAFEKIFS 4 EFE, 52 4 @4l AAE
Z2tn=672 54 AA, oS e 4 SAJIAY A SAHLLAE rdn.

1

Fig. 4891 =AHo] = vleh 2ol 650m H7 tholA AE B A=
A AR PMe BE B2UARKIE 8692 7HE Ak b e BE B
BASKIE AE A AZFZA 8112 JEHIT A% 34 23e Wl )

of om Aol fA% FARAFKIE 23 Aoty I 4 k.

Al

]— RN
Me] A A EE&LS =AHs= A5l PMe &7 ¢ 7} deolx 33
o+ Zth= Rayleigh limit(A¥€el 2lWE) &) (4.6)= o]&3ste] A4sHAl
(Choi et al., 1995).

36mnk
- (4.6)
Ke (n? — K + 2)+ 4n’k?

2 (4.6)01]/‘1 nd k= 2 @47, 4.8 Yeore =-8AFT(m=n—ik)e AT
2} HA4E u|st. FAEAFK) Agte] = Q3% ZA- XA 4~(Refractive Index)
= 1 98 FEe A7V FAHYT Table 4.30] 159 38 AR
o] Y88 AstdthBond et al., 2006).

7) 54 ool Jlgigo] 54 AlE 2EA AXE =Y e FsHA Hol, 81 dagl)
gebd 5 9t Weleh ARES Uehic
- 60 -
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Table 4.3 Summary of refractive indexes and calculated K. values

Investigation Rejf;(ajggve Ke Type of PM
Batten, 1985 1.27-0.167 | 1.8 Kerosene
Chang and Charalampopoulos, 1990 1.27-0.63i | 4.6 Propane
Dalzell and Sarofim, 1969 1.57-0.567 | 4.9 Propane
Habib and Vervisch, 1988 13036; | 32 | FEthene and
Propane
Lee and Tien, 1981 1.95-0.48; | 3.1 | Fowstyrene and
Plexiglas
Marley et al., 2001 1.87-0.567 | 3.8 Candle Wax
Marley et al., 2001 1.68-0.56i | 4.5 Diesel
Stagg and Charalampopoulos, 1993 1.52-0.365 | 3.3 Propane
Wu et al., 1997 1.58-0.51; | 4.4 Ethene
ZAA T PMoll AALE = #olA gt wet tE & A=d, olAE ol
o B& dA7E S8l 1ZEFHAH. TYa HIZo A PMol AF JA8HE
= A A4+ [1.68-10.56] o]H(Marley et al., 200D).

olgate] AME FauASKIE 45200, B ATl dRHow
e 2

of Blas) ER 22 ol Hd Y E

o 27 47t Aol s ART FOEE A P& FHe " Ldlolh ¢

p

AL ZulEoA s ARl o7t FFawe] A E AdsEErz 2 A
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43 AFAE ZARPAFNN MEHE AAIBAY FABAS B4
O AEA ARSE AEHE ULSDSl diald 328elMel A9 dww ol
= Agatedt A2 wel HAY Belol AW
/1)) Begkate] JadAE Fig. 412

A7 = B = AAE 53
PMe| AaFat AL Tt Lo
o e A

N

|

¢

7 T T T T =T T T

Mass of PM(mg)

y=4.5927x R2=0.99325 |

0 - : i ;
0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6

n(/1)
Fig. 4.9 Measured mass of ULSD smoke particle on the filters

plotted versus In(I/Io)

Fig. 49914 Hol= uie} o] AFa8 ULSDE| dadpAoA wE== PM
o] TC k&xo= #FAddH. U8 ol S7hdel wet £allly) e gke] 0.489

A 12340l ABAoR MEET Yee HedFT vk AMARG AT
3ot AR AR AEH /) BEG Aolel B4 BAE HAsA 9
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HaAsHS ol&ste] #A ] T, Fig. 499 FAIE AAA 24
o Ay M=yt a2zt o3 AAAAE T FLEATKIE T
011:]._

Table 4.4¢} Fig. 4.109] A-52+8 ULSDO] sal/lyo] @& FAEAFK A
Ahe Akt A A8 ULSDe| B4 A (Ke) B aat2 10.800]t &4
H A28 ULSDO| FaEA K= ?%Oﬂfﬂ Adtd vt s o FaEASs
KB theF 24 ~ 2785 =4 Yepdo.

N

x

Table 4.4 Summary of measured K. for ULSD

2n/1y) ULSD Ke
0.48 10.6
0.54 10.9
0.64 10.4
0.72 11.0
0.79 10.7
0.86 10.8
10.80
12
10.80
10 =
8
K. 6
a4
2 e
0]

ULSD for
automobile

Fig. 4.10 Light extinction constant of ULSD
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3 AAE AddsH MF A ~ Co PME 650 nm o) <]

2 o] A <} AL Aldtskan. #7k=
A-&2H8 ULSDel disiA e 22 249 WS ol&sty FaBAFKIE 4

shAth. #£43 A= R FaEAFKI e W< Fig 4.119 JeRfATh

10.80

MFO MFO MFO ULsD for
sample A sample B sample C automobile

Fig. 4.11 Comparisons of average light extinction constant for MFO
sample A~C & ULSD

ool Fig. 48] =AHoIE vheh @ol AMARH HE A - CoJ PM 3
2 FLUATKIE 39 S WA U OB A FAE FLUAT
K)E 23 9oty & 5 Yok YIAE HRYAY FaEe FEF F4
% B4e Fal Uit 2922 AF A - C AERY FLIALKIE =
B BT RN FASAT, 1 HPAA ofHT AL T3 5T A
% UehleA 3% "ast Uk olF A% el SR dYe e
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Fig. 4110 =A5o] 3l wle} o]
L 1080)me OE dufol 2 24 23% WIS oy Y1 A8 o
Exo FAEAFKIE UERAT

A5 24 ULSD°1W TAE PMF Aubd s frol A AdE PMo] TC W2 #)
=% dol FdEUS Aol AEAE ULSDY PMo] B 2 FAFAFKIE
28 AA7 Ada AT § ko ole A=A LA PM

2=
dold ¢ Ae< orRt

osf AdwE 4 Joy PMo| A5 A @DFH 4 (4.8 AlAE Rayleigh-
Debye-Gans(RDG) o] &8 oJ&) ZdE F ATt
K, = 6w E(m) 4.7)
Dy
3D
K, = dnz k‘fF( )( f) 4.8)
16xp
_ d
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E(m) = [m(m —1 ) (4.9)
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EQES talA AH HY THTE FFHOE A4 Fig 41290 AN
%o,

Fig. 4125 n Autdsg A2 A - Col tais 24 Feje) 4d 1g)=
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Fig. 512 v #3715 o] &3 &vt 4 FHAgolrt. 532mme] I7H0Do]
Scanning Part(02)2 A Microscope Part(03)oll 4] PMol| Q4AFo] Fojg &
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Fig. 5.1 Measurement sequence of Raman spectroscopy

(https://www.nanobase.co.kr/xperram-compact)
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Fig. 5.2 Raman peak distribution for graphene & graphite
(Reich. et al. 2004)
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Fig. 5.3 Gpeak in £,, and Dyeax in A1’ mode vibration
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5.2 AASRoIA WEHE APIEAY o B

A

L

=

A5
I gy

%) =)

ol

F AE A~ Co AamnpHolA wE= = PMol tisiA

N HANA BVAZES GE ABRE EA

3
5.1 ~ Table 5.3¢} Fig. 5.4 ~ Fig. 5.6°] YEhAAT).

Table 5.1 Summary of measured Raman value for MFO sample A

Raman Scattering | Raman Scattering | Raman Scattering | Raman Scattering
shift intensity shift intensity shift intensity shift intensity
516.667  27.7778 | 1200.00  2291.67 | 1391.67  3222.22 | 1616.67  1875.00
545.833  69.4444 | 121250  2527.78 | 1400.00  3041.67 | 1629.17  1569.44
579.167  55.5556 | 1233.33  2763.89 | 1408.33  2875.00 | 1633.33  1236.11
616.667  83.3333 | 1241.67  2930.56 | 1433.33  2736.11 | 1645.83  1041.67
654.167  125.000 | 1250.00  3083.33 | 1441.67  2555.56 | 1650.00  916.667
695.833  180.556 | 1258.33  3263.89 | 1458.33  2430.56 | 1666.67  638.889
733.333  208.333 || 1275.00  3458.33 | 1475.00 - 2291.67 | 1670.83  500.000
779.167  333.333 | 1283.33  3611.11 | 1491.67 = 2180.33 | 1683.33  375.000
829.167  444.444 | 1295.83  3916.67 | 1512.50  2083.33 || 1704.17  250.000
870.833  541.667 | 1308.33  4083.33 | 1529.17  2250.00 || 1725.00  152.778
904.167  638.889 | 1316.67  4250.00 | 1533.33 = 2416.67 | 1750.00  55.5556
958.333  763.889 | 1325.00  4444.44 | 1537.50 = 2513.89 | 1791.67  41.6667
991.667  875.000 | 1331.64 4635.0(D) || 1558.33  2652.78 || 1829.17  27.7778
1004.17  1013.89 | 1333.33  4583.33 | 1566.67  2972.22 | 1866.67  27.7778
1054.17  1208.33 | 1341.67  4486.11 | 1583.33 = 3125.00 | 1908.33  27.7778
1083.33  1388.89 | 1350.00  4152.78 || 1584.73 3410.0G) | 1950.00  27.7778
1100.00  1555.56 | 1354.17  4375.00 | 1587.50 - 2847.22 | 1975.00  27.7778
1125.00  1694.44 | 1358.33  4027.78 | 1591.67  2611.11 | 1987.50  27.7778

1141.67  1875.00
1175.00  2027.78

1362.50  3805.56
1375.00  3638.89

1595.83  2333.33
1604.17  2111.11

Collection @

_73_

Kmou



5000

MFO sample A
4000 T

3000

2000

1000

Scattering intensity[abb. unit]

500 1000

Raman shift[cm-1]

Fig. 5.4 Raman intensities plot for MFO sample A PM

Fig. 54+ At sf AZ Al tislA Table 5.1914 SAHH ZUEAZE
e AHgE 2GS 28z 2 i Zojth 2P ZaA 2 1,332 cm’?
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34109] Gyl =7} yebdt. o] F v =9 FERle/lp)E Alttsta 0.740]
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Table 5.2 Summary of measured Raman value for MFO sample B

Raman Scattering | Raman Scattering | Raman Scattering | Raman Scattering
shift intensity shift intensity shift intensity shift intensity

008.333  27.6239 | 1208.33  1904.82 | 1437.50  1930.40 | 1662.50  487.881
041.667  41.1665 | 1220.83  2015.50 | 1458.33  1819.41 | 1670.83  377.001
066.667  54.7861 | 1233.33  2153.89 | 1479.17  1736.11 | 1687.50  252.193
612.500  82.0637 | 1250.00  2292.24 | 1504.17  1666.63 | 1708.33  168.898
637.500  81.8329 | 1258.33  2416.82 | 1520.83  1680.32 | 1733.33  99.4152
687.500  109.072 | 1262.50  2513.73 | 1529.17  1735.65 | 1766.67  57.5562
716.667  150.354 | 1279.17  2721.34 | 1537.50  1832.53 | 1770.83  57.5177
758.333  191.520 | 1283.33  2845.95 | 1541.67  1929.44 | 1775.00  43.6288
783.333  232.841 | 1291.67  2970.53 | 1558.33  2040.09 | 1812.50  57.1330
841.667  315.405 | 1308.33  3095.03 | 1562.50  2178.55 || 1820.83  57.0560
887.500  384.234 | 1312.50  3178.09 | 1575.00  2275.39 | 1825.00  29.3167
916.667  494.768 | 1325.00  3288.78 | 1583.33  2344.57 | 1850.00  29.0859
962.500  577.447 | 1350.00  3302.40 | 158371 2358.0(G) | 1866.67  28.9320
991.667  660.280 | 1350.81 3320.0(D) | 1595.83  1928.94 | 1879.17  28.8166
1033.33  853.801 | 1362.50  3066.83 || 1600.00  2081.26 | 1895.83  42.5131
1058.33  992.074 | 1370.83  2955.95 || 1604.17  1790.36 | 1916.67  42.3207
1100.00  1157.89 | 1375.00  2858.96 | 1608.33 =~ 1582.56 | 1950.00  28.1625
1133.33  1309.94 | 1383.33  2623.42 | 1625.00 = 1346.95 | 1966.67  28.0086
1162.50  1489.73 | 1391.67  2498.69 | 1629.17  1000.65 | 1979.17  41.7436
1179.17  1641.93 | 1416.67  2249.15 | 1645.83  792.744 | 1987.50  41.6667
1191.67  1766.47 | 1425.00  2124.42 | 1650.00 = 640.351 | 1995.83  41.5897
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Fig. 5.5 Raman intensities plot for MFO sample B PM

Fig. 55 Awdsf A& Bol thel4 Table 5.2914 SHH 2pitA ZE]
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Table 5.3 Summary of measured Raman value for MFO sample C

Raman Scattering | Raman Scattering | Raman Scattering | Raman Scattering
shift intensity shift intensity shift intensity shift intensity

520.833 279707 | 1162.50  1464.47 | 1379.17  2258.14 | 1625.00  996.528
966.667  28.3951 | 1191.67  1645.29 | 1395.83  2036.07 | 1633.33  774.383
612.500  42.7083 | 1208.33  1812.11 | 1425.00  1730.79 | 1654.17  635.657
654.167  84.7608 | 1229.17  1951.20 | 1458.33  1564.43 | 1658.33  455.170
687.500  140.625 | 1258.33  2132.02 | 1491.67 1411.96 | 1691.67  288.812
729.167  196.566 | 1275.00  2257.18 | 1520.83  1495.56 | 1729.17  164.159
766.667  252.469 || 1291.67  2437.89 | 1541.67  1606.87 | 1750.00  108.796
795.833  322.184 | 1304.17  2590.78 | 1554.17  1773.65 | 1804.17  67.6312
866.667  420.062 | 1320.83  2729.82 | 1570.83  1871.03 | 1837.50  40.162
916.667  559.414 | 1325.00  2827.08 | 1575.00  2015.51 | 1879.17  26.659
962.500  712.616 | 134017 2896(D) | 1582.04 2050.0(G) || 1916.67  40.8951
1004.17  796.335 | 1358.33  2813.50 || 1595.83  1982.37 | 1945.83  41.1651
1041.67  949.46 1362.50  2716.32 | 1600.00  1662.96 | 1979.17  41.4738
1091.67  1116.59 | 1366.67  2521.91 | 1608.33 = 1440.82 | 1987.50  55.4398
1133.33  1255.86 | 1370.83  2383.06 | 1616.67  1177.01
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Fig. 5.6 Raman intensities plot for MFO sample C PM

S AZ Col "isA Table 53914 SAHE A ZE
#S g =g YeRA Zolth I ZoA 2™ 1,340 cm™

T 28969 DI =} wEbthal, 1,575 cm! RIoA Adge
20509 G =7t vEtuth o] F 939 FERl/n)E ALtetE 0.740]th

_78_

Collection @ kmou



Table 5.4°] AHAZHF MZA mjE=E PMe DI H, Goa F=9 %
H(/IDE Aste] Aelstdtt. Table 54004 £ 4 gl%o] w5 = PM
Foll A ¢ 723 ASAEES Ad D3 =(1,325cm ' ~ 1,358 cm Hel G
(1,566cm ! ~ 1,583 cm H7} el gl

(AR I

Table 5.4 Summary of Raman analysis for MFO sample A~C

MFO sample A MFO sample B MFO sample C

In(arb. unit) 4634 3320 2896
Ig(arb. unit) 3410 2358 2050
Io/Ip 0.74 0.71 0.70

Table 544 EW Mutdsf AMF A
A ARE JgysE 6= BE

o sHARE 4714 Tad e 3 MAR AEdESR HE A - c,] 7(.}31:1]
(/)7 25 180 Ate ook A ABAd A=rlle/h)7t 15o 2h2

A%, FdstE ga TrETE $4Y 8a T Eb A% Be B T

ozi o
o
o
Ny
X
e
>
-
B
1o
i)
oo
=2
=2
ol

T HMAlE AE A0.7D<KHE BO.7DAIE C0.70) o2 &
= o] Z=Rl/lp) Aol= A2 mvgh =FEo 2 A

=
LT A UEE A FAYS} d4 TS 7HAL Ana Folo.
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53 A5G ZARYARIA METE YAYRAY e 14

53% oM = A-sAtE ULSDE dadpAolA miE&= = PMel thsiA 2tet &

Mg ettt Table 5.5= &t #3715 3 SAHE doly FSolth

Table 5.5 Summary of measured Raman value for ULSD

Raman Scattering | Raman Scattering | Raman Scattering | Raman Scattering
shift intensity shift intensity shift intensity shift intensity

701.36 10.300 1267.7 427.27 1446.8 947.50 1630.9 638.39
1048.2 23.135 1278.5 442.88 1454.3 529.05 1632.4 615.77
1070.4 31.059 1284.7 499.71 1463.4 509.87 1633.9 552.62
1094.1 46.156 1287.7 530.58 1477.0 485.19 1635.4 536.74
1136.7 82.757 12954 577.085 | 1493.6 956.99 1638.3 488.06
1138.2 100.98 1298.5 603.17 1516.1 624.73 1641.3 437.66
1174.3 124.26 1300.1 612.16 1537.1 698.61 1642.8 404.84
1179.0 152.08 1312.4 767.11 1558.1 804.77 1644.3 382.16
1185.2 167.90 1324.7 863.99 1568.5 914.21 1650.2 342.12
1197.7 186.80 1338.5 905.11 1580.4 988.12 1651.6 271.07
1204.0 194.68 1347.7 915.76 1590.9 1109.90 | 1659.0 227.74
1211.8 214.59 13538 976.76(D) | 1595.3 1195.6(G) | 1663.4 200.13
1219.5 242.58 1363.0 909.08 1602.8 ~ 1122.10 | 1664.9 177.35
1225.8 268.24 1379.8 852.64 1604.2 ~ 1087.80 | 1666.4 151.18
1227.3 278.68 1387.5 800.10 1610.2  1061.90 | 1667.9 148.74
1238.2 301.98 1393.6 776.06 1613.1 929.36 1669.3 139.52
1241.3 311.64 1402.7 725.71 1619.1 883.08 1672.3 83.732
1242.8 326.95 1413.4 668.52 1623.5 803.63 1685.5 66.788
1258.4 338.32 1421.0 660.08 1625.0 752.38 1965.9 49.636
1261.4 373.88 1433.1 591.85 1628.0 707.22 1967.3 36.620
1266.1 395.74 1439.2 965.92 1629.4 664.37 1997.1 18.535
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ULSD for automobile
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Fig. 5.7 Raman intensities plot for ULSD PM

Table 5.6 Summary of Raman analysis for ULSD

ULSD for Automobile

Ip(arb. unit) 976.76
Ig(arb. unit) 1195.60
Ic/lp 1.22

Fig. 5.7 #5218 ULSD M=ol thalA Table 5594 =4 % 2itAZE)
02 AHRgE SARS aH=z2 Yekd Zoloh I =ZoA Be 1,353 cm™

oA 222 % 976.762] DI 37} YE} A, 1,595 cm! FEolA AEg =
1195.60¢] G¥ =7} yebdt} Table 5.69] Dy =, Gu2 X & F A3 E o
43 ZA=n(6/MhE At A3k

GvlaE BAsE Ba P2t AT sy, DAaE FAYSHA W
A 9 F2E YUSHEE, 4UPE e F Tz NE B 5935 7

¥ mE 24 4% DUt A5%E ULSDY 4%, Z=n(d7} 18c
282 48 PErt 2 wa FEE Ho) Yvkn B 4 Yok
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54 ¥4 A3 vlw 3 uF

A4 AAE Fol AAE MR AE A ~ Co PME 532m wael
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Fig. 5.8 Raman intensities plot for MFO sample A~C & ULSD PM
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Table 5.7 Summary of Raman analysis for MFO sample A~C & ULSD
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Fig. 6.2 Schematic of analytical process of HRTEM
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Fig. 6.3 5k & 15k images from HRTEM for MFO sample A PM
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Fig. 6.4 50k & 500k images from HRTEM for MFO sample A PM
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Fig. 6.5 5k & 15k images from HRTEM for MFO sample B PM
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Fig. 6.6 50k & 500k images from HRTEM for MFO sample B PM
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Fig. 6.7 5k & 15k images from HRTEM for MFO sample C PM
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Fig. 6.8 50k & 500k images from HRTEM for MFO sample C PM
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3 4 9%% ¥9stach Fig 63 ~ Fig 682 $3 Aurass PM 343
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~ MFO sample A1) MFO sample A(2) MFO sample A(3)

MFO_sample B(1) ~ MFO sample B(2) " MFO sample B(3)

MFO sample C(1) MFO sample C(2) MFO sample C(3)

Fig. 6.9 Comparison of HRTEM images(50k) from PM in MFO samples
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Fig. 6.9914 F7l2 F2& He F43 3 +

oA W AE o]y} U= REolth Fig. 6.9914 HHA AMZ AIEZ BAE C
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1 & 4 JtiTable 6.1 #a1). o]AL & F&Fo] =2 Amrt 3ol

ARAEY 22 dAs B4¥v= A7 W&Lack e

rlo

al., 2009)e F-&3ttt.

Table 6.1 Sulfur contents of marine fuel oil sample A~D

Test Item Unit MFO sample A MFO sample B

MFO sample C
Sulfur content (m/m) % 0.03

0.16 0.73
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Fig. 6.10 Comparison of HRTEM images(50k) from PM in MFO & ULSD
samples
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Table 6.2 Sulfur contents of marine fuel oils & ULSD

Test Ttem Unit ULSD for MFO MFO MFO
automobile sample A sample B sample C
Sulfur content (m/m) %| 0.001°]3} 0.03 0.16 0.73
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dimension)7} Zthd FAF THs} F/hEol FAEAFKIL AR F AeL
AREAT &, D, A 2AHL Aol B a A%, 2 o 7% Fig. 6.109]

A BZo] dutdsfiRg diizes g8 FLEAFKI7E A- =

sag 5 Aot

mjo
filo

_98_

Collection @ kmou



AR A A5AE ULSDY Axsbyel Al MEs= PMe] AAHA 2]
g wsy] 93 50 m 2AY A4E ol Sk AAARSE AE A - Coh &
528 ULSD A& 50k HRTEM olvlAA 2z 27 H=e] PME Hed
% 279 A olgalel AT B4 W& Fig 6.110] AT

MFO sample B(300k) MFO sample C(300K)
Fig. 6.11 Size ratio of MFO and ULSD PM using scale bar

Fig. 6.11& 2 WA AF28 ULSDS A% 50 nm 7|02 2ol & AL &
5 Aok AMARS AF A A5 H7ol 50 m Bl Yorl. AE B
ARE S0 math A2, 4T O BE AT 4F UG 23 o o
A%e FAY 5 ok

o

Lo

rr

_99_

Collection @ kmou



(a) Graphitic carbon structures (b) Amorphous carbon structures

Fig. 6.12 Comparison of HRTEM images for graphitic & amorphous carbon

structures
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Fig. 6.13 Comparison of carbon structure by HRTEM images(300k) from PM
of MFO & ULSD samples
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