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ABSTRACT

Analysis of Optical Properties of PM Generated
During Combustion of Pulverized Coal

Lee Soo-Han

Advisor : Prof. Park Seul-Hyun, Ph.D.

Dept. of Mechanical System & Automotive Engineering,
Graduate School of Chosun University

Particulate Matter(PM) generated during the combustion of hydrocarbon fuels is known to
cause air pollution and harmful diseases to the body. Depending on the source of PM, the
physical size, shape, and chemical composition of PM vary and the refractive index
affecting scattering and absorption when light is transmitted to the PM particles is different.
Determining the dimensionless light extinction coefficient, which is expressed as the sum of
the light scattering coefficient and the light absorption coefficient, enables accurate and
rapid measurement of the concentration of PM particles, rough identification of the source,
and analysis of the effect on the climate. In this study, kerosene was used as a fuel for
comparison with pulverized coal used in coal-fired power plants, which has the greatest
impact among the primary sources of PM particles in Korea. The dimensionless extinction
coefficients of pulverized coal and kerosene were 9.34 and 11.16, respectively. As a result
of EC/OC analysis, the kerosene PM particles showed higher EC content with strong light
absorption characteristics, and it can be seen that it is close to graphitized structure.
Pulverized coal PM particles with high OC content were expected to have relatively strong
light scattering characteristics. After deconvolution of RAMAN spectroscopy results, the
intensity ratio of ID3/IG was compared, and according to previous studies, kerosene PM
particles with higher intensity ratios are closer to the amorphous structure and closer to
graphite structure than pulverized coal PM particles. This is consistent with the result of

EC/OC anlaysis.
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+ 1.13) < &4 Z™EE 282326 + 1.13)22 YERTE Dot k2 ol =242 1
A% A YA dEE TFRE HYSATG ol A Wange] dTATeE W
o] AP} Prasanna & A4 A IEFY FF 5440 i = ujs)
W] FEFe At =AY geprlE, DS} e A0 FEFTl F FFS

MAA Y, De s FashA 2T HustAth Dol k= B3 27 selnE 19}

ZHE mol wet 2A Wtk D7F W PR W] Fal, ko Aol whet 3
AW o]l 7t wek FHsg o D <2 4 A MNYE F2E HEen, D>
29 A dAAZE TS dET HA¥ Fxo IS JEE Tz v§ =
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(PAHs, n-alkanes, hopanes, dicarboxylic acids, n-alkanoic acids, levoglucosan)<

B3l Mgk Aol FE WlEEHE F7IAEEC] FoldA ol di& 2%
7F ES AL 0C 57} 7 H9kar, 700°Coll A= EC7F 78 Hokom, o= AEke)

_10_

Collection @ chosun
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28 Jluo F3A Aol FWPS A8 SESAWS ngstel JEud
WED FHF FLAAS AL Bl P ARA YA FE Yo FolSi I
Aol Fohge AT 5 vk w9 Parks FEF G2 7 Fuse] mAE
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o me lAEA dRe RAdRe

GLSEE 7]¥tS. 23} Transmission CellS AAISIATH THEE=H wE YA T &
A4S 98 BHE ALt mAIWA JdAE SR oH, ST FLAEATE T
g A4S SRHE] fEiA mAlE Al JAE AT AES ARESE] mAlH A dA
o] =83 Ao wE FHevE EAES A% i B FAAAA R (HR-TEM)
A% 583 Fx, AR E4S A% SHES(RAMAN Spectroscopy) 44, EC/OC
48 At

2 A A= dolEuo] 29 FF TAolBR H3 AFtet 2ol ¢¥ ¥ oS bt
2 &3 "i7|et, FE] #HolAY S 650 nm OS2 AT AHIHANA AFE
Z1 343} A o
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Ago =z AR FHA] S (refractive index)ol] &l FFS B

Refractive index = m+ ik

Elastic scattering

Scattered Inclastic (Raman) scattering

» T «
Incident Transmitted

Figure 2.1 Light extinction (absorption and scattering) induced by particles
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Mirror IS

N
Beam
Splitter

= AL F JA=E Ak 2 dolA Fo] BT F JEFE AF 8 mmY F
St %(BK7 window with anti-reflection coating)e & ETrol| ettt of&2 TC 3o}
GRol= AEE dHE A5t d Y & (thermophoresis) &l o3l mA|HA] A=A}
A2ste AE BASATE Figure 22014 & F A+ AAF TC 3tFde 13 H

3715 FUE & AoH, Mo S E mAEA dxket A TCE
a8t mAEAe A FdE 371 FEFS AHFFFA(mass flow controller,

MEC)St ¥ FFAE ol g3te] A Aoissict.

Refra

Scattered |,
l

incident Transmitted
T Absorbed -

Figure 2.3 3D drawings of transmission cell (TC) used in the present study
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TCE Fdd PAREA AR s5& F4Eo] dojvbe B¢ TH FTEFHES ol &
st S8tk Figure 2.4+ TC shFell A2e ER 45 BoFE Igoth
HF = TCHF oA FaEo] dojues Y Alztdol] A AHF o] 7Hsst=S 3
Wk wEe 27 dEE FAH Ol‘:]'. ALt AlFE] 7)o TCE FYEHE ®
ARAE E1 (FHOE QYA F4AES JSHH o g2 ZAHsH7] AJAS A5 dE
o] ke Mgt HE2 (F2)°l ”]*ﬂ”dxl*g— of 3EXF AFT F WHO WIS T
AAXNE A&t U mARAE ZHIY 2J3 7 24FS TEAT. ZE Y
AEL 2 AfFold 71F(pore) Z71= <F 0.7 umo]T}.

—_

Figure 2.4 Filter assembly used to sample particulate matter

BE|Be] Ae MAHA A AR AW AAALL ol e 247 SAsn 1
A% HANA AR AN B Aol A8 Y ANAH L] H5E Table
2100 Aesol glom, AF A wA7| el e A A gtk

Table 2.1 Specification of an electronic scale

Maker OHAUS

Model AP250
Capacity(metric) Readability
52 ¢ 210 g 52 ¢ — 0.0l mg | 210 g — 0.1 mg
Spec. -
Sensitivity drift (10 ~ 40 C) Stabilization time
+ 2 ppm/TC 52 g - 12s 210 g — 5 s
— 1 4 —
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Fg golA Fo F
3 =439t Figure 2.3 F4E 24 Ad] AHgd #o)
BAZE7Y T ARRlol FA AR AL Table 2.20] A 2] = o it

il

S 33l dolA B =9S& AARte® FEAI TC
.

Figure 2.5 Configuration of a 650 nm laser, a beam splitter, and a photo detector

Table 2.2 Specification of a diode laser and a photo detector

Maker Korea SCIENTIFIC Co.

Model KS3600
Wavelength Power Size Rod Size
Spec.
650 nm 10 mV 30 x 82 10 x 150 mm
Maker THORLABS
Model PDA100A-EC(Si Switchable Gain Detector)
S Wavelength Bandwidth Peak Responsivity Active Area
pec.
340~1100 nm | DC-2.4 MHz | 0.62 A/W @ 960 mm 10 nm % 10 nm
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(“/Collection @ chosun



ol

3

boh B a7

S|

ol g

8} " % (optical density)7} A=

As

FAomz A9 A

Xy

o
frse

)]
ﬂo

—_
o

oF
o
oy
o
el

ANAM =

Nfo

A=

o

5

nl

&3 HRDE AdE FEGEE Y

@2.1)

1/1o

= -log(T/100), T=

Optical Density

=

Figure 2.6 &

o)},

Q.DHE <

Table 2.20] A& = o]yt

Fihge vl 1

-
o

alasly

A

E3hg Azl AR s A

-
[¢]

A%

Nr

A

KRN
- 1

j
.

slom AAF A3

Photo Detector

Theoretical

02

0.8

06

04

02

Optical Density

Figure 2.6 Optical transmittance comparisons between theoretical and measured values
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Table 2.3 Summary of optical transmittance for OD ranging from 0.1 to 1.0

(0))) Photo Detector Theoretical Error
0.10 0.7943 07943 -
0.20 0.6310 0.6310 -
0.30 0.4898 0.5012 2.27%
0.40 0.4074 0.3981 2.34%
0.50 0.3162 0.3162 -
0.60 0.2512 0.2512 -
0.98 0.0147 0.1000 4.7%

Figure 2.7 Table 2.3°] AHel® FEFHLAA #olx &5 IAHHE H2EIZ &
ot} TFoA B 4 9 uke} Zo] mAlHx e Aol Bad FholA AR o
2 oA Fo FHo] A FAHE AS AT

12 Y T T Y T T

2 08 feooe

in

02 g

" ; : ; a ;
0 40 80 120 160 200 240 280

Time [S]

Figure 2.7 Verification of laser stability for sampling period
SH(AA) A5 T L FFS Aoyl 945t Bronkhorst o] SE7|¢F T/ A
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& AA AF fF £H7](Mass Flow Controller, MFC)9F H4 A& A F&F =47]
=

AHEgE HAA T SR E Figure 2.89) EAIE 213 o] FASHA T

High
= Voltage
— o Probe :
o608 o ||
. - Converter Supply
] [1mi] Current
| | Probe
P = o= + -
il A
i Filter

c]- - Check Valve
{t L T
il
i |

Figure 2.8 Schematic Diagram of Coaxial Diffusion Burner with Evaporation and Flow

Heating

Control of Liquid Fuel

7%k BAANAM S AA MFColA AT FFU= S22 T35, FEE
oA A4dd EIer ooz ridHo rigdn. 7|gE Sfi= 4 MFCOlA
sad HEo] 7hxst EE F5F HUe sl dedn.

o

3/8" Gas Heater
/

Air or Oz/ Nz/ He

1/8" SUS Tube

Liquid Fuel, N,

Figure 2.9 Profile of Coaxial Burner
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Figure 2.9 57 WU ddzolt F=FF WU U3 Y=o WAL 77
1.76 mm®} 2523 mmeo|H, =3} 94%91 AbololE= AHEAl o] #YU3 F5S F7] A8l
A AEo] 595 mmel ZHJY: HIEZ YA Atk MY Q== T2/ A

SA7t AW FFE 5 AEF WEe| skx ehelo] AdHof glnk. o
FEHE SR Ao AEE RBE JET T TR LT ;:4
o BT, ohEel MUl UFOE BFAE Tk M Wl £

-rf%:gdolﬂ
. =
Lo
L o

it

29
©
Ao o Ay

7]
st As WAEH7] HsiA WU 95 2 djdde A s|EE 7:}0} A5 FH A
B 7tgstda, 2EH Qg2 HES B HY WSE 7EE 7 JAES s S
RIRd Rt gado] B

Pulverized Coal

Figure 2.10 Schematic Diagram of Pulverized Coal Burner

Labhouse it¢] DMF-3T H7|2& Abg3ste] w|Ege] WIsld7tA 71E3std i, vEg
S 125 A9 F e Algd =ridel g@okth vlEe s A AGE mAEA
A= 2H 9l 2712 £ F JA SR vEEe 1A JdEoly dHE
S A Aart 7] dio] AFALE T ALKHOR ASE T H4A &
o mEA dad F OLdAHSA wAEA YAV BASEA 7] wiEel] Mixed
System< A3 Ao wAWHA AAE FHI FH, MFCE AT

3}l Transmission Cell WH-Z v]AHZA] A7} A3 Fo] TS = AA 3T

]_
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°F 20 g9 HIEES ZrlYel Yo @S AR, rEee] @ =rides A
7128 25F 600 C2 AAF 7, 244 2= FHIAAE oW AV|= <ol FY3HA
ot F9E w R wselr kA oF 218 3027F A8 FA o, wElE o]l 30
1 dah E H AsEHAT

Table 2.4 Flash Point by Type of Coal"

Kind of Coal District Glow Point
Bituminous Georgetrown, III 456C 853°F
Bituminous Bennett.Station, III 496C 925°F
Bituminous Herrin, III 440°C 824°F

Lignite Manitoba 526C 979°F
Semi-bituminous | Castle Gate, Utah 528TC 982°F
Anthracite Pennsylvania 600C 1112°F
Coke 606T 1123°F

Table 2.4+ Z7] ©& T72 A L34S Uehd ZlolH, o] & Hg oz v&
o] W3S gohly] Sl ®E Farste] JA A TP Be 2511 440 “CH-E
N =S 259 606 CHAE A72o £E52 At L= WS ALY 103
ol WHEAY Ay AREH PR ISl of 550°ColA e, whEtA] w
Heto] dh 255 600 'CE MAAs L APS FY3ATH

ZICollection @ chosun
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22 AR QA £ 55ty B4 £

74 (transmission electron microscope, TEM)> ZAdA w9 3 F

=22 A3 PuFg oz BEEn A

B3} B9 A= U2 AT A=
2t 2k b AAE BYOE A§HL

of A A, X-Ael Hlste] BT} o}F WA wgS
R 4 DY BEHIAAE FFHOE NG 5
Nz B0 5 A ollE 247 W& AL & ojA v
#Y 5 o

Figure 2.11 ¥ Ao AFE-3F TEM 2417]o]t}, A2 Table 2.59F 7Th

)Collection @ chosun

Figure 2.11 Image of TEM Analyzer
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Table 2.5 Specification of TEM Analyzer

Maker JEOL(Japan)

Model e JEM-2010

* Guaranteed Resolution : 1.4 A(lattice) and 1.94 A(point to point)

* Accelerating Voltage : 80, 100, 120, 160, 200 kV

* Magnification (at 200 kV)

e Standard magnification mode : 2,000x to 1,500,000x

e Selected area magnification mode : 2,000x to 1,500,000%

* Low magnification mode (LOW MAG) : 50% to 1,000x

* Electron diffraction camera length : Selected area electron diffraction :
8 to 200 cm

Spec.

2 BaiRoR ofod
¥ A€FA(Elemental Carbon, EC)9} 7] B4 (Organic Carbon, OC)Z TFEZ 4+
Th. ECE A< B4(BC) EE 593} ghagty B3 Bad 593 053 354

T .
TZE HoUt. FE 354 A5 A4 wiol AHEHE 12 249 Edoln.
oct esj5asl ool fé&%(ﬂi 2 23 §7) dol2E B4 wEe YAH)
2123 29 B22 d4E FAl 4A ZHE AR wiEHAY, B3 vhee F8 2
i ool gdRAE 44E 5 Ao
Light-Absorption Classification Thermal-Optical Classification
More
light-absorbing ) Mo mfractow
Black Elemental
carbon carbon
Light- (BC,) (EC,)
absorbing v
carbon Brown :
(LAC) carbon
(BrC)
Organic
4 carbon
(OC,)
b
Less Less refractory

light-absorbing
* Measurementtechnique-specific split point

Figure 2.12 Comparison of Organic Carbon & Elemental Carbon
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EC/OCe] &&F& SAW o et =24 vehvdesd 2 dAFolAs € 2384
*H(Thermal-optical analysis)! NIOSH5040 A4S 7|22 3 AN @4X=
(Thermal Optical OC/EC Analyser, Sunset Laboratory Inc, USA)E ©| &3} 5
g ALxAFE Tl e 20709 Al tiste d B 2HE tE2A S

FHe 24T F BeH BANE BadRe HLeE Aojo U FHEA

ofo
e
S
&
i

O

Itk Figure 2.13-% EC/OC #£417]9] N&F=E Yepd Aot} o] &
A AFHe)T H2/DF(0/He) HAE o] FojA glon, AF dANAE ks
E oF 5% EHFUA 255 =9 dHd 2 B 7] g2 dof2ES ¥

=
L3R Aavt %Y ES FUFUA REE 37471 B gol
:

]
AET AYH vgs} o)

FID

TE— H2 & Air in

Methanator
[CH4)

MnO: Oxidizer l l

(CO2z) Laser

T

= Quartz
€.—
Main Quartz Oven I:J Filter in
Quartz L He, O2/He
Filter CH4/He in

Photodetector

Figure 2.13 Schematic of EC/OC Analyser
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AR f7] &4 dojR2EL AF DA A w3t AY E o] ZE|ZHE F
)2 ok dolSl Al H=d, o]E2A AAdE EFE POC(Pyrolyzed or charred OC)Z}

3t ECe} Zo] e F43ts 545 "W POCE (ta/PF GAoA 4kslElo EC
9} A FAlY Z=AH7] W&o POCE BAS 7] YA dolAES AH&3th POCO

& deo] FoEFe vlEsty] Wil ol ol &aA Wl A7) WsE B3 poce] A
Fol 7hsstth. He Mrls EF gACA PoCrt A E A whet fhasta, A/ E
GAl A POC7E AARA wmet A F7isth F dACdA SHE @A 4
POCE &3l 0Co %S A=36tH, Aa/AF dAdA ZHA &40 %A POC
wj Al ECE A4HETE POCY &F& SAHse WHo=E FAHEHS A8k NIOSH =
ZEZS AT 56 870, vEE 1270, F 20709 AaAAelA FAAS PM2.5SE
ZXSAT. 49 A+ ZE(8x10 in, Whatman, UK)E AF8314] 6.5 L'me] FHo=2 )
HotAoh A15e @AEAS FHAE ol8ste A 1eme ¥ FEHE Z2} Thermal
optical OC/EC analyzerZ #2413} th. OCE OC=0CI1+0C2+0C3+0C4+0C5+0C6+POCE
Ueh 1, ECE EC=EC7+EC8+EC9+ECI0+ECII+ECI2-POCE AlAtE o] Xt} TCE EC
9} 0Ce] o g UERJt) Table 2.6 NIOSH5040 T2 EZo| TAE L5909} AF A
& YERd Zlojth NIOSH Z2EF wgt 870°C7HA 55 &8 45 3tA
o} 23]

1

et

ol
ol
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Table 2.6 Thermo-optical Analytical Experimental Parameters of the NIOSH5040 Protocol

Hold Time (second) Temp. (C)

1 Helium 10 1

2 Helium 80 310
3 Helium 80 475
4 Helium 80 615
5 Helium 110 870
6 Helium 45 550
7 Oxygen 45 550
8 Oxygen 45 625
9 Oxygen 45 700
10 Oxygen 45 775
11 Oxygen 45 850
12 Oxygen 110 870
13 Calibration Ox 120 1

Figure 2.14= ¥ 2 g0 AFE-3F EC/OC £4)7]o]th 232 Table 2.79 2t}

Figure 2.14 Image of EC/OC Analyzer
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Table 2.7 Specification of EC/OC Analyzer

Maker Spec.

Maker &
Model

Sunset Laboratory & Lab OC-EC Aerosol Analyzer

e Main oven

Dimensions :

Spec.

0.05 ugC)

Correction :

* Power Requirements :

Dimensions : 406.5 x 406.5 x 342.9 mm
Weight : approximately 13.6 kg

FID/Valve units (combinerd stack)
355.6 x 279.4 x 279.4 mm
Weight : approximately 13.6 kg

120 / 240 VAC; 12 A

*  Computer/Software : A PC-type is provided with Windows XP Pro
and Sunset Laboratory Inc. proprietary software.

* Performance Characteristics

a. Minimum quantifiable total OC — 0.1 ugC

b. Minimum quantifiable total EC — 0.1 xgC

¢. Maximum instrument blank contribution — 0.1 pgC (typical < 0.01 —

* Optical Configurations Using 6MW Diode Laser for Pyrolysis
Transmittance — Standard

* Detectrion Method : Flame Ionization Detector

* Support Gas Requirements

a. He(99.9999% or better) - Hydrocarbon and CO, < 1 ppm

b. 5% Methane in Helium Balance — He (99.995%), Methane CP grade
or better, certification to 2%).

c. 10% Oxygen in Helium Balance - (99.999% or better)

d. Air (Grade 0.1 or equivalent)

e. Hydrogen (99.997 or better)

Collection @ chosun
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Fo, B EE ol W3t glo] IR ERAA YA oy
g hA Fee) we BEaA Ao 2AY 9RERE QAR 9 oy
Q]

AA o =2 XETE 7FA = Anti-Stokes scattering, L&

3 PYAREH FL3 ol H A E W= Rayleigh scattering© = e T}

Vibrational
energy states

+ ¥ |

Infrared Rayleigh Stokes  Anti-Stokes
absorption scattering Raman Raman
scattering scattering

S AW b

Figure 2.15 Types of Raman Scattering

St g dlo] Aol TS 7AA EAY A%, AATEH dEAEe & W
ARG, FA7E BAE vk Al THEe] CduA EH= SEA ' H, A7
A A7 sl FAE FESHEA Asde bE YA =2 WHAY A =
ok U =419 YA Aoltm Wed FAUE AEE vEA etk theF 24
=HEG A AZE o BuE, AA AL cuA 2

e Zog AT ol¥ Fuo WEE

Rayleigh At&+z} H]lw 31938 W] Stokes/Anti-Stokes A+gko] AmputEF Shift HAEAS

Bl 19 B T2 54, BA 45 1 AWPH 5 B4 T2E S 5 Uk
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Figure 2.16 Frequency and Strength of the Raman Band
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Figure 2.17 Gpeax, Dpeax Vibration mode
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Figure 2.182 & Aol ARE? SprbEd7]olnt. 232 Table 2.8 A= o Uth.

Figure 2.18 Image of Laser Raman Spectrometer

Table 2.8 Specification of Laser Raman Spectrometer

Maker &
e Jasco & NRS-5100
Model
e Aberration-corrected Czerny-Turner monochrometer (=300 mm)
e Wavenumber range(Raman shift) : 50 ~ 8000 cm™
e Maximum resolution : lem™ (532 nm excitation, 1800 gr/mm, 1024
Spectrograph

pixel CCD)
* Qrating : 1800 gr/mm
* 532 nm notch filter
Detector * 4-stage Peltier cooled CCD detector(UV-NIR range, 1024 x 255 pixel)

Laser e 532 nm, 50 mW
* High-resolution built-in CMOS camera

Microscope | ® 5%, 20%, 100x objectives

* Manual XYZ stage (operable distance X : 75, Y : 50, Z : 300mm)
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TCE FHste dolA dAEY A=ve 5T Ao J4oES o= v
A A JApel] o3 &4 Bt Figure 3.1 TCo mlAlWA] =7 FHE A%
A% BELEW)S A et EAS Tdgjzoltt. A5 AAFAHA EAT
H AR 7 F719F EFE TC WHE FdH7] Al&etd 3RS 5435 746t
of & A /dEl(Quasi-steady state)oll =E3IRTE BFEAEW))°l & BAGEH A =23
< W 2HE Fa vAMAY AR APsA, A ALALES AR

:|N:4“
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=)

hins

AWA Ao Age ARAG oked, MAWAS) 4D B T
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Figure 3.1 Measured light transmittance through the TC as a function of time
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Table 3.1 Summary of dimensionless light extinction coefficient of PM produced from
burning pulverized coal and kerosene fuels

P o

-In(l/1y) Mass [g] K, -In(l/ly) Mass [g] K,
0.6888 0.00116 8.17 1.14099 0.00074 11.24
0.625 0.00102 8.77 0.3204 0.00122 10.45
0.484 0.00091 8.81 0.4211 0.00143 10.80
0.6586 0.00170 9.30 0.1853 0.0007 9.48
0.9583 0.00228 9.12 0.48057 0.00144 11.54
0.8395 0.00191 9.91 0.30672 0.00096 12.29
0.615 0.00122 10.86 1.06363 0.00104 11.57
0.75 0.00199 10.68 2.20901 0.00263 11.16
0.634 0.00098 9.06 1.545404 0.00183 11.46
1.025 0.00214 10.30 3.499585 0.003736 11.65
93 £ 0.8 11.1 £ 0.7
Ke

14

12

Pulverized Coal Kerosene

M Pulverized Coal MKerosene

Figure 3.3 Average Values of the Extinction Coefficients of Pulverized Coal and Kerosene
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Table 3.2 Parametric Uncertainty for Calculating Type B Uncertainty

in S
— Psoot V. lnl Laser specs
A soot D9 1 0.031
Lmsoot :t20 nm
—A Vgaslni Literature and Current Study
psoot 'l(—) 1 3 0046
T Im.., 0.08 g/cm
— )\psootlni Accuracy +0.4% FS
Vias 1y 1 _ _ 0.004
Im,,, Resolution +0.001 L/min
- /\psoot I/vgaslni
L U -1 0.008 m 0.010
Lzmsoot
- )‘psoot I/gaslni .
Moot 1y -1 Resolution 0.2 mg 0.036
ngaot
I —Apo Voo b
- oot “gas I 0.928028 0.023
‘[0 Lmsoot [ 11’1 _[
0
Total Uncertainty (%) 7.1 %
1 2
e 2 2 2 1 . 2 —1 e 2 — .
i \/(0.031) +(0.046)* +(0.004)* +(—1 « 0.01)*+(—1 « 0.036)*+ o359 * 002331

€
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Figure 3.4 Comparison of TEM Images of Pulverized Coal and Kerosene
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Total counts = 104
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Mean = 95.94 nm
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(b) Measured d, distribution for PM produced from burning kerosene

Figure 3.6 Measured d, distribution for PM imaged using the TEM
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Table 3.3 Summary of Fractal Dimension

1.79 Turbulent Acetylene
Koylu and Faeth, 1992 1.75 Turbulent Ethylene

1.73 Turbulent Propane

1.61 Laminar Ethene
Zhu et. al., 2002

1.69 Laminar Acetylene

1.7 Pool fire JP-8(1 m)
Jensen et. al., 2007 1.6 Pool fire JP-8(2 m)

1.7 Pool fire JP-8(over fire)

EEst S4 nAEAe] Feld she
A@.60) Tt BasE S aolA W
4% 7

Table 3.4°l= A 2 &85 o] &3 Aitd
H7F AgHo o g=

A= m A H = Qo]
o7 dqis £ F U

P}

s wlEEkel WAR MAWA QAT Fakd S4o] %

Table 3.4 Summary of physical and fractal properties for PMs

Pulverized Coal

95.9

209474.5

448.3

464999

1.9

Kerosene

48.7

144562.5

367.7

414281

1.8

Pulverized Coal

4.6

9.1

0.5

2.2

247.3

Kerosene
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0.2

1.8

230.7
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Figure 3.9 Raman spectroscopy results for PMs produced from pulverized coal and
kerosene combustion
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Table 3.5 First Raman Band and Vibration Mode for Particulate Matter and Graphite

First-Order Raman Band

Band Initial Position Type Vibration Mode

G 1580 c¢cm™ Lorenz Ideal Graphitic Lattice (E,; Symmetry)

Disordered Graphitic Lattice

D1 1360 cm’ L
cm orenz (Graphene Layer edges / Aj, Symmetry)
Disordered Graphitic Lattice
D2 1620 cm’' L
cm orenz (Surface Graphene Layers / E,, Symmetry)
D3 1550 cm™ Gaussian Amorphous Carbon (Gaussian line shape)
D4 1180 c¢cm’ Lorenz Disordered Graphitic Lattice (A;; Symmetry)

12 g5 = 5 G MEE 1580 cm' Yol A YElYY A Fo 71 Wi 3tH
7Yzrel o] ZAol7t 100 mE T & ©d SAd A HHEE By, 2F REE JHAL
o} oF 1350 cm'olA YElU= DI MEE SA F9 7H JpAE dl A
A A2AAZE FAE HEA @A EZoA YeEhdE J30lH A, 2
g g 2 EHo|th 1620 cm'olA TEEE D2 MEE G WME(1580 cm’) = ol A
TAEE G e} PTIA R By, s EEE 7FAL Ak E3 D2 WiE+= G WiE
oF FAFRE AR lFol AT AAFHY AANA ELATL S 72 EANE TS
Aoz d#HA YukB p3 WMEE DI Y G W@l /\}Om 1500 cm'ti e A e}
yn A Az 3 F3be fiA . EA 8= T4 Ao o3 HAEE= ~HE
Holth. D4 MEE 1200cm' T & ol A YEFYIL SP,-SPs 7&?}} EE C-C, C=C 2EYH
ol A FAYEH BC BE-EQ EA9 B e AR HuFo] b
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Figure 3.10 Deconvoluted Raman spectral spectrum results
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EdolA O 3, EHZ T2 A FAHEY d2Fx7}

olN

st

Table 3.6 Summary of Raman spectral spectrum deconvolution

Peak Center Peak Area
Index Peak Type Shift Height SRS Integration
D4 Lorentz 1190 52.64 137.6 10857.87
D1 Lorentz 1350 183.61 199.05 53773.67
Coal D3 Gaussian 1490 64.63 304.27 20932.34
G Lorentz 1582 173.29 66.09 17598.57
D2 Lorentz 1610 109.76 42.35 7198.76
D4 Lorentz 1190 6.47 212.43 2006.63
DI Lorentz 1350 41.77 187.85 11587.50
Kerosene D3 Gaussian 1510 12.41 146.5 1934.79
G Lorentz 1583 25.97 69.48 2769.53
D2 Lorentz 1613 13.57 53.29 1115.81
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(“/Collection @ chosun



=

A4 A

J)
o<
-
o
Ivmo
A
oju

3 5fol Azl A WY mANA YA

.

&

BH AT
_E"

=

=

o mARMAIYAZE 2A4E W S PIAEAIE 1

o

vl HZ ] B3] O

Zef ®

AHEALS B AAE 1

-
o

= QAo

so) gom Uen}

7] $13l TEMo|r]A]

_*Owu

] Al F ) 2]

°of =214 2717t &

&

571

9

A3 Fzol 7113

A H oz 2

A

[e]

=

3t EC/OC #4243 5f/ vAd

m AR o] BohEA
[e)

23 EC/OC #4, Raman 33 EA S <3Y

ol
ol

o

oju
oa

o

3, Raman +#

=
-

oA AR B AEA o] He

B!

L.
T

SECEE PP T

_48_

Collection @ chosun



F 723
01. A F, v}z & Helh v\, =i A 71, 2017

02. 2016 US, EPA, “Particulate Matter (PM) Basics”

03. CHOI, Jae-Hyuk, et al. Characterization of carbonaceous particulate matter emitted from

marine diesel engine. Journal of Mechanical Science and Technology, 2016, 30.5: 2011-2017.

04. POSCHL, Ulrich. Atmospheric aerosols: composition, transformation, climate and health

effects. Angewandte Chemie International Edition, 2005, 44.46: 7520-7540.

05. CHANGE, Climate. Working Group I: The physical science basis. Projections of Future Cha
nges in Climate: http://www.ipcc.ch/publications_and data/ard/wgl/en/spmsspm-projections-of.ht

ml, 2007.

06. PAULIQUEVIS, Theotonio, et al. How clean is the natural atmosphere?.

07. TILLMAN, D. A. Combustion characteristics of lignite and coal: the dominant solid fossil

fuels. The Combustion of Solid Fuels and Wastes, 1991, 378.

08. WANG, X., et al. Characterization of organic aerosol produced during pulverized coal

combustion in a drop tube furnace. Atmos. Chem. Phys, 2013, 13.21: 10919-10932.

09. YOO, Jong-Ik; SEO, Yong-Chil;, SHINAGAWA, Takuya. Particle-size distributions and
heavy metal partitioning in emission gas from different coal-fired power plants. Environmental

Engineering Science, 2005, 22.2: 272-279.
10. TISSOT, B.; WELTE, D. H. Petroleum formation and occurrence: Springer-Verlag, Berlin,
699. 1984.

11. MURCHISON, Duncan; WESTOLL, T. Stanley (ed.). Coal and coal-bearing strata, Science
Progress, 1969, 57.226: 273-276.

_49_

Collection @ chosun



12. KREVELEN, Dirk Willem. Coal--typology, chemistry, physics, constitution. Elsevier Science
& Technology, 1961.

13. KOYLU, Umit Ozgiir, et al. Fractal and projected structure properties of soot aggregates.
Combustion and Flame, 1995, 100.4: 621-633.

14. CHOI, Seuk Cheun. Measurement and analysis of the dimensionless extinction constant for

diesel and biodiesel soot: influence of pressure, wavelength and fuel-type. ProQuest, 2009.

15. CHOI, M. Y., et al. Comparisons of the soot volume fraction using gravimetric and light
extinction techniques. Combustion and Flame, 1995, 102.1-2: 161-169.

16. AMIN, Hafiz MF; BENNETT, Anthony; ROBERTS, William L. Determining fractal
properties of soot aggregates and primary particle size distribution in counterflow flames up
to 10 atm. Proceedings of the Combustion Institute, 2019, 37.1: 1161-1168.

17. WANG, Yuanyuan, et al. Fractal dimensions and mixing structures of soot particles during

atmospheric processing. Environmental Science & Technology Letters, 2017, 4.11: 487-493.

18. YUAN, Qi, et al. Mixing State and Fractal Dimension of Soot Particles at a Remote Site

in the Southeastern Tibetan Plateau. Environmental Science & Technology, 2019.

19. PRASANNA, S.; RIVIERE, Ph; SOUFIANI, A. Effect of fractal parameters on absorption
properties of soot in the infrared region. Journal of Quantitative Spectroscopy and Radiative
Transfer, 2014, 148: 141-155.

20, AHE, et al. A8 A4 A FAEE PM 25 U BA doj2E9 38 A AF. 3
=t 7137 &3] A (=1 &), 2017, 33.3: 265-276.

21. WILLIAMS, Timothy C., et al. Measurement of the dimensionless extinction coefficient of
soot within laminar diffusion flames. International Journal of Heat and Mass Transfer, 2007,

50.7-8: 1616-1630.

22. ROMAY, Francisco J., et al. Thermophoretic deposition of aerosol particles in turbulent
pipe flow. Journal of Aerosol Science, 1998, 29.8: 943-959.

_50_

Collection @ chosun



23. OH, Sea-Ho, et al. Intercomparison of Carbonaceous Analytical Results using NIOSH5040,
IMPROVE_ A, EUSAAR2 Protocols. Journal of Korean Society for Atmospheric Environment,
2018, 34.3: 447-456.

24. TREE, Dale R.; SVENSSON, Kenth I. Soot processes in compression ignition engines.
Progress in Energy and Combustion Science, 2007, 33.3: 272-309.

25. TAYLOR, Barry N.; KUYATT, Chris E. Guidelines for evaluating and expressing the

uncertainty of NIST measurement results. 1994.

26. MITA, Akiyoshi; ISONO, Kenji. Effective complex refractive index of atmospheric aerosols
containing absorbing substances. Journal of the Meteorological Society of Japan. Ser. II, 1980,
58.1: 69-80.

27. YAMAMOTO, Giichi; TANAKA, Masayuki. Increase of global albedo due to air pollution.
Journal of the Atmospheric Sciences, 1972, 29.8: 1405-1412.

28. ANDREAE, Meinrat O.; GELENCSER, A. Black carbon or brown carbon? The nature of
light-absorbing carbonaceous aerosols. Atmospheric Chemistry and Physics, 2006, 6.10:
3131-3148.

29. HU, Bing; KOYLU, Umit. Size and morphology of soot particulates sampled from a
turbulent nonpremixed acetylene flame. Aerosol science and technology, 2004, 38.10:

1009-1018.

30. MANZELLO, Samuel L.; CHOI, Mun Y. Morphology of soot collected in microgravity
droplet flames. International journal of heat and mass transfer, 2002, 45.5: 1109-1116.

31. ESS, M. N, et al. In situ Raman microspectroscopic analysis of soot samples with different

organic carbon content: Structural changes during heating. Carbon, 2016, 105: 572-585.

32. FERRARI, Andrea C.; ROBERTSON, John. Interpretation of Raman spectra of disordered
and amorphous carbon. Physical review B, 2000, 61.20: 14095.

33. CATELANI, Tiziano; PRATESI, Giovanni; ZOPPI, Matteo. Raman characterization of

_51_

Collection @ chosun



ambient airborne soot and associated mineral phases. Aerosol Science and Technology, 2014,

48.1: 13-21.

34. SADEZKY, Alexa, et al. Raman microspectroscopy of soot and related carbonaceous

materials: spectral analysis and structural information. Carbon, 2005, 43.8: 1731-1742.

35. DRESSELHAUS, M. S.; DRESSELHAUS, G. Light scattering in graphite intercalation
compounds. In: Light scattering in solids III. Springer, Berlin, Heidelberg, 1982. p. 3-57.

36. CUESTA, A., et al. Raman microprobe studies on carbon materials. Carbon, 1994, 32.8:
1523-1532.

37. JAWHARI, T.; ROID, A.; CASADO, J. Raman spectroscopic characterization of some
commercially available carbon black materials. Carbon, 1995, 33.11: 1561-1565.

38. IVLEVA, N. P, et al. Raman microspectroscopic analysis of size-resolved atmospheric
aerosol particle samples collected with an ELPI: soot, humic-like substances, and inorganic

compounds. Aerosol Science and Technology, 2007, 41.7: 655-671.

_52_

Collection @ chosun



	제 1장  서  론
	1.1 연구 배경 및 필요성
	1.2 연구 목적 및 내용

	제 2장  실험장치 및 분석방법
	2.1 광소멸 측정장치 및 실험방법
	2.2 미세먼지 입자의 물리적·화학적 특성 분석방법

	제 3장  실험결과 및 고찰
	3.1 연료별 미세먼지 입자의 무차원 광소멸 계수
	3.2 미세먼지 입자의 물리적·화학적 특성

	제 4장  결론
	참고문헌


<startpage>13
제 1장  서  론 1
 1.1 연구 배경 및 필요성 1
 1.2 연구 목적 및 내용 9
제 2장  실험장치 및 분석방법 12
 2.1 광소멸 측정장치 및 실험방법 12
 2.2 미세먼지 입자의 물리적·화학적 특성 분석방법 21
제 3장  실험결과 및 고찰 30
 3.1 연료별 미세먼지 입자의 무차원 광소멸 계수 30
 3.2 미세먼지 입자의 물리적·화학적 특성 35
제 4장  결론 48
참고문헌 49
</body>

