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Analysis of PM exhausted by Diesel Engine
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Abstract

As a result of more stringent regulations by the International Maritime Organization (IMO) regarding NOx
emissions and sulfur concentration in fuel oil for vessels, pollutant reducing technologies are developing rapidly both
inside and outside of Japan. However, at present, despite these recent advances, there is a lack of progress in research
relating to the contents of Particulate Matter (PM) emitted by maritime diesel engines. And while there are on—land
regulations requiring concrete numerical weight values for Particulate Matter (PM), it cannot be said that all of the
adverse effects of PM have been eliminated. Therefore, this paper is intended to clarify the characteristics of PM
discharged from diesel engines. For this research, two types of heavy oil (A and C) were used and a dilution probe was
positioned at the exhaust port. PM was collected using a glass—fiber filter, and classified using ELPI. Soluble Organic
Fraction (SOF) was extracted and analyzed using dichloromethane. Results indicate that deterioration of combustion
efficiency causes an increase in SOF in PM. Furthermore, the gas chromatograph enabled the researchers to detect
Polycyclic Aromatic Hydrocarbons (PAHs) in the SOF. Finally, the amount of PAHs generated by the combustion of
heavy oil C was twice that of heavy oil A. Therefore the researchers conclude that the generation of PAH is influenced
by the amount of sulfur contained in the fuel oil.
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1. FLC&IC

WA, BB X ORI BT ABBEED TIER SN TV D, ISR T « — B VB OFE N 212 81T 4 BEBEiGged
WO TELNTH L. HBICHNONL T =YLy YV VEEFICRMTH Y, BEIHHE SRS CEMIEIEEIC
MELRLDOTHL., ZO7DPMSNLPETAIHEEDEEZLEIZEATED, BREHAGHONREZR>TnD. IMO

(FEIRR HEFHERS © International Maritime Organization) 1%, NOx %° SOx B & Ok T-IR¥WE (PM : Particulate Matter)
ZxF 9 BB i 2 B T b BUE, 20114E X DI E o 72 2 T E TS T ST\ %25, 20164F & 1) JififT &
N5 3IWHHNIIHMEICE L Wb DL > Tna,

2512, SOx X PM IZBWTIE, BEHHH ORLH 5B L Tnwab 2 eh s, Mt omESMREO#HEICE &
F o T 5. BRI OB 3 B OHHENIR L CiddbiE, 735w Mg & v o 728 (ECA - Emission Control Area)
WKBWTHHI SN TwD, F1TIZIMO I X 2N o 5 8H 2R 3. 24d, 20154FE 2 50. 1% 2 HH§ 5 b

Table 1 Sulfur content regulation of fuel oil by IMO

ECA (w%) Other (w%)
2010 1.0 4.5
2012 1.0 3.5
2015 0.1 3.5
2020 0.1 0.5
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DT, Flo— I BT HBIRD3. 5% 5 50. 5% 1220 b SN 5 FETH D Y.

PM i, Soot (A A :DrySoot) & SOF (AT R4 - Soluble Organic Fraction) &4V 7 = — b+ (sulfate)
TR ENS. Soot lFAAZRL, ZHUINEEMREPERTHEAET LD TH L. SOF IZFRFFRELT| SR ¢
JRRNC 72 57207 Tl {, BBAMMET b ELREFHRRIKENLLEEINTBY, MRICIEIREF#H L LD TH
% . Sulfate IZBREHOREDLFZAL L TERENL LD TH L. RENIH OB 5IEE & PM OBRIZOWTIE,
IV Yy OAMEN25~TH% M O &AM T, WS OWMIIH LT PM OFELAEEIMNT 2@ H 5 2 LG SN T
\/\%(2).

PM &, Soot & SOF NZENZTNEMED4EHTO%E HD, “o%Hbdb LKoo 8EH)P DS & SOF L » THK St
. PMEEMAH W T4 =BV Db (s, [URTOARZEEBIREIZL Y ERSNL. ZOBE DS
V2R Z T o 7 REC I 7 SIS E ENDIE G5 L AR S NIMEALEW R E0NAET 5. DS, iEsiRED
iR, sulfate |ICEBTABRETHY, PM HEOFHHZHHI L2 DL S 2 %W,

PMISKHENE LR 5T REETHoTH, FARTIEIFALTH 270, ERIIZORISOAIIL>TELRENS.
IMO TlxHljE Z BB 147 ) OFE&E (g/kWh) ICXDHEHBILTwE, ERICLLHHITEZ S L, 4um~10um
DRFNRZDORYZ HFEOTVE720, HESETHNIEEEZ ENT L2 EAMETH L. 7255, AMEREREICHEL KT
FTORAum LTk T &b, 2070, PMASMEIZRITSESE 2 2B 5 I BIEE 2 X 2 5HI25AR 0K
ThHEEZLL. F72, T AFIZEENDL PM EZRETEICHHL, BRESLOMBB LI UERELRL, YV A
AT B L OV PM BRD T & D b LERHH LE RS,

REFZEIL, PM OPRBFEEAIIRE L, 70 —E B2 O S 15 PM 2 R OEIRE Cofr L7z, $72, PM
DOFIZEINDIHEWE CTH L EBEFRFALKFZIZOWTHN 2 ITo72. IRohb, T4 =¥y Y ol
SN PM OBEMTEREZRAICILIET 200 TH 5.

2. KRBIE

2.1 HBREE

AR L7z EBEEOSXZ X 1 IRYT. Ty i3y~ —#3KDL (PSR4 A4 27 V71—
YIY) RER L BHLUZZBERNE, AEMKOCEMTHL. Ty y b ENHEFAO—H %k b
2=y MIHV, JISB8008-1IZHEVy, 7 4 IV FERTHS0CIZAR A L) IZHEIL, 74 V5 % @@ s PM 2 it L7z
X2, TIABMET 4 VZIZPM &L, Y7uana x4 CSOF 2 L, 447 L7z, f&fEEid DI-1000% H
W, RISEICAIL 7z ShE, COJRETHERELZ:. Z0k, TOT74VE 05 PMOBEEGHI2{T-o7:. X512,
Helr 2 o —HB % s REE#E (DEKATI A8 FPS-4000) & HfED LY = 7 & % H\WH500085 12 AL, ELPL % H v CTHE
BROMBB L OCERREEZFALA. £72, SHEH LTy P 0T e R 21087, EBRSEMF1X1500rpm O &
750% THr - 72,

Filter

Release

Air

Fig. 1 Experimental Device
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Table 2 Specifications of engine

Model Name YANMAR 3KDL
System 4-Stroke Diesel Engine
Number of Cylinders 3
Bore X Stroke 145 x170mm
Maximum Power 62. 5)kW/1500rpm
Engine Displacement 8423cc
2.2 EREE
2.2.1 ELPI

PM O4#11E, 74 V8 % W CHi%ET 2 R ELPL * HW TR T 2 05597 740512 X 2B 1T
BICATZA5HTH Y, PM OBHEHEDFHIITE 5. PM OFFHEREIIRE L 3OTHER SN TEB Y, FISHESAA
WL AHERE 2D, 0. lum FTORREK, GEICE28 1um FTOMK B L1 um ML EOMGAERKIZ L %5 PM
WZHEHENEY, LhLeds, 74V OHOMEIZLDHETE AR TOREEIDHIRSNS. PM OGMEITH
72DIZIX ELPI # H W2 LD H 5.

PM 7 & D F 7 LN )LVORTORIEZE LTk, /S—F 4 7 )V A > %, SMPS (Scanning Mobility Particle Sizer),
ELPI (Electrical Low Pressure Impactor) 237515, SMPS &, EHRDZBETAHEERNFOESBHEZ M H
35 DMA (o Fick 75 #k2% & © Differential Mobility Analyzer) &, 45k S N7zki T OMEEE % ll%E 3 5 CPC

(Condensation Particle Counter) #flAE TR INLEEOZ L THY, FTHMAEZFHIL 2FE Tz,

Z2T, AWIEIZELPI #3RH L7-. ELPLIZEESIZH WL 2 & Tl om L2 X5 H 0 TE 5. REEKIC
BW T DEKACI A% ELPI ((ETRIEA > /%7 %) R/, ELPLIZ) 7V 4 A CTHESHFUNEL DA 780 %
WL 2EEHERIT)FENTE S, ELPLIE, #EET 5 AT —INOEWEHZRIZ L YVRT %5/ TE, FFE00nm BLTF
@O PM OO0 1g/cm*EE T/ H T & T, SMPS OEGERE L i WlE2EF o N L EMiEsh T b, F/2, ELPL

(355 FR P A330nm~10um & IWEIAHEFH Y Th 5 2 &2 s, MEICERELZ RIZTHINO PMASHETE 20k
BR5b.
2.2.2 HREE

PERM O 70— T CHAT AR 2 7)) 0V I LUENH LD, EiREOZD PM O5HARHETH D, iR
REDZETLT LSRR T — 5 L N fF b o bl s s, 22 TIEMZARG M 2 KD 5 72D IHMEE %
BHT L2UENH 5.

FREEE L, DEKATI A O FPS-4000% H\w 72, FHHRE L NERELX EO L 2 LT, HiRE - BiREY v 7V ot
AN L7z LSOV LEHIIORE 2 Ho 5 Z EDTUTRETH 0, AR 2 I, 50 F 23 s o ks
W22 doThsb.

2.2.3 PMOHE

PM L, R TABMECTTELTA NI T A2 @B S5 2 & CHiE, Rl 2 LD WRETH L. 74
ZDOKFIIRKERIEBRAEIIOLRD LI END, ERMICT—EKGZRIESE, 7V OERBZNET LLEND
L. F 2 WEBDTANT ORIV EEINTHL I LS, [HRBMIZ TS 2B SE, ERAITBOEEZEDS PM
HershllT 5.

PM OH&ETFEL, o Do o M7 AD—EENASAL, —FBmOPET A% T4V F IHEBESE L. OB,
T AV FEBOHEN AMED2T ~50CIC 7% 5 L) RS T A2 LERH Y, E56I12, HREBEZHVLZELMETH L.

2.2.4 HRyYOAZIIZ7

Druury rERVWLAIET, TANVTICHESNIZPM 25 SOF 2 T& 4. Zofiliiix, ¥2A7o< b
77 7%HWE LT, SRAEERILKE (PAHs) 2EHIITTREE 20 5. PM SRS M 7ZITTld%e {, PMHOH
FEWHIZOWTOHIBILEECTHS. PM LW L72SOF 20904 5720, REBRCTHEHAT LI AZ7ax 757
1% Agilent Technologies fL#M7890B GC # ¥R L7z, ARFEEETIE, Yr7uux ¥ »THBLAEY Y I vEH A0~
k7T 7 TR L, BRENEIZIE U T SOF O EEH S 2 & L7z,
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2.3 BFAMOKRD
AFEERIZ BT L 72BN O B 2 % 2 1R, ARBf%Eid, A #ilt (MDO : Marin Diesel Oil) & C i
(MFO : Marin Fuel Oil) #H\7z. A FEifie C HMIIREMOEGHE42 Y, A HMAENFI90% 10 L CHagih
#910%, C EIMAEIMFI10% 125 L THREMFI90% Th 5. 72, WmEsmigEld, A Eulih%0.74%, C Eilih%2.31% T
HY, PMOEREENFRECZAT 20 TFHENS. S512, CHEMIIFRE RFETHL2.2%, BHEZAH154mm*/s
&, CEIMOI P L WHIELRZMETHLLEER 5.

Table 2 Properties of fuel oil

MDO MFO

Nitro Concentration (w9%) 0.01 0.19
Sulfur Concentration (W%) 0.74 2.31
Water (w9%) 0.00 0.1

Ashes (w%) 0. 000 0.034
Residual Carbon (w9%) 0.38 12.2
Kinetic Viscosity (mm?*/s) 2. 587 154

Density (g/cm) 0.8716 0.9793

Flash Point (C) 82.5 86.0
Lower Calorific Value  (M]/kg) 42.7 40.9

3. KEBRKER

3.1 TAILIHEICELS PM O

2127 4 WHHEIC L 2 EBHE R 2R T, 1500min ' OEFF50% TiTo 72 L D a) A i, b) C EhDFEERH
Thh. FHNIHET A D= EINASA L, HRAAL20L TobbPAT AL 274 VFHiEL. 20T 4051
FEERRIAIC 2h, 50T Tzl S H 7z,

a) Lb) RIWEKETLE, CEMO7 4 )VF 05 A BIMIZHANIEFICE S PMIBEFIEWAZT TR, PM OREARK
WCHERH LD LT 2 A, L, CHEMAFERAEIMI0%, BEMF10% THR SNZEOECRETH 5 L FEEZ, A
il L AR EERBENFE LT W LS PMASE A LD EHIENS, 74 vy Ewid, A FEHIZ20mg
/m*CTdH ), SOF LALA385%, SOF 7515% & F M C\w7z. C EiliE, 36mg/m’Tdh v, SOF LIsEA75%, SOF %%25%
SFN T,

a) MDO b) MFO

Fig. 2 Experimental Device

3.2 ELPIIZ&L3 PM OSSR

31 A E, X412 CEIMOELPLIZ & 2 3HIFE R 2R, MR E (H/cm’) b L CIZERERE (mg/
m’), HEhA PM Ofifk (um) TH 5.

A BT, BEEBEEH60~90nm TE—27 2R L, 20nm PLTFIRIZEAEPM 23 o 72, EEIEETIE 4~ 7um
TEY—Z7%&/xL7. CEMTIE, WEEEN60~90nm CT¥—27 &/RL7z HEBEETIE 7~10um TE—2Z %KL
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Fig. 5 Result of the gas chromatograph
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oo FRRICLCEFNE A ~Tum ThH L. BEREEIZB W TIZ20~100nm, FEEEEIZBWTIE 4 ~10um 252 E 0
FollbzEOTw5.

3.3 #HR/AX KNI ZTICLB PM DB

B5ICHAZa= b7 T 712X EHIE R 2R3, A SOF 2l L7zy 7 unx s o &WEO ¥ — 2
DRES, BHMPEMEOY — 7 2RI L72RHTH Y, 20min UED ¥ — 7 BEBEEFERIKEZRT

A FMOWRBEL, 20min DEICE MO Y — 7 PEIEL, ZRIFBROKEF G T T2 A B E 5
0.74% & INTHBY, TNOHFERTHL EF AL, CHEMOMEEIL, A & FFRIZ20min DEEICEZHO ¥ — 27 H37F
L, AFMON 2HOESI THo7z. T, Aeehbis L CREPRENSW EPERTSH 5.

4. £ £

4.1 EERELEARREICLZER"

PM2.5& 13, 2.5um UM oRifEZ RS, Z4Ud, REPIFEINSWzofion, 5120 TAY ALY
Ho. EEREDZZ 7 TPM2.5OFEEDN PMI0% &L HARDL ELBVE V) T LIRS BRRz05, PM OFERE
OHHHHNAE > TZOEEZIS L7zE LTH, L PM2. LT 2 5D TWAH72D, BNIZAD AL PM2.5
DORIBEITIETB S v ) S EPARIEETHL Ik o7z, BEWICIE, PMOGHT24TH) 2 & TEHEERETIE RS
RGOS PM 2R A2 T, HEIZX2HH L D EEIZ X 2 BB OS2 RRTH 2 2 & HRUZETH S
MEmo7z. PM OBENHRE L CUIMEBIREORB 21T\, 7 1 V& REEOR % - 8l - #ELz g 2 2%
RITHLEERD.

ol 72 X912 SOx % L TUIAFBI 2 BN E SN T0 b, D70 —HTiEdH 570 COWE 3 ORI S
B E A 2 e D 5. L LERE S ORI S B 2 W 72355 O PM OFEEIERE 2 + 00 12~ % W3
Vb,

4.2 MEEMICKD PM OHEHREE

AROFEETIX, AFEM, CEMo 2 EHOMRENMICH LT7 1 V% & ELPL #H\WC PM 24, 5 L7z %
Fo7z. ZTNEFEBFICHA A2 0< N T T TOHHIT-72. ENENORECEESH A B IRENI O —F = OHET A
& ENL PM OBER, MEGLEE, EREFELEHILIEICLY, CEMIIATEEMREMNSE CSEL-Z EH 5 PM
BEDPEL 25 LRI, TR0 7T 7O 5 & S EBEEERACKEZE DI L 7248055 6 e,

LG ERRACKEZ, BB ICRET 2L TR E UV RE 20U AT 2 HEHERILKREDZ ETHL. 0
BT H ALK ZIZI00LL Lo E e s L3 (7 o1y, RyVELY, 7752y, 7Uxy, EL ¥
E), TORIZEEDPAMEDWERNEIIHE L5255 00 L LTS, 72, SOF (21X ARRBED B <2 Ak
WAFEHOME P LEEICEEIN TS,

DRy, SBREFRRIKENEEINSSOF 2l ST I ENEEL LS. Lo b RN LETHEL LT, Ky
EEOBBABITON, RIIRT L) ICHBIDZERBEICRE LS 2ATFETHAS. L2LeNS, Bk CEMIZE
WCIIAMAE T A 5 2T S 5 2 AR L 72 2 3R 34 S &5 L . IR E RN BV TiE, o Tk
12L& 5 SOx, PM O 2 I3 2 K TR L A ABTFHETOWEETH S, £ 2T, A7 IV E PR~V 3
VIRE: EOBRBERSCETFENE I L 0 B, SR, BBEGEIC X S PM OFFHEREICOWTHE T A TFETH 5.

5. #&

8

AIFFEIL LT O & 1572,

1. AFEyCIZERILTSOF #515%, SOF DUA44385%, C Hyli Tl SOF #325%, SOF DA AT5% & o 7-2 L h 5,
PRIENE DS AL T 5 2 & T, SOF OHFHEDSEINT 2 2 & 2550072,

2. AR N T77ERHWSDZ LT, SOF HOFEWEDHFHATEETH V), SOF H D% BE5 F ik kALK E A
HT&7.

3. CHEIMBRBEIC L 2L BGHEHRRAKEDFAER, CEMEID O ABEBMOF K 2 B0 ESHRETE, RBEM
B L OBENIT OWE TR L 2 ESHL N o7,
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