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(A Study on Soot Formation and Oxidation Processes
in a Diesel Spray Flame

via Transmission Electron Microscopy)
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1.1 $E

ARETHE, FTAHROYE LIRS, 1.2 HFEOE R Tk, ERBEHEZEORINAH

FF B HFESEE SR BRIV TO, WREER, &0 bidT + — BB o Biffm E
DLEMEZGH S &I, ZOEE L TWDAEERRL P & W O BUEIC OV TR T 5. 1.3
[PERDIIFE] TiX, AFWRLTDOERD Th DT TR DA - BB OBLEM T OB
fift & e He v D BIGHREINC X 5 B0 f A &l , BUT OMFSE CITBRAE S R 143 70 i & B e
fbL, AWED “F 4 —BIVREES TOT TR MR O & B3I OLEMAHIT 5. 1.4
[FFEHRY) TIE, 7 4 — B WEFERRNT TR AR - LB OB L0 RKEBY
(2R L, AFiC TR T~ & S22 L, 1.5 TR TR _& 2L TERTho
HEJIZXH T D et a2 .



1.2 HFEDE R

NEED R LT T & ToRH AR OSBRI R, R =k L ¥ — B O EITAL
DL TWDHHEDTHY, BIEDOEN R EIECRFTEEN LR - BETXIAK LT X
X —FENIHENM L TS 2 ENRTRIEN TV D, FAERREZ R = R — R~ DR~
DHELY JLI TR E TRBAICED SN TWD A, REHRO = 3L F—HE DK 9
B 2 A o RE DAL IRE N 5D TV B[1-1]. 20 XL 9 RSB W T, RIS H
AR T R F =D RO XX — GO F - 2 %FN 2R -EDL LI D ET
DM, BEIZE 2 538 % /MR Z 50, {bABREIZGNIERT5Z ERD 5
T,

IO LI REZITHBEEELICBO UL, N 7Yy RESLCES HENE, BREER
HEVE DG Z I ONTER Y, e [E 2 IS RE Sk D NAERE 22 & 2 & oW IR RE)
JRA~OEAHEE SN TE TV D BBEICBWTHAIATIEZe <, I H B K
IZEFCor— R~y ZMMER SN TWDNR[1-2], 26Ol BEhHERIC L Y%
LA 7 TEAFICE TRETCORS TIE2 L, 405 30 % b HEVFHE HJIEA
PREEREN 77 (BO%FEE) L7252 LA THMENTVWA[L3]. —J, & EESICBWT
AR, 3 LW AR & I BB R BB RMISHEI L TR Y, 2 finRHl
FREIGY: (PM25 %), HIERIRIEALEORBEILE LD —i& &l > T\ 5. HAlF T,
KAk, A > 7 7 %fg & FREN L SN TV DRI A, Z 5 LR T
DOREZ RS 5 —F A2 2345 — B A ET 2 2 LI3EB T DI L 2. 2
O LTI D OREDMERICIL, BAFOWNREE DRV 2 MR £ T LS4,
Ta— B R SELNERD D, T 4 — B AREBIINAEES O R T b R B #
(I CO k) 1T, A, T v 7 EFEDORBHED L7 63T M TIIEMEOFES) T
Y, FiROEx REZ R TE DELEEMO—2THD. LnLRNLT 4 —E L
FEREIX, O 3 L X —ZEHUBERIZ BT, AL E 7o 2 2 5 M T UM R L ORI
XE 570, REENORFFERILOSMNILEHE TH Y, ZhicX v AERESNnD, A
RICHEREFRBEY (LU NOX) R FIk#'E  (Particulate Matter, LLT PM) OHEMH
DA ST & 7o, 2 D72 O BEFERIZ TR S 40 5D HE T 2 KL 23 S [ 2 Hho 2 S
SH, ZHUCREST DT CTHEVREIRBEAN S L ST E 7. 2 OEBEIN X, &
PIABE B IR DS T K 2 RBEELAT & PRI LA 2 F 9 2 AL B EAN I KBl S 5.
AT, T2 L—/UEH %, PEK PGB (Exhaust Gas Recirculation, YL F EGR),
EEAE 7R ST SN D BRBERN[1-4, 1-5, 1-6, 1-7)\C X 0 KiEICA EFEHHAMER & H,
E 512 NOX & T s 2 7 552 PM (K. 72 b @ Diesel Particulate Filter (UL T DPF)
&V o oA ALBRERAT[1-8, 1912 L 0, ik UWHLHIMEIC XIS LTe = O U BTN FEBL L T
WD NEOKBNRBER DO BT, ARERCHRBRREREOZOIZE, B2 581
DB MEARFR T D03, FRlOHBECOE &2 R AN S AT, mfli7e %l
AT MO T, BB Zm LS5 2 ENEETHSDH. S HIZ, DPF N2

3



L7ZPMICE Y HDHREEM =S5 &, BAEDTZDITBRE 22 Uitk 2 9% FE: S
LR, ZOBBETIIRENE LTI 5720, T —BEEICB T 2 EEER L W
IEANEZROBLE D b, RBERAN M EiIc X D PM BEHEBIIIBAEMICEZE CTH
%. NOX A A B = X AZHONWTIE D HREE OIS, EGR HE2HA L, RN
FIRE R ORBEIRE A N5 2 & TEOPHEL T 2 2 &L 23 FEETH 5 H3[1-10],
PMIZOWTIZFEDERS ThHTThAFDOT D U HNTOAER « FLmEE D b T
BB Th Y, REEBRRBIGHRIA KL ORI E > T, Ei b= v
VAT DOBFE B EHIAR IR 2T AR B P RIET LV OBRBREE L S TW5.
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1.3 TERDHFE

PM D ERSr Th TR, ZERFmEIRORER M T, Wb DB FRRL
7k (Polycyclic Aromatic Hydrocarbon, LLF PAH) A3 @dRicEdm S TR S - EHR
TR DR 7 S BRI & & D [1-11, 1-12]. AR S [1-13] i3 IR UE TP
I LT TR+ 2B e (LT TEM) IC LV @R cligi L, K117 &
INZEHRTTRAN, ORI NEEFTNEE D L 512 PAH 235 EE L7-
PRI L VIR SN TS Z EZBH LT L.

Crystallite
Outer shell
Inner core

Fine particle

Figure 1-1 A schematic model of microstructure of the diesel soot particle [1-13].

ZOFTTRFIE, REWEOFTY, TEAT 7 ARFBITHTEEI N, 2500~3000°CD

EIRZRFAR T CRKE &R HESINETLe 2 LTI 77 A4 MERD I ENAMBI
’Cb\é[l—14 1-15]). =R T ) Fa—TIIREFEIND RFEMEHTEF, BETHL Z

N Z BN T BB, BRREME, BORE 2 AT 5 2 &0 b, FHE RO U,
ff%aaw&ré: W o T2 BB AW B TH B 28D TV 5[1-16,1-17] 2%, Z & TR 7128V T
IR ERIERC N A Z | SR THEWEE L TR AN TWS[1-18]. £7-, KBt
W LEE T 572, HIERERR(LICTHF G LTS LB 2 6TV 5H[1-19]. K
KPCFEL T DT TRIF-OIZ E AL, BEIESCHN, 88, BEINC X 28R
BIOBRBEICIRIA L, NBIELHINTWD, FEEEMIFE, S0HICKRBREITE(L
L, 1960 Ff0 5 1970 FERICNMT T, o KREIGRWE & LIRS E T PM OBRBE
EEMENPREIND LI IThoTz.

BB B B B R p e m i e I LI B B L R B
8 —Us 0.8 —Us
—FU EU
q% Japan Japan
= 6 — China ?06 —— China
\xi =
= e
6 4+ | E = 0.4+
P2 7 =
2+ 0.2+
P n [ 1 " rary : i 1 1 -
1%90 1995 2000 2005 2010 2015 2020 1%90 1995 2000 2005 2010 2015 2020
Year Year

Figure 1-2 NOx and PM standards for heavy-duty vehicles in the United States, European Union,
Japan and China [1-20, 1-21].
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77N Sampling
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S . 2000 P La Ml
Ok ZHDICIAE D, PM & R L— AT LAY s, |
DBIRICH H NOX kLTI =D S teoof S SATTIn oo
n7= (K12 BH8[1-20, 1-21]). FAAEIC ] ) . a

& P ==71000

BT, 44 NOX Blla L LTV 2 ,/ "¢
7o, PM BHIEIZRCKIC 10 #1E L Gyl e
R0, BOBREOANEEMEEY B | Soot N
THEA B KRR Y& 5 2 LT, Srop \
Sbiz, =YULVEATERSNSTT & | 7 PN

o
3

KN A v ZRoNLT i S EE -

L pEAELETSECOEED, 7 2 O Mo
4 —BIVEIZBWTEE D LG Ofif e <)K\ T
) *‘B¥E§QZ e )
B2 N E <D OFRE & ST E 72, Aoyagi ok = - R
-20 TDC 20 Ex.

SIXBEANT AT Tk, B
HERZ A I 7B 53Tk &N
NO DAk, HE, FIAKIEE ORR

CRANK ANGLE, DEGREE

Figure 1-3 Variation of flame temperature,
NO and soot concentration and equivalence

ratio with crank angle for different injection
timing (DI diesel engine: BorexStroke = $95
%110 mm, compression ratio=14.6) [1-22]

FIELZFHIL, o 0BREFHE L
72[1-22]. ¥ 1-3 (2% O FHHIEE R 2 79
WO NT b Y &L KIZ
PENT BRI AR L, MR TRICRKEICREEL, KRR 1900 K DL E & 72
STOAHIBOMICEHITILEIND Z EZH LN Lz, o, T ERRITIEE &
HEBICEBRLTEY, YEEDE < D OKRIREN 2100~2350 K & 722 554 T3 7
HERORKREEDZ 52 L 2R/EB L TW5D. Uyehara (33— —I|2 X 2 ¥EEH OHLHECK
RIZBIT DT T AEMGRRIZEH L, 979R72% 2000~2400 K TR S 41, 2100 K f13iT
TEDOAREDRRERDZ L, Flo, TTAKELIRE S YREOBRKE L TERED
Z & AR LTZ[1-23, 1-24]. Kamimoto 51 Z DM EH SIEEICHER LTI ARELs
HL, 777 REER O3 A kiR & NO Ak 2 77, WhbwbeT ~ v 7 (X
1-4 Z2H) Z3ZRL, &6 00O E IR 2 AR RBRBE TN T 2 2 L iz
= L72[1-25]. 9hiF & NO OfENARIEFR OIS A, 1980 475 1990 H4X
T T, BB @SRRI K D IRAIEHE[1-26, 1-27, 1-28]X° EGR (2 & D IRBEIRE O
EI[1-29,1-30] & W o 72, T 4 — B DU b OFEJHWE RO 72 D ORFFEH
AN Oz, F, THOHEHEOE R O, FEIREG SR EL MK
JEBRJBE 212, HCCI[1-31, 1-32], PCCI[1-33], UNIBUS[1-34], PREDIC[1-35, 1-36], MK[1-
37,1-38], LTRC[1-39] & W\~ 7=k lE = 2 7 R AMRR SN, 2B OERIC LY,
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Figure 1-4  ¢-T map showing the concept of high temperature combustion for the simultaneous
reduction of soot and NO in diesel flames [1-25].
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Figure 1-5 Typical engine exhaust size distribution both mass and number weightings are shown
[1-40].

T IR O P B ITRIBAIARIR S 728, RPN T o394 Bemifil & O kAR i 23
I Z & THER T O RAIE 1 um (i 7222V NRIER O S OB K2 ED D X9 I
72572 (1X 1-5[1-40]). Z D KL DI/ S A1, FERIC K W RNIZERD IAE D & il
DRIZETIRBE L, REDRIF LAY HERBREEEZ 2637290141, 1-42],
2010 AEIZIIHT 72 I HE R 20 (PN) 12 KX 281l 25 A 72 EUROSD 23if 7T S 41, HEH S
ILORADOMERIZE THEEDR KA TS, 29 LIZHEH T A DB ERRICINZ, HEEL
2 DB ) & o T EERMERE A B~ DOBERITIE 2 DL, ITETIE EGR Xid
fokk, ZE:MISI[1-6,1-43,1-44, 1-45) 28 H LTV, BRABERIENI E 3 F 7ML TV
5. BROZ DU AT AR E R L OB TEH o TT D 7o OITIE, ABER
P2 B TS 2 BUEE RIS X DB D BLGGRIE 7 VSBR[ R TH 5.
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Figure 1-6  PAH transformation pathways to soot[1-46, 1-47, 1-48].

WRIGES: C O3 IR AE R ERE O BIGGRIEIIE, HE TEAKRTOFHE S LI,
1-6 DEITELEDHLILTVD[1-46]. £T, BREIOmMRIL, BVrfific L k72 A
FIRALKFEDRERR S ND. D%, REFRICAKTED @B ES, T TR ORIERA
ELTHMBND PAH ~LE L, PAH REA " BAEAEZEAT D 2 L Tk roks
BT 5. ZOAEREHIC, £NE TRHEOBIS L L THRbILTWZIBED, <FE—
fEAH, F£720%, FEHE-BEEOBGE LTRbND L 9I1Ck8D. S6I, ZRTOEIC
PAH 23 L T < KRR &R 7[R L3l 28 5-E T~ D BEE A E S FRIFFICE Z 0, 2
T TR BB 72 D UE R TS 5. Fiz, FRHHRT AT D O, OBREEY T4
EAD OH Ze Bl KV I b 41, i/l « HIRICE D . 7 4 —BAEEKKZNITIBNT
IO OB A BEREIC LY THIT 2T VAR T 72O, B ORI
MENZH %2, FWRICBTOIWRBRERICOTNOEER O EZHET 2 LERH S,
2002 1T Frenklach 73, K&JE F TOEH N—F—KkKREZXIGR & LIALFRO o 08
[1-49, 1-50, 1-51] Ml B & 2 N2 BR (b, 200 iR FE D FHHI[1-52, 1-53, 1-54] & W\ o 7z,
UIRFDOHREHIERE L Ea— L, TTARDFICEE T REMNIOW TR AL X TE
& TN D [1-55]. &k D REAFIRALKTE D & T EFBRRACKFE Z AT 2 BB T,
T F L (CoHa) OAHINSIZ & 5 Even-Carbon Atom Path <2, 7 1/ (C3H3)
DT HNVELEDORE % F L% Odd-Carbon AtomPath, 7&F L & 7 L1 m
FEEICE D 5 BEREZHRZTZIZHIZAN B (CHs) & 725 Propargyl-Acetylene Path %
NEFOND (K1-72M). £, BIL LIZRILKFEOSERGERE S LTE, K1-81Z
AT RO, BAKE - TEF U AINBIS R IR UE Z 5 HACA X°, HERGEFEIK
bk BRI LA LB EEZ L 0, ZO/ICT B F Lo M9 % Ring-Ring Condensation,

8
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High temperature route

+H =
CHy, — n-CHy+ CH, —— ||
/‘ -H, : &

CH,+CH, —> CH; *1*1[ T l+ H,

x
n-CH,+CH, —> |
e =

Low temperature route

(a) Even-carbon atom path [1-56]

HQ
/ c=c
HC=C=C 7

N 3

. H CH N N

e C P z

HC=C=C_ Hiy s A
H G =(

7/
H

(b) Odd-carbon atom path [1-56]
C;H; + C,H, — ¢-CH; — ©
(c) Propargyl-acetylene path [1-55, 1-57]

Figure 1-7 Schematic diagram of first aromatic formation via (a) Even-carbon atom path, (b)
Odd-carbon atom path and (c) Propargyl-acetylene path [1-55, 1-58].

Hi=Ma) o CaMa(-H) Hi-Hy} Z CaHy b
e i —_— h —_— )
H H H e K X
uc,n,(-m
¢ 0 ‘
z CaHz (-H) x CaHy . H (~Hp)
e @ | | —i O J ] O = [
X Z M

(a) Hydrogen- abstraction-acetylene-addition (HACA) [1-58, 1-53].
O O—~O-O v
THOcarem CH-OH

(b) Ring-Ring Condensation [1-55].

. Cot “f'a __bﬂfH:”
AN
(-H)¢
e W

(c) 5 member ring formation [1-55].

N\

N

4

Figure 1-8 Schematic diagram of PAH formation and growth via (a) HACA, (b) Ring-ring
condensation and (c) 5 member ring [1-55, 1-58].
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5 BERZN L CHBRZME D RIGREEN BRI OND. FZ, X 1-8(c)d 5 BERDEHIL
AHOETH Y, < ORHRISZBZDLERGBRRIZEWN T, RRICEIE L 5 HERX
JGD—DTHDHEEZ LN TWDH[LB9]. 2 b DGR Z I 5N T 5 720121%
ZNZENOAFFED K TORESE OWEIRIE 2 FHMC T 2 LERH 5. T4
TIX, BN K DA A AVEESTT D, TRER T A TNV TEAR LT HE
@ﬁ‘@ﬁii TxERGE CRET D FIESHEL SN TR Y, ®i S—F—k%&H ¢ kil
D FSHREE 2 SRS IAT L TV AHFZE & A S LTV 5 23[1-60, 1-61], 7 « —E/LPBE
5 C O RA L IVED TN TH Y, 2 b OISR ORI R TSR+ T
bo. Fl, BROMIEBWTEEREEZ LT RETREOFHNICIEL, ERkIETH S
TEENELSHOSNDD, line-of-sight FHITH 5 7= OME T KK JELEIAFAET D B
ROT IR FDOHDIREDZATE 72D, KRNEOIRESHOBIFHINETH D, KKD
Wikl 2 ROCIRE AT 2 513 252 & U C, B ML FFEDE I A~ 7 N IR FER A
PZ2FIFH L7= LIF (Laser Induced Fluorescence) ¥%:[1-62, 1-63]°, fLFFEDWIL AT K
IR FERAEM: % )i L 7= TDLAS (Tunable Diode Laser Absorption Sspectroscopy) #%:[1-64],
B IR & b L—H—Ki¥ & L7= Phosphor Thermometry[1-65]1%% 23 UTAEHENT S AL T U
L. LD, WTiLh SEMERBE-CERNIRHR T A~DEMIZHE E Y, )78
FHEE T 23R 70, ZEMLFRNGTEL, IEEF L OBEMERRNER/ T 57
o4 —BVRBES C oA FNIIMmD T, LEOB#EG, TR AR TH D
PAH DA « BRIBIRIZT ¢ —B/VIRBES O 270 &3, ELEEREES 250 T, ZDBIR
HfiE DS EBMEICH 5.

t=2.0ms 3.2ms 4.4ms 5.0ms
e 30 - - -
£ L L L
8 40} ¥k L L
b=
o 50 4% - -
N 1"""-51111 T T T N B
g
g 60 - -
= 70_ ¢ I I A
] - A F = ]
(8]
v 80 | 1 | | | | 14 1 | | | | | | |
= 0 10 20 30 0 0 10 20 30

mm
Figure 1-9 Simultaneous images of laser-induced emission induced by 355nm (blue) and
1064nm (red) in transient spray flames at 2.0 to 5.0ms after start of fuel injection [1-67].
, IR OB AEROBRR TR O FEMA~OHRZE A D 72D, AHZRERE
. *Zﬁ/ﬁk# PAH DZEAUIZ K DAL FSOSIEIROD 7 THELT L7236, FERBEY TR
%ﬁ@ﬁﬁX&%w:Ab@w:&#ﬁ%énfkbu%L i@ Y PAH [+ o> fE
BIZED BRI EN LI-ERRNE I TH D & S TWAH[L-55]. = OB E
EHONTT H720120E, KRP T PAH OZBEN E Z £ THEITT 200, E7-KE
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Bl ST DEBRLIF N ED K S tEEEL B L T DONERHRLMNER DD, T
A —BEFEKRRHTTO PAH & 3R DA A M2 T 27 & LT,

Aizawa 51X LIF 3= & OV LI £ (Laser Induced Incandescence) (2 X ¥ i Z [RIEFIZEHRI L
TWVWBH[1-67]. ZO—Hl%X 1-9 TR T. HETRIAND PAH ARGEIRIZEE Eiiiko
HFOEBICAEE L, TNEE D L O L TRATRIND T TR AR R I D.

t=06ms 0.8ms 1.0ms 1.6ms 1.8ms 20ms 28ms 4.0ms

080»

Distance from
nozzle orifice mm
8
=
Distance from nozzle orifice mm
8 8 & 8 3
LI | 1T
[og o
2 9 &
1% -4
) )
L3 oF

"""

Scot particles

“=ulLl ﬂﬂ“

04 06 08 10 16 18 20 28
Time ms

Figure 1-10 EEM images and h|gh -speed laser shadowgraphs of diesel spray flame (left) and
effect of ambient temperature on soot precursor growth and soot formation (right) [1-68].

8
TTTTIT T

3

3
I

F7- Aizawa 513, V~47L°~LCJ:Z.‘)JEJJ@?EZE7ﬁ§%§ﬁﬁﬁﬂﬁ7}<$®ﬁv\%iﬂﬁﬁﬁé‘fi
BxaAMAL, ZEEL——% M- EEM ¥ (Excitation Emission Matrix) , T

4 —EEFEKRND PAH OLER{LiEFEZ L 0 FEMICEHHAE L Ty 5 [1-68]. l 1-10 2
ZDFERDO— RS . ZOMEND, EFEKRKRT TPAHIL4~6 RIHY T 50 F&
FETEEL, 70, BH KL OFAKIEE 2 EHIZ PAH O ZB{LiEFE & 394 kBR1A,
FTROOBEERICEBL TS ZEZHLNIL TS, ZUHOFHANCZEL Y, PAH O
ZEALIBRE OB IIIRE > 72, D FHEEE TIIFFETE TV RN &b, [X1-8 D
W ILD PSR Z 8 H LTV D DR, BIBRICE D IRRIZOWTOMEZ R~ T H D
Tl F7o, BERKESGOT IR TG 2 A L7 flXiE & A & 720,

B RALIKR 0> DT AU T D £ CORISREEEIZ DWW T, BB OSSR L 28
A A AE #5748 (Photoionization Mass Spectroscopy, LA T PMS) [1-60, 1-61]% D X 9 72,
DFEEDREMTZLFHITHOLMNISND Z EZWIFF L2V,

K% O33R+ OFRE K E X, TIRA KR[1-69] % OJEFUKR[1-7T0] DWW T HIC
WTHTEF L UDORENIFEN L 725 TS Z & DBER S ,MngﬁMT%%
WZHACA IC L W RELEND Z ENELUV[1-55]. DL &, KiFORBAEEHREITT &
FUREE, RIEUERE, R REBICMZ, BFZE EOTEEY A MEESZE OE
WEEKEZZE L ek & 5[1-59,1-71]. —J7, T hiFDEmEEE{LIZOW T, Roth
BT K DRk % 7o AR C OB E & O 23R OBRLEOSEHIN S, 0 KON
OH NERBMILFITH D L RENTWDH[1-72]. 5 DAL IZIE, KB, £
i, O, XN OH DEEDMIT, O, DHAITIL, K FREOIEMEY A~ & B g
A K DATEES A N DOEIA[1-73, 1-74]%, OH OEAIZIE, K & AL FHRE O 1E 24
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BAFE[1-54,1-75] % ZE L CHIE L DD HFIENIAS ZITF AL TWD. 6, ki
Rl EO@EREEX, 77 7 B L VETT 50 & S, bifF-L O/ L
MEHRIZL TR INDIBDEEBEZ LTINS, R OREREIL, W5 E,
B RITIKGF L, MEREEZREOR/NNIBEDLOLTIREDOLOREEE LTHD
Smolchowski #8EHE XU L v stk SN B [1-76, 1-77]. kxR Tz bEEEE - BB
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Figure 1-11  Simultaneous images of LIF from OH (blue) and laser scattering due to soot
particles (red) in transient spray flames at 2.0 to 5.0ms after start of fuel injection [1-78].
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Figure 1-12 Contour maps of relative soot concentration (top), relative soot particle size
(middle), and relative number density of soot particles (bottom) at an injection pressure of 110
MPa [1-79].

Early stage of Soot formation and
soot formation oxidation processes

Soot precursor

low number density
T=2000-2100K

#=07-10

Figure 1-13 Concept model of sort formation and oxidation processes in a diesel spray flame
[1-80].
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Figure 1-14 A schematic of diesel spray flame which shows how to define and understand the
flame structure and in-flame soot formation and oxidation processes [1-87].
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Figure 1-15 Visualization of fuel droplet size in the near-nozzle region via long distance
microscope [1-90].
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Figure 1-16 Simultaneous measurement of entrainment rate and spray velocity via double-
pulsed particle imaging velocimetry [1-91].
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Figure 1-17 Comparison between laser based 2-D soot volume fraction by two institutes (top)
and simulated soot volume fraction by 5 institutes (bottom). Quantitative total soot mass derived
from both experiment and simulation is plotted on the right figure [1-92].
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(b) TEM images of soot particle in diesel spray flame fueled with conventional (left)
and surrogate (right) jet fuel.

Figure 1-18 The first trial of in-flame soot sampling from a reacting diesel jet by Kook et al.

[1-101]. (a) a schematic of experimental setup for soot sampling and (b) example TEM images
of sampled soot particles.
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Figure 1-19 An overview of present technology availability for soot formation and oxidation
processes in diesel spray flame.
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Figure 1-20 Procedure of in-flame soot particle morphology investigation via TEM.
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Eia=s

A [-] Projection area ratio of soot particles on a TEM image
Agrid [m?] Surface area of TEM grid

Coyrid [J/(kg-K)] Specific heat of TEM grid (=398 J/(kg - K))
Crt [J/(kg-K)] Specific heat of platinum wire (=133 J/(kg - K))
Cm [-] Velocity slip coefficient

Cs [-] Thermal creep coefficient

Ct [-] Temperature jump coefficient

dp [nm] Primary particle diameter

dpt [m] Diameter of platinum wire (=5.0X10°>m)
h [W/(m?-K)] Heat transfer coefficient

h(t) [W/(m?-K)] Heat transfer coefficient

I [-] Transmitted laser light intensity

lo [-] Incident laser light intensity

Kg [W/(m-K)] Thermal conductivity of surrounding gas
Ko [W/(m-K)] Thermal conductivity of particle

Kn [-] Knudsen number (=A/Ry)

KL [mg] Optical thickness of soot particles

Ipt [m] hot junction wire contacted lengthe

M [mg] Injected fuel amount

Pa [MPa] Ambient gas pressure

Pinj [MPa] Injection pressure

q(t) [W/m?] Heat flux from flame to grid surface

Rq [nm] Gyration radius of soot aggregate

Rp [nm] Particle radius
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Ta
Ty
Ty(t)
Ti(t)
Ts
Tyria(t)
Tsampler
oT
At
Ut
Vrid

[K]
[K]
[K]
[K]
[K]
[K]
[K]
[K/mm]
[ms]
[mm/s]
[m?]

[mm]

[mm]

[-]

[m]
[W/(m-K)]
[W/(m-K)]
[MPa]
[kg/m?]
[kg/m?]
[Wi(m?- K]
[m?]

[ms]

[m?/s]
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Ambient gas temperature

Average spray flame core local gas temperature

Spray flame core local gas temperature

Hot junction temperature of thermocouple

Surrounding gas temperature

Grid temperature

Soot sampler temperature

Temperature gradient between flame and grid

Injection duration

Thermophoretic velocity of particle
Volume of TEM grid
Distance from injector nozzle tip

Thermal boundary layer thickness

Emissivity of platinum wire (=0.16)

Mean free path of surrounding gas

Thermal conductivity of platinum wire

Thermal conductivity of TEM grid

Ambient density

Density of TEM grid (=8.96 X 10% kg/m?)

Density of platinum wire (=21.45 X 10® kg/mq)
Stefan-Boltzmann constant (=5.67 X 108 W/(m?- K*))
Geometric cross section of surrounding gas molecular

Time constant

Kinetic viscosity of surrounding gas
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Figure 2-1 A schematic of experimental setup.
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Figure 2-2 Constant volume combustion chamber.
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Mg 2 G x LIALT D KRPTIEINOEZE LRITL R 620, KR THLND
B TRIEOBMEIRIERIERS, 75 7 Z AW L Vo =T TR RO ERIC LY,
INBHEFHPOMEEZITO Z & L A[RETH D 03[2-4], AL TR LT LAV,
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L, BRBET AW 2R 7Y 7R, kK ) AVEBRAUEEDZ A
YT THBEDOTAEWRNHT T AT o TERET NS, 2t T,
EEDOZA IV 7 TS O A e SIS 8, IREZ T2 2 & CRICEHAET
L1280, WA D D3, BRBERSN DT DT ANSHIRIR & 72 5 T2 D ZE /] 4y
ERELE WD RTHD. AV TV 72O TE, v AV EsHAT 5 2 & T4
NREEEE DD Z LN TE LN, BFEGBHNKRETH Y, BOF TR HHIRAEIL LT
LEIEWVIRFEZATD. AWUFETIE, EEK 30mm, fcREEHRRER 1220mm 7
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FHIETIERETH S

sampler

t10

Injection direction

Carbon-coated
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Figure 2-4 A schematic of soot sampler.
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RNPOOBBENC LS 7Y v NMEIEEZS/RICIMZ 5720, 7 v REREHROEID R =
NESZ L5 mm &L, P> 7 I —OMEIEIBMEEROFE TV =7 A (A2017P)
RV, T4 —BAUEEKRNCY 77— 52 REET 5 2 L ThkR#EE, OV TiEk
RNT TR OMERNEALT D 2 EDNRESND T, IRETH 77 —REOKE %
BRI LTS, A2 Py & 7 XVl B3R TN % COWiE 213, Ak L
T L DA ¥ = 7 2R & R AR & ORIICERY 1 2 AX—%—%2 %
Had b L TEE LT

232 V7T —BBIC LB AKRKEE~DEE

KIGRE L AR TR TIRWIRETH 279 77 —2RET 5 Z LT, AL
B LWV TR REEPLEE L, KRPOTIRADOIERNEML TV D Z EBRBESN
L. LU s, TR 2MEETICEOMHEREMDMR 2o, KETIIARK
MEORIE L U TR RENIIN, BAR, L —V—EF5RICI 5T EmkEE %, W
YT —HETHERL, TORBERFTLIILLTD.

Table 2-1 Experimental conditions

Surrounding conditions

Ambient density p , 9.5 kg/m®
Ambient temperature T, 940 K
Ambient pressure P, 2.5 MPa
0O, concentration 21%
Injection conditions
Injector G2S (Solenoid)
Nozzle type $0.24 mmXx1
Injection pressure AP jy; 80 MPa
Injection duration At;y; 2.5ms
Fuel JIS#2
Injection amount M ¢ 10.3 mg
Sampling conditions
Sampler tpye Skim
Distance from nozzle tip z 40 and 90 mm
Grid type -
Temerature of sampler T gumpjer 373K

R 2-VICEREMEZTT. BT 2 L —VF—FBNEFTENS, REFEXROTIT4A
B AANL I (CFA Y 4 D IEFLIENE 2> D 40mm (2240 mm) DALE T, BRBERNE %, W
VT —HEENENOFMEICBON TS RET ORI L. £2 L— — L TR
EAZOWTIT z=40mm (2%, 3B K ZWEFEKROWE DR 5 T HEICF 45 z=90
mm OFLE THIT> TWD. X 2-5 [IZENEBRENR OB ARE, X 2-6 (255 KB
Y. K25 ITIXRBEEBR S By DT — X 2T o U T A LIz b D%, X261
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Figure 2-5 Time histories of ambient pressure and apparent heat release rate with and without a
soot sampler probe [2-5].
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Figure 2-6 Ignition delay for the cases of with and without soot sampler [2-5].
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&V, BIRNOBRNZENT 52 LT, EEEOEIIHUNOZEAREL, DTN
B EROIRB O HIIZAL L T D0, BRBEZ DS DN L TNDEFRADITED
ZIFA LNV BXKENAHIFIZOWTHmHE & HIZFE LT 650 us FRE L 2> TH
D, ¥ 77 —RIELDEHEKBREPRESEHEL TRV EERLTNS.

WIZ, L—Y—FBEEEIC L AT AREIC OV TR S, ¥ 2-7 [2 &0
BRASME FLAEHR A2 S 40 mm K TN 90 mm OALE T L - 5Bl a2 R~T. 4 V=7 X
Z 0, BB ES D FHA~EEB STV 5. B EFEICRE STV D507 T
PRBHE BB AET 7> B OFE[E] (Time after start of injection) 7R L TW 5. £7-, TFHIC
BRI GBI - 650 pus) K& OMES ] (2.3 ms) #rd. ¥, BB~
T —x R\ 2o A, 0.4ms EIZEMICHEZEN BN, 0.9ms (XML (2250
mm 30) IZIEWVERBIZEIND. £ D% 1.5ms THORWGEIRA Bl 7 ~ L,
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Figure 2-7 Example laser shadowgraphs of soot in a diesel spray flame with (bottom) and
without (top) a soot sampler probe [2-5].

z=35 mm N BT T ERDBIEE > TND I ERDDD. 21 ms D 2.8 ms IZMT T
SEREB DY EEDS PRI BE L, 3.3ms LARE, K& DEIIDE K ORI DR 2 1IZ5
DL 2o TV E, 41ms T P @E=100mm) THREDOTITIC L 2 ENHETDH. Zh
SITKRFADIIAFAET D OH I L DIR1E[2-6,2-7] &, PREMERHE T 12 OMEHE R IR ER IS
B ZEXEANDRERSIZLDZ DO EEZZLND. it TH T T7—FOHE, 06
ms CHEENY 7T —IZHEL, 09ms TH 77— LDOEA & RIFEEZ
(z=50mm f131) TRWENIRND. EHEOLEYZIETY 7T —mmiEcizE L, £~&
RESERZEZTWDEN, LI LU TUIKRENIANHHFEOZLIFAR 6T,
7T DA L RREORE 2> TV 5. 1.5ms T AR BIIAALE A z=35mm
fhicy 7 My omb R oz, iz, WEOHILEH L MRS DI K80
HRT DM OWTH RE RN BRI NZ. Z0ZEnb, P77 —nRik
XY, T AERBENCRKE REMD RN LOVRIREND.

UL EDRERD G, BRBEEN O BIED B 6 1 5 & KNI & OB RT3 Y
T L > THEEBERZEZE LRV ERENT. £72, L=V —EEFHICX
LEMMR T IR OBEND, 7T A RETLZ LIk T, T AR
B, HERDMEKNT A I U TRKKE, BIRE Vo T KRIEEICRE R EITE LN
ZEWRENTE. 2O ENL, RFETHRAL WA T3 77— % Rl4 52
& TR SN D AREEDZE, OV TITKENT T AERGETE~D R A i/ MRIZE 2
BNTVWALDEEZLND. LNLARNRD, b7 T7—% 7240 mm LV & 512 Lk
ICRRETD5HA, b L ITBRFRRERESIC L 0 S5 KERNEL 256, MENEK
RNZ > 77 —IZ/H22 L, KREEDPRES BT L2 N TRISND DT, N
BN OVFERSFIT P DICEET R ER D 5.
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2.3.3 BERT ¢ —BNVEEKRKOEBNE

AR THEREE L CNDHRET ¢ —BAEFEKRIL, F—OFAXSETICBNTYH
KREE NI HDERNAEL D, BHMICZ LWEHRTHD. Z07=d, ki HHED
T2 O DRBERBR 21T O BUILRIFFC, 232 [V 7T —REIC X D kREE~DRE)
TR LTz, BXREAM R ORI OBIAEROFH], T AREESTREO DD L —
P—BEEE TERZ 2TV, KRBEIMNRFE LS RoTWLH Lzl o2 L L
LTWa., LL2RE, ZALOFNC XV E—&M L S NZHAICBNTY,
KRN TRFTOWICIIEN L2, T34/ - B LREN 3 v MEIEDH 20T
HTEDBREIND.

AETIE, R—FHEKLETCTREENTZ3>ORRD 7 ) v Ry 7o,
% 3 ETHRk T 5 TEM BlE2 - T 217V, oI REZHKRT 52 LT, BRT «
—VIEFERR DY a9 v MEOIEZL O NI TR ERICS 2 D BEHET .

Table 2-2  Experimental conditions

Surrounding conditions

Ambient density o , 9.5 kg/m®
Ambient temperature T, 1000 K
Ambient pressure P, 2.7 MPa
0O, concentration 21%
Injection conditions
Injector G2S (Solenoid)
Nozzle type $0.14 mmX1
Injection pressure AP jy; 80 MPa
Injection duration At;y; 2.3ms
Fuel JIS#2
Injection amount M ¢ 10.3 mg
Sampling conditions
Sampler tpye Skim
Distance from nozzle tip z 70 mm
Grid type Carbon coated copper grid
Temerature of sampler T gumpjer 373K

K 2-2 ITEBREM AT, WEAMEIIRFEREMFTOT IR FIRE L R ED B — 2
T & HMEFLSEE DY S 70 mm DALE[2-9] & Lz, AFHH D 7212 hi g D 7=
D DIRBEFERZ 10 [EI1TVY, Z OHCRHICE KIEAWIF S I VREEAE 3 DiE L7z, 72
B, FHEN%E"ShotA”,”Shot B”, ”Shot C” L M5 Z L & 95, ZhENDEKEN
BRI 700,710,720 ps TH - 72, TNENDES K OEIE AR O JEIE % [X] 2-8, |2/~
ZORIMNG, Bip DT 4 —BIVREE CEUS SN R R OB AR EIEI, [F% 0% K
BEAMMICE T, EERICEDEHNRRH L EZO TR L L S R E 2D 2 &0
RENT. FOT, K29 ICENENO L —F—FBEERE/RT. X 2-9 TIIEHE

=
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Figure 2-8 Time histories of ambient pressure and apparent heat release rate for three different
shots under the identical ambient condition.
KRIFIENOHE~EATL, T HOBEED KOEFIIA Y7 & ) ANV 6
2R LTS, Fz, K EHFOEFITE Ej‘laaﬁ 1% ORFICH Y4 5. 0.8ms Tﬂ%%?
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D 2 DI LWL 5 I/ T %ﬂ“bé. D%, 1.5ms 5 2.0 ms (ZT T,
TNENERDIBRER LN, 7T ~Lﬁﬁﬁ Z PRV EE LTV SRR
RIS, 25ms 725 3.2ms (2T TRRKIZ K 0 3 HR LT <23, ShotB iZ-ouy

i@@Zo;@%E$w#%<&ofwéﬁ%#ﬁ¢éht OB R Y P R
aykﬁﬁﬁﬁémﬁwﬁ%®&4\/7:%Q@#i%é%@@-%h%@k%%ﬁ
IR EREF R SR o7z. LLEXY, Shot A, B, CIX[F— SN T b
7o, FEDOKRRMEEZAT DMEEKK L HEL, ::“G?%Ehf:? ) b4 ]\‘“‘j‘/7/l/7§i’ﬁﬁ
WT, TEMIZE D TR IEROHIK AT 2L L35,
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Figure 2-9 Example laser shadowgraphs of soot in a diesel spray flame for three different shots
under the identical ambient condition [2-10].
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ShotA ~ x6,000

Figure 2-10 Example TEM images of soot particles on the grids for shot A, B and C at
magnifications of x6,000 (top) and x20,000 (bottom) [2-10].

2-10 IZENENOEFEKRR P OIE SN2 T TR0 TEM i 2 rd. EEITR
L 723 6,000 fi5> TEM 7> & EPER 723901 O IR B L OERIA D R & 3 fz
TE5. ZNHLDOEELY, RRDIEZERRPOHEONTT Y vy Ry T ARMT, 73
R DIRE & RE SIWZHREREZITR N, £, TEOAEEE 20,000 5O HE{ED 6,
BRI T 2 R T ITR A OIRRDHERE TE 503, TOEFETTRAEICONTH
RAOMBEORTRERETIR O, LLEXY, FETER O TEM BN G,
2R T TORRBEIZ I T, EHE KRN T IRAIERITEIIIENR RSN RN &
DB oTz.

Figure 2-11 Target area used for calculation of local relative optical thickness of soot cloud on
laser shadowgraphs of a diesel spray flame [2-5].
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Figure 2-12 Projection area ratio of soot particles on TEM grid and time-integrated local relative
optical thickness of soot cloud for the cases of shot A, B and C [2-10].

BT MIBNT, 2-10 EBC/R L72f%3R 6,000 {5 D8 5 Koy O FRMT#E FL & -1
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DEMERIZ2BIEED DITHER SR Do 7o)y, EEMICE M LIc 3T & mfEt TldEz
570y R TN TIRR TCEURREDOZENEL TND Z ERbhole. iz,
FHRTTIREICBWVWTHORRTER2NRBEDIILDEEZE LT TWVD Z ERHERIN
7o, HIBIZ, HFEHINCIW T shot B Bl KOREZ /R L72A, TEM ICL HRET
ITRIREZ R LTz, 202 Ennb, BITEHMICHMRED 720 Line-of-sight @ Y73
TiX, TEM 7 U v R EOTTREZLT L THELED O TIERWI AR I
7-.

WIS, 77Uy B EOT IR IR Z T 5272012, TEM B 639 h 7O %EHE
TP RIS OB R 2 AT U 7o, M 2-13 |2 R T T hifk e A N7 T L&k T .
BRI C B3R 9hi8S, MtCRHAIEE A~ . TN ENOREHIEEIZ 7Y v B A
BIIEIZ 1,334, 1,526, 1,410 [MI Tdh o7z, HERHIREZ R2IXH O E 24 7o 3R & i3t
BANCERTTREBE A N T LEFE 7V y RE T M TIHEWERRERS>TND Z
EBDLND. Z7 Yy RV BIT ARMESEII x# L ey FLTHY, £
nENZ Y v K ADIEIZ 16.7nm, 16.0nm, 17.0nm & £3%FREDIES XTI E -
7.
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Figure 2-13 Histogram of primary particle diameter for shot A, B and C [2-10].

B 2-14 |ZUREEARFERI RO &AM 2 3. AR CERE RBERPEES, Mt BRI
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Figure 2-14  Rg-mass distribution of soot aggregates for shot A, B and C [2-10].
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7o, ZZTHRLNLD TEMICE DR FOEET — XL KKP ORI RN 7Y v B EICH
HEINDLIETIZEDL I 2ERZ L TCWEDEKM L TWDE LD THDH. ZNHD/RT
A—ZOMHEZ LD Z LT, KRPTTTRE, ERT IR LROEEERDORE A
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Figure 2-15 Correlation between normalized density of sampled soot, primary diameter, and
aggregate gyration radius among three grid samples taken at z= 70 mm [2-10].
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EHEEIND. Fo, ERITITRE L OMBANHEBIIERN -T2 L0, TR FOFE
AR T IR & EEO BRI S, MBS 2D PAH FOREIZE Y B LT
DHDOEMEIND. TIT, BEMEEPEEROEIMNICIE, 7Y v B ETOREES A
REPEL LCHET B0, SEHHE S NIV 0 70 K 5 ITEREHEAER 10%IZ 0 72 720
IFERNZ Y RRENIZHBWT, IBIRICHEENE Z 5 L i1F3E 21T,

VI EOFERNBHEIET  —BAEHBEKEDY 2 v MEOIELSEIZE-T, 7Y v R
ICHIE SN DT TR OREEBITBNI R E R ZE2HTH LIRS, £, B
FT TR CEEREREERIC LTI TIEL 50, BB H 2, T9hORE L
RIRRDRNCAEN BN AE T D 2 LRI NI, 723, REROHEmNEREO= v
RN TTHIE SN T TR IOV T HRER IV TN S[2-11]. HFEHNC X 53R E
TIXEMEMICIFEN AT, £/, EEMICATYH TEM AR & IZHENMERW 2 &
5, KRNOZER K OWRERPNCIR L < R — 7R ESAAR 7 ) v K EOFTREIC
WHIRE R BEFf > TS ZEERLTWA. RO Z Y v R U7V THET ¢
— BB RNT TR RROZEZ R T 256, OO OX LD RN S
DEENTNDZ LICHEELRITIUTRR B0,
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2.4 RIKENR OB

TIRADIHEAN=ALLE L TAEKEST Y v REOHOIBEARIZ L AT HE
VKENN R A 260 T D 08, FERRIZ ED X 9 223 O R 7 — L TR RN TR 1203
7Yy FEZBH L TWDONE WS TBIGOBNE R+ Th D, REITIE, BukE)
RN L B3k R O PR & B A0, FHANC K-S X IR BT RS K OBk Bk
PRRETLHEETD.

Cold wall

Figure 2-16 A schematic of thermophoresis
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HPNE LD BB T S5 TH Y, "EFDOREIPNEISRY, SE0 TFiEE TSR L
TRATHUTZ2 5 720 REE (T 720 Ba7ESIIKDIEE) 12705 FHFIC 2> T< 37[2-12].
7 X—% OB & IR T & RN T O EAERNZET D720, BAkEish R,
H 8 (1<<Kn), BEBHEE (1<Kn<10), 30 {fiALeEE (0.01<Kn<1), Hif5E6H
1 (Kn~0) @ 4 SICEFLI N5, FEIC L » TEVKEN DB HIC W 2T R A2 58, W
THOLEICBWTHIREAR VT B EE L 725, AT, 241 DRKREEGFR) <
ERA O KRR 2, 24217 U » NIREEFHH TREEF D27 Y » FREAZFHHIL, 24.3
RS OBKENE | TRAEME IOV TIREE FUEE S M OBGKENEE 25 L,
TR OIERFRIC OV TEERT 5.

2.4.1 KRB EFHA

PRIBE 7 B IC BV TR RIREFHINE & LTl b IV B AL D ZayE[2-13]1, K
RPOT TR O SN DN ZFIA T 2729, in-situ TOURE 534 O AL
AEETOVEMNTHD. LLENRG, 74 —EBEAEZFEKRFPTIETTEREN SV
D, WEETOEICAE T 2T R A6 ORRSHEITEILE O & OIS 1, —ARIZFHA
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Thermocouple holder

Hot junction

==

Figure 2-17 A schematic of spray flame core temperature measurement via type R
thermocouple[2-14].

SENDIREIXRROERBEICHYTEH0LE INTWS[2-14]. = Z TARIATIE, #
Bk & I CHEFE O O KR AR 2 51 U, ZAGKENE S 5 S B2 B R A o 2l
ERETHIEE L. X 2-17 ([IARFHINC A U 7= BviE Xt & 2@ OIS X &~ 3. %t
B LT5T 4 —BMEHEKLOREEIT 1000~2000 K F2E LTS5 Z LD, R
FABER238E Lz, £72, 10ms (272720 T ¢ — B /VBRBERAR 15 % FHEl4
Lz, TEXHRVIGEMZM ESE5Z &2 HMIZ, 50pum OFMRE AR v MEBEC
K VAL, WBEARORMEZ R/NRIZE D, K 2-17 1277 X 512 2 OBVERH B
Fegn EEROIFEI T E O A L, EWEH Lo 7T — EmEiE S 0.5 mm L
FIIRBESH AL DL HICRRE Lz, —J7, WESIKKIZE Y 0°CITHERE L 72, % 2-
3ICEBRSMEZRT. Aizawa D OJEATHFIE[2-14]I2BW\WC, R—0OEERET 1 —E L
PRIBES TR L72BIC, TORFERNBLZ3ms THhomZ &nn, AFHIICIIME s

Table 2-3  Experimental conditions

Surrounding conditions

Ambient density p , 9.5 kg/m*
Ambient temperature T, 1000 K
Ambient pressure P, 2.55 MPa
0O, concentration 21%
Injection conditions
Injector G2S (Solenoid)
Nozzle type $0.14 mmX1
Injection pressure AP jy; 80 MPa
Injection duration At;y; 10 ms
Fuel JIS#2
Injection amount M ¢ 44.8 mg
Thermocouple and measurement locations
Thermocouple Type R
Wire thickness d ;e $50 pm
Distance from nozzle tip z 40, 60, 80, 100 and 120 mm
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Figure 2-18 Examples of simultaneously taken high-speed laser shadowgraphy and soot
luminosity of diesel spray flame and thermocouple measured temperature histories at z=60 mm
from nozzle tip.
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Figure 2-19 Measured temperature histories of thermocouple hot junction at different axial
locations in a diesel spray flame.
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Figure 2-20 Time-response compensated gas temperature histories at different axial locations
in a diesel spray flame.
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K 2.2 2LV HHE SN RIBEITROFMTRIN TN D, EHEKRORE L HLITE
F % 1600K FREEE T LA L, "&EAARZIMEBOE|ZEIZ LY 2000K FREE T EA LT
D EDIRENT. FRROFHZ B 72 DHENLE I OV TITVY, 15 B L7 BV L% AL
HOREZX 2-19 1273, KXV, z240mm 25 z=120 mm IS0 T TIREN EH- L Tn
HZEMWREN., £, WTNOMEICBWTHEESmRTEBRICE b0 L Ebh
BHIRE ERNRESRIICBIZE SN, K 2-18 SRS, FNENOAE TE b
AR OIREL 2 M 1E LIS S AL EHE T OO K RKIRE 2K 2-20 12577, ZOK
DD, BRIGEM W OWRE b5 A R T TR R OO S A A 35 U D ME R LD
DJFFTRRKIBEDONRFME L TRET D, £ 2-4 ITHMEICE T 5 KREEDOREEE
FEOHOTWNAS.

Table 2-4  Flame core local temperature at different axial locations

Distance from | Local temperature
nozzle tip z of spray core T,
40 mm 1200 K
60 mm 1600 K
80 mm 1800 K
100 mm 1950 K
120 mm 2100 K

242 7'V v FIREFH

TR OMEIRE BV T, 1000 K 25 2000 K (23T 2 @D T « — BV K
RITHEBEFRTZ ST TWAD 7 U » R, FEEORE & HTREDS EF LTS Z &R
WZRIND., 2O LiE, Fablx SIREAR, ThbbEWkEINE L L TnD Z &
ZERLTEY, sEMeBUKENEE ORGFHIIZZ Y v RIREORRIIGHANMLE L 72 5.

LI LR S, @R DEECT IR0 IR 2@ i S b 7 0 — B LR
BESS T ORI OREFHEIIAS TRV, “AEICRESNAEIOEZFIE Lok
FHATFETIEYRRENOT TR HICES T LEY, @ANKRETH D, BEESTO
BEFREEEHI T & LT STV L —F—FF B EIE, B &k OF MmN R
FEWARAT T 2 B R 2 B R R A L, L——Jec X v b S8, “kociaE
A AT B FIETH H[2-17]. LM LARBS, SV R L—F—Z -k
Rt T 0, KERFITOREFHUIA REE 22 S, BRI E BT 5 2 & TEWMAE A
KRELSEDLSTLE I RT, AFEOBIICHE S 70\, RIETIX, 39k RO
REZRDH_XMoToE E, TORRINELERZD Z L2 B, BENZHANTZY
v NIREAZFHHITLZ L& L.

B4 2-21 ICEVEHIC K2 77 ) v FIREFHIOME Z/R73. TEM 77U v KO E 3
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(a) Side view (b) Front view

Copper grid

Spot welding

Figure 2-21 A schematic of grid temperature measurement via type T thermocouple.
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LT Fe, BT —ICEERTUEEICLV 7Yy RERELE. 77 —%
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NnNCTky, s B oA Ih, Yo7 T — EmEAEZE EIC A X0 ICRE SN
TW5. 241 DKIREFHRL LFRER, 77V v Mmmﬂﬁulﬂ#m:at BRROZEE) Z iR
L, L—Y @it TR 2 RN T 72, X 2-22 ITKFHIMIEICR TS 7
Uy FREFHHFERE L —F—EEEEZRT. &7 7 71237V v RIREEKOL—W
—HBNEFENORERBENTZ TV v REGFO R T IREORREREN 71 v
FEnTWab., vB, T4 —BWVRBES RO T U TN E L0, (LiERO 7Y
v FIEE R VAR T TREZEH L TWS. L——EEE X, FAEICRBT5,
WEFE ORI AREE, 7Yy NIRE LR, EEEEE, STTRAEkRo XA IS
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Figure 2-22 Examples of simultaneously taken high-speed laser shadowgraphy of diesel spray
flame and thermocouple measured grid temperature histories at different axial locations.
AT HDOTHD. 22120 mm Z RV TWTNOMEIZEWNTS, 7V v NRETIX
UOEMRIIC ER L, M HIROBBRESIH DR L TS 2 L3RS
iz, E72, KRIREDPEFE KK O EFIR S FRBICT TER L TS0z LT,
770 FIRE O IL 600~700 K F2EETH 0, HIEMEIC L > TRERAETRD
IR D o Tz, z=120mm IR > T, KRIREED 2100K IZEL TWHIZH 00 b b1 1E
EAET YUy RIRERZERSLTCWRWY., 22T, 7V v RERFEILANZREET XA OBURE
DHTlEDD ERET DL, 7V v RIBEN 200~300 K EH-32 DI E ms 130305
2, FEERIZITZE D 100 73D LITH 7272 WIRECREE L TV D 2 Ennh, B 60T EEY
ABRFFLNSHRAL TV D D EHERE SN D, RIZ, EEOEE L 7Y v MREIZD
WTHERT 5. WMEKRRDFHINEICRES 2 24 I 271%, 7240 mm 22BJIEIZ, 0.5
ms, 0.9ms, 1.5ms, 2.1ms, 3.0ms &72>TW5. —J, 7 U v NRE LFEMGO X A
U7 F =40 mm B JIEIZ, 0.5ms, 1.1ms, 1.9ms, 25ms, 39ms 720, FiIZiHE
AITHENIEFERRDEZE L CTOOIRE AT EF TORMARS o TnH Z &
B GpE e ofe, Zhug, FIRICHETIZ ER T 2MEFEARROFGERIC L MR
L2 &, b LITMEHERRI O RFBIROREIZLY 7Y v R 5 KRB HIBE
LTWAZEICE2b0EEBZ2ND. ZOZENLT Y v RIREIAKBEIZIZIFE
IMEFBINT, 7V v REFEORNICE > THREESNTWD Lo L HE SN D.
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2.4.3 K O BGKEhHE

AT, 39 R IR ORL T liE A T = X KONV T OBRERD H Z &%
HIZ, AiEE TTEONZARIBEL O Y » REEORMIERE) D, HEEREE
S R OBGKENEHE Z BT 5.

TP, 242 17V v FIREFHH CREAIL7Z=27Y v RIEEORMEEN S, FEEHE
EEHBEREMRE, 2GR, PMo@ERLF L, ERENREEZHIEL TWD b0 LR
ELTC, BERENAEESEZGS. Zolx, 77U v RiZ20um O CH#ELS, £/, ¥
VT RIS EIITHEAM L TV RN EB X 6ND Z e n, IRE—Rmik L L
T, X232k Y, BULRH, MRERLRMNT 5.

AT gri
Q(t)Agrid = CgriaPgriaVgria #d = h(t)Agrid (Tg — Tyria (t)) (2-3)

2T, q), ht), Teie@IZENEND HEEZNCE T 2B, BnER, U v R
BETHD. £72, Agid, Corias ogrics Voria [XITIEI, 7V v ROZENmEE, 2,
FE, RETHD. X2-2312K2-3 M BEHSNT-KMEMNEICBT 22 ORI E
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Figure 2-23  Time history of heat flux on grid surface during the soot sampling process.

AR, X223 7005, BRI L Z 1-3MWIM? TH 0, MEFEKRRKOEZET HEN
BEF CTOH D[2-17,2-18] L VMEA R L TW5S. £72, BHEAEO LS TS
TEGRHRD B LT D, 2, KEROEITICHEVED T 2l 2R b0 L&
bbb, 22T, 7V y NEFEORERENENRAZHILEL TS bOREL, A 2-
3MLHELNLBMAERENX 2-4 1TRAT 5 Z L CIREREMNEE S s 2K 7=

A ri
5r(t) = 2 (2-4)

2-24 (2 2-4 BRI L7 ) » R OWRES FEE S ORFFEE 2R3, £
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Figure 2-24 Time history of thermal boundary layer thickness on grid surface during the soot

sampling process.
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Figure 2-25 Predicted flow velocity vectors in a
diesel combustion field by LES simulation [2-19].
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D, AIZE> TEDOREIZRLTND. 128, KU TOT TR T-HEDZEM A 77—
NERTHEE LT U7 7 —OERZRAMICIFA L TV, X 2-25@)70 6, K%K
O i) EEIRICAE 2975 2=40 ~ 50 mm {1 ClE, MEZESETICI VT H AR X
<, Vo7 T—IC TR D REZ HEDTNWD Z BRSNS, —J7, K 2-25(b)IC
AT R TTIE, AT A L O ARHT X 0 KSR Z2 R L TR0, BB RIS
29 BHERY MVREL b, Yo 77— L AT OFGEITREE L TR Y, Mg
Fl L BN TV AER A ENS. ZORETY V75— E I EE+ 5 2 LT,
P T T — EHD Y EER SN 0, KEROFHBERESIND b D LI
%. X 2-25 \SRTHUEAAT RS RIS D EREAM L eI F D FTHELRE b D
TRV, BRFEFEOBIGNRZ > T D EHEESND. #- T, FFIZ Pz
T, TSI CHE L KRERmIC LY, 7V v R LN A~REEN A NFEAT 5 £
TOHM, TRbbIREREAERRE COMMNESL L, T hi 7O & MK L
TWDHAMREMED VR SIS . FIIBIC R 53 9k i B o B aIc B LTk, B
TICBWKEREE 2 HH L7z ECHEZERTD.

BT, BukEhEEEZFHET 5. AEOFHETHLRRZ0, 7 X—k i L v &
SN DEIC L » TEYKENEE R HICHW AR E2 5. £7°, 7 X—k %K 25
X VR L, BukEhEERH O 0XEED, KPP OMEREKIZ OV TR Z1T-
7ok, ERTCEAS Lok RIBE, 77U v RiRE, BEREMEESZMRAL, KRNT
TR OBIKENRE 2RO D Z & T 5.

Kn = A/R, (2-5)

ZIT, ARV RIFEFHT A DA BATRL UK R TH D, F4ETHLRIN
BN, AMEFERR P OTIRAIXER 10 nm 225 30 nm FEE O 49k 2N EE
B LB IS, BH~EE nm OEEREELZ L TW5D. 22 TR 8%, g
RFEEIERE Ry & 975 &, 5 4 B CHERB S VTV A HPH Tl Ry=10~230 nm f2 & L 72 5.
—J7, T 4 —BNREES O ) B A TREIE, Maxwell-Boltzmann 434 & 5E L T 2-6 12
FOEHTS.

0.677
A=

ogn

(2-6)

2T, KON 1T NEIE BHFE ARGy O ST A e OB ETh S . I
T ADNREM L L TERZORM AW H0=43X 10 m2 2352 L & L, B E
1% Pa=2.5MPa, Ts=1500K & LT n=121X10% Z®HH L7=. ZhH X0 A~13nm 245 5.
K252 HDEAZMRA LT, Knr0.057~1.3 & 57, T OfEN S kkho4-4k
TOIFEAETT R FENGER (0.01<Kn<l) & LTHZ2HDOTHY, Talbot 5 X
0 BR SN BGKEN ) TI[2-20, 2-21]1c S &, K 2-7 2V CEYKENERE 2 R
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HZLETD.

2¢5(kg/kp+ceKn) VT VT = Tg—Tgria(t) (2-7)

T (1+2cmKn)(1+2kg/kp+2cKn) Ty 57(t)

Utn

Z I T, kg MOk 1 ZENEE PR K OB T OBMRE R TH 5. kg lZDOWTILE
MAEEEREWEL, SMEMEICBT 2 KEEE Ty »oE 0N BMRERZHHT
HZELTD. KET BT 7 AH =R OBMRER 6 WI(m-K)[2-22]2EH4 5. %
72, Cs Cb, CnlXZENEIRLF-ERED, B\, HE, HEOTXVEHETHY, Loyalka &
12X > TIRESNT cn=1.14, ¢=2.18, ¢=1.17[2-23,2-24]% 5 Z & L9 5. JEPHFRK
DOEFEERE AL, FRPHSUTE ) P=2.5 MPa X OVE-HHEEAL 1 1235 1T 2 KRR Ty 6 HH
TAHZ LT D, Flo, WEAR VTIE, KREE Ty EZ U v REE Tgidt) D 2 % 155
BERBEISE)THRLTKRDD LT 5.

LU0 S, TR OBMRERITE ONEREE ITIKIET 5720, KRBT TEER
TREINDHTOBMRER LY —EL LCRHEATHIZ L THREZELIBREN DD, £,
JRFTHIZRIREE AT 2 2 2 5 L APRIKIC DD T S RBEORENEL D, 51T, £
DAREUZRE L T RGBSR B N THE LN D[2-23,2-24] TH VD, ARWFFED XK 5 72
TEES CRBEOEAE 20 ] TX 20MTE TRV, 25 DEE ERAICEEST 5 =
CIXREETH D7, KNT A— X B RRTE(LESE TR 2-7 IR U CEYKEhEE &
BH L, BUEMITC > CTEMiid 5 2L & L. fiEMEL z240mm & L, 7 U v Fik
JEIE Tgrie=450 K — & ERE LTz, E£72, KERFORAREIZ I > TY X—k H Kn A
BT 5720, RIRRZE L bR OXIZ & L, EARFMAHTIER=20nm & L TRMT 21T 7.
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Figure 2-26  Sensitivity of physical properties and slip coefficients on derived thermophoretic
velocity.
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R LIRS, SURMEEZE & > TV DT, REMRER TR & EERTEREER DM
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Figure 2-27 Time history of grid temperature and derived thermophoretic velocity at different

axial locations.
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Figure 2-28 Conceptual image of soot sampling process in a reacting diesel jet.
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(b) Comparison between laser-based and TEM based soot concentration.

Figure 2-29 Examples of (a) laser shadowgraphs and (b) TEM images of in-flame soot and (c)
comparison between their concentration.
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Figure 2-30 A schematic of (a) conventional and (b) knife-edge soot sampler.

KD HBEZ I 27 DI3 Y > 77 — R OEEEZ TE 572/ hEL T 54
TRBH 5. K 2-30 IRV > 7T — RO 2 A 7y DR & U7 RIBEm ) 5
Yo7 T =T WERTYH 77 =N OEMENRE LD X177V v MR
FFA DM RE&T, Yo7 T7—E&%4mm & Lo, £2-5 1CERSMEZ 7. £
T, KRNREFIBEO X 2 BT D720, TNENDOKRANET L —F—FBiEE
BEMREEITo7. X 2-31 [ZHEkY v 7 7 — R OHBEMHIRY > 77 — D5 E &R
3. Line-of-sight 3l TH 25 Z & T, o 7T —FEIROERICT TR DN FET D &
HBEORR T RBIZ TE W20, L—F—FZEEE R OBRIIE X 30 mm o>

60



H2E KRN T TR TFOEEY Y

Table2-5 Experimental conditions

Surrounding conditions

Ambient density p , 9.5 kg/m*
Ambient temperature T, 1000 K
Ambient pressure P, 2.5 MPa
O, concentration 21%
Injection conditions
Injector G2S (Solenoid)
Nozzle type $0.14 mmXx1
Injection pressure AP iy 80 MPa
Injection duration At;y; 2.3ms
Fuel JIS#2
Injection amount M ¢ 10.3 mg
Sampling conditions
Sampler tpye Skim and Knife-edge
Distance from nozzle tip z 80, 100 and 120 mm
Grid type Carbon coated copper grid
Temerature of sampler T gumpjer 373K
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Figure 2-31  Example laser shadowgraphs of soot clouds in diesel spray flame for skim and knife
edge sampler cases at z=80, 100 and 120 mm. The ensemble averaged unsteady and quasi steady
periods are shown on the right.
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Figure 2-32 Target spots used for calculation of local transmittance intensity of soot cloud on
laser shadowgraphs above the soot sampler. The spots are indicated as red points.
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Figure 2-33 Variation of local brightness value above the soot sampler for conventional and
knife edge samplers at locations of z=80, 100 and 120 mm in a diesel spray flame.
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Figure 2-34 Ex:r:f:;Ie TEM images (top) and p(rsgjgction area ratio (bottom) ost:ggt particles on
the grids for conventional and knife edge sampler cases.
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Table 2-6 Experimental conditions

Surrounding conditions

Ambient density o , 9.5 kg/m®
Ambient temperature T, 1000 K
Ambient Pressure P, 2.5 MPa
O, concentration 21%
Injection conditions
Injector G2S (Solenoid)
Nozzle type $0.14 mmXx1
Injection pressure AP iy 80 MPa
Injection duration At;y; 2.3ms
Fuel JIS#2
Injection Amount M 10.3 mg
Sampling conditions
Sampler Tpye Skim and Suck
Distance from nozzle tip z 80, 100 and 120 mm
Grid type Carbon coated copper grid
Temerature of sampler T gumpjer 373K

K 2-6 I[CEBRSMZRT. K 2-35 [SREREEM Y 7T —oMER AR, T
Z—ARIRILEEER: S (Parker Hannifin, Series 9 Pulse Valve), 7'V v F{RERES, WU VA
I ) RNVTHERL S VTR Y, ERREES LEOBRFFHO R ORAT 5. 225 fEhe
ERERT D720, 7 ZVNERIZGLEmm & L=, EFEE) S AL ) RV SEiRER O iR
Bt r (3B ERTELE 7Y v FIEEE ORI AR—F— % B0 (1T 5 = & CEFHENATRE
Lo TS, HIENLE 2 134 ¥ = 7 XD BV AT 2 XV HLULEE T O REREE &
R Lz, Az BEZ2HER Uiz mdl B & B8 7 — B VM ks i Rz BRPA L,
T DOIEFIRFFESNTND TEM 7V v RIEFHZ T TR 2 5 A TEBET 2 &t L,
BBEIEDH L TT IR EMET 5. BRI T TR FORAZE S Z &, i

Vacuum pump

Vacuum Pump

Dummy window

Solenoid valve

Injector

Diesel spray

Injector nozzle

Figure 2-35 A schematic of suck type sampler installed into the chamber (left) and its cross
sectional view (right) [2-29].
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Figure 2-36 Example TEM images (top) and projection area ratio (bottom) of soot particles on
the grids for conventional and suck sampler cases.
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FLRHEEIC L 0, EEE» ST T, Yo 7T —IATICE RS, FIEESRER)
BEeBohnhol-l-héEZ2 5.

MENREEA Y 77—, M2 EZE| & LICEBAR LT 22 LT, LED
BAI VT TRRBET A ZRNTE L, BNICRFF SNV v RITRBET A % 76 8%
TLoWMEZHT 5. BRBET ADWRNABEIZIRY RN D120, WTNOFMENE
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EODWMNDOEZ F/NNRIZE & THBIMEZ MR LIZMEN TR L 2o T
HH0LHERT 5.

ULbEXY, BEAWM, BUSASR, T 9AMEETE Voo kREEIE, 77—
REIZES>TEDLROR, ZhHD/RT A= NE— LW S 550 Ttk 0T,
vay MEOIELOXIZE Y TR FERICHEBPRZ 22N A DR D 2
CICHBTRETHD. F12, 7 4 —BVEBERRIINMEIC L > TP KRELSZEDY,
KPR TR T, MEOHBEZ LY, (kDY 77 —CIXHEORETH D
ZEDHERIESNG. 2D OFICI VT, VOB A T X bR Y
7 —DIEARHREEND.
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3.1 =

ARETIE, #H2EHE TR LIEFEC LI VFAEINZTTHh % TEM 1T L > TEIE#
W 2BRICOWTHRHFT 2. 3.2 k0B FIHEESLZ] Tl TEMICX 5T
TR OB - B FIEIZOW TS 5. 3.3 T3R5 7- B ER B8 O fiFT )

T, TR OMENTEL S K OS2 S V- B OfFHT 7 IEIZ DWW TR 5. 3.3

[E T WIS BE B K OAT 7 1A ORRGET) T, 379h0 170 TEM #8182 ) OfifFT iR I
WTHRETTRE, 7V v KR EOMNEIZL DT TR FAHROIEL &, fiffric M%@ﬁ%
], MNTEEANEICOWTRER L, FHEMEOS I ERT — ¥ HHFEEZRETS.

G2

A K] Projection area ratio of soot particles on TEM grid

Ay K] Average cross section area of primary particles

Aq [K] Projection area of a soot aggregate

Dy [-] Fractal dimension of soot aggregates

dp [nm] Primary particle diameter

ks [-] Prefactor of fractal dimension

li [nm] Distance from centroid of soot aggregate to primary particle center
M [0] Mass of a soot aggregate

m [-] Number of pixels in an aggregate

Np [-] Number of primary particles per aggregate

Rg [nm] Gyration radius of a soot aggregate

Rgmass  [nmM] Mass weighted gyration radius of a soot aggregate

ri [nm] Distance from centroid of soot aggregate to each pixel
S [nm?] Total area of an image

Sa [nm?] Total projection area of soot aggregates on an image

z [mm] Distance from injector nozzle tip

a [-] Overlap coefficient (=1.09) [3-7]

e [g/cm?] Density of soot particle (=2.0 g/cmq) [3-8, 3-9]
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3.2 TR FDOEFIEKEEEEE
3.2.1 FZEAIE FHEME

AWFZETHWIZE BRI E M & X 3-1 1R T, BVERULHEAE 3 BB R A
BEERHC AT L, B2 %l L7 E OB ARk L CTRIRHDR S . EFEOINEE T
I% 200 keV, F/hmyfEGEILX 019 nm TH DH. Eiff1T CCD # A 7 (Gatan Ultrascan
1000/FIRST LIGHT) Tz L, dm3 B CE 7T — ¥ 205 L7z, Rl oG 1
2048x2048 pixel TH 5.

Figure 3-1 Transmission electron microscope (JEOL, JEM-2100F).

3.2.2 BIEFEROEBE S

T4 —BNEFEKRICEEZRZE LT TEM 7Y v R, MEAERTTOTITHR O
WEaTEx5H7 ﬁﬁbhk ETHIERT D70, TIva— VIgfiEoy i, FlksopiE %
THhT, TOEEEFEMBICIFEAL, KB THZER L-RICBIREIT-7-.

TEM 7'V v RIZELICLTHTH 3mm TEH D0, MEEARITH L THIINhE
WHDTIER L, EWHEKROEITHEL TEM 7'V v RIEERFET ORI LY, 7V v K

upper

center

left

bottom

Figure 3-2  Constant volume combustion chamber.
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EONEEIC X0 SRR AME B FTREME N B B . F DT AFETIE, K 3-2 1RT
£V y REDERD 5 i CRIEE -T2 2L L. 27U v N EDAL
BIZLDIEL DX, 34117V v R EORRDMEICE T 5T TR F-HROIX S S X
TERMIZHEm L TWD.

; ; _‘:L!i,-" m; - -‘ ':‘ o : &

Figure 3-3 Example“TEl\ﬁ. imggsés

x20,000 (right).

F9R7-1% 10~30 nm BE DO BRI TR - AEEGER Y, HEinm 2 B nm 125
BEERZIZR L TV D. MR 3ot EZ A T2 TR 72006, ZOEET TR,
BRARDORE X, BRE Vo Flahit 2729012, K33 ITnT Lo, 77Uy R
b9k 1A £ 6,000 fiF & 20,000 fi5 THREZ L7z, %% 6,000 5> TEM gLV
v R EOTFRESCEERDORE S 2T 2018 L TH Y, 55 20,000 5 Tld#E
FTTHA DOIIRZHREANCHER LBER T TRRAFHT 2DIZEH L TWnd. £/3T7 A
— 2 ORI HE L TEM B OBEL, T 720 BRITIC LB ZRRLF ISV TiE 3.4.2

TER OB ) THRETL TV 5.

Figure 3-4 Example Normally focused (left) and under focused (right) TEM images of soot
particles.
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KRHPOTTRA TR CTIEET D/ S REFET TR D LB SN D T2 9D[3-1, 3-2,
3-3], Kf& LT TEM 7' U » RO s R & HRIDNRERIGE 1 H 5. AR TIE, 2
O OHBIDTZDIZH 3-4 12T K D IR —OBIEMEICE W TEAEZE X 72 2 FEEO
ﬁ@%m LTW5. A EERA (normal focus), ISR A (under focus) T
HLIEEGBTHD. NEER T Ltﬁu,%%®ﬁDf7V*w@%ﬁébét
0, fé@%mfr¢i9LM%®%ﬂ o THWRBBIRIND. 207 L3/
Pr[B3-A1 TR E 2 Fr DM IR M L 2R T AU U Te ), s OER Th 25513
HEORAITRT L IICARREATHLEWVBRIZA GV, LaLans, REEAD
@i”%%ﬁﬁkﬁé JERGEENTNTCLE D ZEORERD D720, K OHBID
ICHWD Z & &L, EEATHRE SN a2 T i ml4 5.
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3.3 TR EFIAMSEREEIR ORI
3.3.1 TR FHRIRARAT B R

AIFGETIE, KRNOT IR ORE, REkE - Bk, EERE, BEMEEZRT
fFELLTCENTN, T3 HREEEL A, ZEET TR d, BEREREE R, 77
7 B NARIE Dy & EREMICFHE T2 Z &2 HNE LTW5D. FRRCENZENOMENTEER
ZELT.

KFENT TR FOREEZ RTHEIESE LT, X311k TEM B o33k -5
mfEt A H T 5.

AT‘ = — (3_1)

ZIT, S AU SiFEnEh, TEM g o4 -4k 1 ik L O mfE < &
5. —ODOEEEARRT 2 BHET IR Bong 1%, R IR W R A=ady /4 % H
WTEAT D BIFRA(2) 2 I BRI B L7z,

T, AMITEBEROBREERETHD. ddBEHEITTRITO 3 RITHRERD & 2K
JTLEBENLRSGT 272D OEEMESAE THDH. ZOEREMEAE A OV TIE, 115
&V fEA Medalia & Heckman 2AHUEEEEET LD I 2 b—ra URER LV HEL
TW5[3-5]. E£7=, Meakin & (L3 CC(cluster-cluster) E7 /LD I = L—3 3 2k Y
1.08 £ W I EA KD TV DH[3-6]. ABFZETIE, Megaridis &3 EERAVICKD 72 1.09 &\
IMEZHWTE[3-7]. BEEEDOKRE I 27T, T EEMRIERERE Ry 1T 3-3 225K
Hihb.

Ry = X1’ (3-9)

22T, HEEBEROBELOOEERT TR AOPLETOERMTHD. Lo LR
O, BRETTRCITIIIRDAAR 2 S ORE L, ElER> TWDRFHE D,
BPMEBEIC XD 2 ot b Z OB ERAWTHEET 5 Z L IImdTEH LW, &
ZCAMIZETIE, B BTSN T ORK 3-4  HEERERPER 2R TS 2 &
L L7

1

R ==%17 (3-4)

m
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ZIZT, m AU nIEENENT TEERB AT 5 87 BB OEEERKLN
K7 BLVETOHBTHL. BEEROEEMIE, TTHFOEER % 2.0 glem’[3-
8, 3-9] L it LT3 35 73 b skh 7.

3
_ Tmdp

M= ~ MpPp (3-5)

T EEEROEREREZ T 7 7 7 ZAdoils, A 3-6 TR H[3-10, 3-11].

R,\Pf
ny = ky (d—) (3-6)

ZIT, D KON ke iFxENENR, TTREERDOT T 7 X NARGEROEORREE TH
D KRFPOTTEEMRTIT D KO ke DRI E 225720, —2OFTTH 70 Hli#H
EEHHTLZENTERY. 2o, K36 O 3T7TOX ) icxaELy, X
3-2 KO 3-4 THE LD np, Ryldy ZUA L, HEEDEEMRD DU D LD ke 2R
9 %.

ln(np) = D¢ In (2—5) + ln(kf) (3-7)
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3.3.2 T PRTF IR O ik

KT G, 331 TR PR ERES | Gk ~7- BT B2 ST, SR
TEM {4725, T BRICTRIL A, BHRT TR b, BRASIEEDERE R, 772 400
Yt Dy e BT 5 FFAEIC DU TRk 5.

3-5 I fAT O 7= Iz AL L 7= TEM % & 2O 5elife % 9. TEM TR 55T
FH T BT SR OER DI L O WHAVE L, 2727 Y v FIERIC bR D
=y, B8 D 6 2 AL LA TR D AR 8 5 . 2007, AHFZE T,
3-4 TR LI L D ICEEORA D 2 FEOEE 2 ik L, THCX 3-5(b)Ic R 4
LB 2 MRk LT 5. (1 3-5(0)0 E{LEife 4 T, R 3-1IcihS%afar s i
A g 4 7 £ 4(2048x2048) CIRET B = Lok v, 7 ) v FER LT IR T
WEHEDHGHE & 72 %43 KL TR BB b A % BT L7

Bl S, 50 24

. e

-

(a) Origihal (b) Binarized

Figure 3-5 Examples of (a) original and (b) binarized images of soot particles for image post
processing.

T ITRIEE dp, BEERMIERIEAR Ry, 7T 7 # VIR Dy DB I TR /R B R 5
TFE Aa M OVEESEIRMERR R TR 3 np 13X, KEW 7 « TENAFZEFT D Bt L T
W2 7202, MATLAB TERL S M7z g fRMT 1 77 F 2 SootFinder” 4 FV T [3-12],
3-5 OIH AN L2 B AR5 2 L TREL TN, 3-6 ([CHEgfRIT T 0 T
L7SootFinder”’d A 7 ) — gy Mg ART. K7 v 7T L BT, REEGHUOMIZ
T LB OFRE, nmipixel DR IEEITO ZENTE B,

FT, BERT RGN OW T 5. BERTIRAAEROFINL, BEEANERT
THFOREZZHST D LN TE, FARFICE D Z OBERT TR F-A2BIETE D, %
3 20,000 {50 TEM Eg% AW TITo7z. ERTITRFICIIHEL RO & ORFEE
L, #EME72 3otiEE L L TV D EEARNT, BRT IR FORITE FROER Y 2l
ADOY 7 Ny = 7HETHRINT 2 Z LIRS TIER\W. 2015 421E Kook & X v CED ik

(Canny Edge Detection) } (Y CHT £ (Circular Hough Transform) ZFH L7z, H#EbkiE
TNATY ZLPREBINTOWDHA[3-13], FEEHIZ S LI LIERESKNERZ &,
Boa N T A MNRBEIZ L VRN SO RICEENN L Z ENPELE 2o T
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Figure 3-6  Screen shot of MATLAB based analysis software named “SootFinder” [3-12].

L. AETIE, BUR TR OBEDNREWEBZ N5 FEEHIICER T IRz H T
HZEELTWND. 3-7 (Z7SootFinder” =TTt DR FH DO Fl 2 7-3. AHFFET
I, BRCAAET DR T IR & T RERIR AR T 2 BRI RO I8N T,
TR &2 BRI 238 C & DR FIZ DWW T O AFHAIZATVY, PR DSHIE TRV 2320 e
DZENENDRLAITDOWT 2 I FH 21T o 72, 7238, ARGHAITTITMATIC T 21
B ORHLELCIE K e BORL T DR 21T & A ETFEETIT-> TV D728, BEN OfRNT
FHTHHEL TT - TV D, FRTREFHANIAENTE 4 B 2SR FIAR 2 b L 22 T ud7e 6
RN, FRNTE T CORRRE RN 722 Z ENBESNTWA. 3.4.3 TENTEE A2

D T, FEITAE B ZEDS RIS HRE RIC G 2 2 L2 ERBNICHEmR L TV 5.

Figure 3-7  Screen shot of d, measurements.

AV B AV S 60 mm ONLE TRKEN L EET TR 2L LT
TEM 7 U > N%&, 77Uy N EDORRD 5 » TR L, 10 ORGEEHRZ G5 25 &
fEMF LA O BER TR L 2 N 2T L% K 3-8 127, Ml BRI, it
i FHAIEIER 2R LT D, EFlEEk T 3,594 [ & 7e > T g, BRIIRIRIT 10
nm 225 30 NI TEL A LTEY, ERGAOKRE A NI LRERD 2
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Figure 3-8 Diameter histogram of primary particles directly sampled in diesel spray flame at 60
mm from the injector nozzle.
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Figure 3-9 Distribution of primary particle mean diameter within each aggregate over gyration
radius of the aggregates.
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TRV, Thbb, HRIROGHNES BRI TRFICEALN S 2 & T, K
BEATOTI BRI A 32 T TR W S Il TE 5.

foe N THEEEE ASBEE A DFRITIZ DUV TR T 5. BERIRTERI R, BERAATZ R OHIH
WEG T, o, Mt +o7ebi 7222 2 N TE S, %35 6,000 50 TEM [
BERWTHRITZ21T->7-. TEM B %X 3-4 (T X o b L, BEEREERIR
N5 34 L0 BERERIEERZEH L. AP % 2 VS 60 mm DAL
B CHIE L7 T TR 2D W TN 21T > T2, T3 RERIERIERE A 7T A%
3-10 (2R, fEMT L2 BRSO ERiE 1,008 [ TH 5. ZOF — 2o HIi2iL, Aif
ERBRICHEIM CET 2 ERET IR b2 TEERE LTE IR TV A, BilrEE 44
BREMIER TR L Z 22nm TH 5. 72 Z oM, EinglE, WHETIESELL O
BIK -G EIVEBLEIIREETIIH 5208, BEICHE SN T DM ZREI E 35—
VU UVHER T T EEERO TEM & W2 EHIIE  (50-130 nm)  [3-14, 3-15, 3-16, 3-17]%
REL FESTWD, B THEET 2R T TR ASLCEEOERE T ROl S
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Figure 3-10 Histogram of gyration radius of soot aggregates directly sampled in diesel spray
flame at 60 mm from the injector nozzle.
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Figure 3-11 Mass distribution of soot aggregates directly sampled in diesel spray flame at 60
mm from the injector nozzle.
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DINSRBER LT —ZICEENTERY, TN O™MEEKE LTREREAZ 50T
WD EN, BRFESEE/NSS LTS EEZLND. T, AFETRLTNDEH
FTTHFORE SITERTHY, BEEAOREIZPERTRLTND Z LIZHE
BEALETHD.

B U ES s L CRE REIA 25D TV DN Uz BRI R 70/ S 72 BRI
I, BRESCE RS U UHMEEIC AR THRMMICR E 2EIE 2R S 720, Flz 1 3hemE 2
23 100 nm Z#8 2 5 KX REEAT, Bt oBEEOBERT TR -1k ENS -
W, LR THERE LUIREAREAEZRT. 22T, X 3-10 127 LIz ERIEROEE
REESAR EEROMBA L7202 3-11 [T d. ZOEES AT EYEFE I
RIFE, BEEEMRERNT 2B TR, KO IR DR EE[3-8, 3-9] % H T 3-
5 BHEM Lz, SEEPEEROEBOAMILK 3-10 128 LI EEyAm & ik & < 2 518
MZzR LTS, BEREDREWVIZEBEROER L RE SR, HRICEAOMW:
DHERL TV, 22T, BEEEALTEEREERT, BEEEROIER R Ry &
VCEEM S, X381k EHTS.

Y RgiXM;
Rg-mass = ;;Mi (3-8)

z=60 mm ONLE THF OV E EEAM T EERERPERIZE L% 48mm Th o, ko
BB RE B IIEIC R TR E R E 22> TWD A, KR E L Chib L7z i mis
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Figure 3-12  Logarithmic plots of Rg/d, for soot in diesel spray flame. Each open circle
represents a measured soot aggregate. The slope of the linear regression lines represents the fractal
dimension D.
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Figure 3-13 Logarithmic plots of Rg/d, for soot in diesel spray flame at z=60 mm calculated
using (a) averaged d, per aggregate and (b) averaged d, per on-grid location [3-20].
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Figure 3-14 Plots of averaged primary particle diameter per aggregate in diesel spray flame at
z=60 mm [3-20].
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Figure 3-15 Logarithmic plots of Rg¢/d, for soot in diesel spray flame at z=60 mm calculated
combining averaged d, per on-grid location from x20,000 TEM images wih Ry from x6,000 TEM
images.
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Figure 3-16 Example TEM images of soot particles at different on-grid location at
magnifications of x6,000 (top) and x20,000 (bottom).
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Figure 3-17 Projection area ratio of soot particles at different on-grid locations directly sampled
at 60 mm from the injector nozzle tip [3-20].
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Fi%ure 3-18 Normalized histogram of primary particle diameter for each on-grid location [3-
20].
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Figure 3-19 Mass distribution of soot aggregates for each on-grid location [3-20].
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Figure 3-20 Projection area ratio of soot particles at different on-grid locations directly sampled
at 40 to 90 mm from the injector nozzle [3-20].
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Figure 3-21  Averaged primary particle diameter variation with sample number. The legend
“total” represents the sequence of data sets from 5 observation locations as indicated above. The
broken lines show £1 nm range from the terminal value [3-20].
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Figure 3-22 Averaged aggregate gyration radius variation with sample number. The legend
“total” represents the sequence of data sets from 5 observation locations as indicated above. The
broken lines show £2 nm range from the terminal value [3-20].
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Figure 3-23 Example images of d, measurements of experienced (top) and inexperienced
(bottom) operators [3-20].
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Figure 3-24 Normalized histogram of primary particle diameter for (a) experienced and (b)
inexperienced operators [3-20].

JEIRNKRE S BARDHER Lo TS, £z, K324 @05, BRBREDOE A F T T A
IZERSHDOLIITELNTH Y, MArEM CEIZEREZ R L TV D, £ FEHMHEIZE
LCHERNTE A2 BIEIC 22.3nm, 23.8nm, 22.6nm, 22.2nm & IEFICITVMEE 72> C
BV, L35WFREDEIZNE>TND. —7, ﬂ%ffé%ﬁ%@l: S N4 0N el b =i o | 1 D
Ll ki cté?ﬁ/ﬂt@ﬂmz)ﬁ%h HWIZIEWEREZ LTS & i.:.Z_fa?I/\ B9
I U I & E 22 BJIEIC 30.5nm, 22.8nm, 32.2nm, 28.4nm, 27.6nm & 72— T
BV, TIT%REOREREELELTWD. Z0Z &b, B 3 RTHEEEZF>T
FTUREEARN D S EHE TR 2B D 2 LIRS TRV, —E DR RS % 78 7
FirRLEDOERY ZZET L2 L, W TE DR OARZFHIIT L Z & fﬂﬁ%@%ﬁf
I FHAIA AIRE L 72D Z VR ENT-.
x107%]

4 T T T T
| z= 60 mm

' " #' mean
Operator A 69 35.8nm |
B 92 33.9nm
74 34.6nm

w

C

D 81 35.7nm—
E 73 35.3nm
F 145 34.4nm |
G 76 33.8nm
H 84 32.5nm
| 77 35.0nm—

—o—
—A
=
—A
=
-v-

Total mass of
soot aggregates M [g]
N

0 20 40 60 . 80 100 120
Radius of gyration of soot aggregates Ry [nm]

Figure 3-25 Mass distribution of soot aggregates for 9 different operators [3-20].
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4.1 =

ZIKET X, B2EMROE 3 EETTHRN L CEXEREELT ¢+ —BVEZE KR

, WERDFETE LN T2 RETOERN TR AR EBE L, M3k
%@& FRfLaBfE DM 2D 5. 4.2 MEF EOZ(b) TIX, ERREELN TR L
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A K] Projection area ratio of soot particles on TEM grid

As [nm?] Particle surface area

Ca [-] Self preserving size distribution factor

Chin [#] Minimum number of carbon atoms consisting particle nucleus
Cscong  [Q/particle] Production amount of carbon by coagulation per particle
Csnuc_sur  [g/particle] Production amount of carbon by surface reaction per particle
Cs-pariicle  [g/particle] Production amount of carbon per particle

Cs [mol/cm?] Net production amount of carbon

Csca [m?] Scattering cross section of particle

Dsoot [nm] Predicted soot particle diameter

Dy [-] Fractal dimension of soot aggregates

dp [nm] Primary particle diameter

fy [-] Soot volume fraction

G [-] Spherical particle factor

ILi [-] Signal intensity of Laser Induced Incandescence

ILs [-] Signal intensity of Laser Scattering

k [-] Wave number (=27 A1)

Ka [1/s] reaction rate of active site

Ko [1/s] reaction rate of inactive site

ks [J/K] Boltzmann constant (=1.38 X 102 J/K)

ks [-] Prefactor of fractal dimension

100



anC
Keg
k.

Mc

Mok
Msur
AMagg
AMsur-pri

Ncoag

Viotal

z

[A2Rs]
[OH]

p

[1/s]
[1/s]
[1/s]
[l
[g/mol]
[g/mol]

[no/aggregate]
[ng/aggregate]
[ng/primary]
[-]

[-]

[#/mol]
[#/cm?]
[#/cm?]
[#/cm?]

[Pa]

[Pa]

[-]
[J/(K-mol)]
[nm]

[nm]

[nm]

[m/s]

[nm?]

[%]

[%]

[%]

[%]

[mm]

[mol/cm3]

[mol/cm3]

FATE KRNI PRERROMA

reaction rate of nucleation

reaction rate of surface growth

reaction rate

Mass of a soot aggregate

Molar weight of carbon atom (=12 g/mol)

Molar weight of OH (=17 g/mol)

Production rate of carbon by surface reaction per aggregate
Production rate of carbon per aggregate

Production rate of carbon by surface reaction per primary particle
Refractive index of soot particle

Relative number density of soot derived from LII/LS measurement
Avogadro constant (=6.02 X 10% #/mol)

number of aggregated soot particles by collision

number of produced soot particles by nucleation

number density of soot particles

Partial pressure of acetylene

Partial pressure of oxygen

Number of primary particles per aggregate

Gas constant (=8.314 J/(K -mol))

Gyration radius of a soot aggregate

Mass weighted gyration radius of a soot aggregate

Fringe separation

Spray flame flow velocity

Particle volume

Error in soot morphology derived from on-grid location fluctuation
Error in soot morphology derived from operator difference

Error in soot morphology derived from shot-by-shot fluctuation
Error in soot morphology derived from error propagation
Distance from injector nozzle tip

molar density of acenaphtylene
molar density of OH

Overlap coefficient (=1.09)
Fraction of active site on particle surface
Particle factor
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Xsg

YoH

Psoot

s)]
s)]
s)]
s)]

Active site density

probability of OH collision to particle surface
sticking probability

Laser wavelength

Density of soot particle (=1.8 g/cm®)

production rate of carbon by nucleation
production rate of carbon by surface growth
production rate of carbon by O, surface oxidation
production rate of carbon by OH surface oxidation
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Soot formation and
oxidation processes

Fuel vapor

OH forming

large diameter

low number density
T=2000-2100K
| #=07-10

Head vortex

Figure 4-1  Aconceptual model of soot formation and oxidation processes in a diesel spray flame
[4-1]
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I TCHELN DB mEL, BRI R, BEEAERI R ORI T N E I £16.2%,
+5.1%, +9.4%THY, LTI RTZOENS=T—A—52BEHT A0 LT 5.

103



FHATE KRNI PRRIROME

B 4-1 1T d a v MRUTHEEFR R T TR - BLIRREZH#IWZ SO TH 523,
T D RN TERRBEE 705 Z L1372 <, TOIEEFEMEE TEE DMK D
bhd. £F, INETORITHRETHELNTWDHAND, T 4 —BAEZEKEND
FEEF 72T T A « BLRRIC OV TOBR OB Z ~7. Aizawa HIE7 4 —E/L
EFE KRN TO PAH DR - lREZ81%2 EEMIEIC X VA L TR Y [4-2], #ERO—H
Z X 4-2 \ZoRd. BRENCERR], MEECPELLN S OFEEE & o TERY, ZNENDOHX A

60 —
80 —
A ignition
9

04 06 1.8 . 4.0 o O

Time after start of injection t [ms] .“g’.‘
o« 27

o'

Small PAH
oo G&

-

O Q0
Large PAH

I

Soot particles

Distance from nozzle z [mm]

Figure 4-2  Soot precursor (PAH) formation process in a diesel spray flame via EEM measured
by Aizawa et al. [4-2]. Ambient conditions: p;=9.5 kg/m?, P,=3.0 MPa T.=1130 K and 21% O..
Injection conditions: $0.14 mm orifice, ti=4.0 ms, m=15 mg and Pi,=80 MPa. Fuel: 0-solvent
(n-Cu1 - Cus).
Y 7ICBT DR - & PAH RO DA I Z (3 1T Shc 7 7 7 TR LTV S,
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FRICE - TWD. S HICHREEIAHETe & mifk PAH, 33 DA pBRAAAIE 23 B~ & Al L
SINTNDHZLENRINTND. ZThbl “.mmf%kiﬁﬁ ED/RT A—=HIT I -
TEDORENERDN, EOFMHITBNWTHRAONLLHBOHNTH DL LEX LT
L. ZOZEND, FRIC BRI W TIE KER O TR MR SIEEFINCZE M L
TWAHREMENE 2 H4v5 . Kuribayashi 1%, Kosaka © O FiE[4-3[12{vy, Seaedtll
(LI/LS #, Laser Induced Incandscence/Laser Scattering) (&> CTF 4 — B /LT KKN
TR OENER 2R R, Rifs, BEEZHFE L TWAH[4-4]. T ORERO—HlZ X
43R T. EMBIEIS, TFOERESR, Rt BEELR-TRY, ®Bid 454
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Figure 4-3 Ensemble averaged spontaneous 2-D distributions of relative soot concentration,
particle size and number density at different timings (displayed as ASI) via LII/LS measured by
Kuribayashi et al. [4-4]. Ambient conditions: py=9.5 kg/m?, P,=2.7 MPa T,=1000 K and 21%
Oz. Injection conditions: $0.14 mm orifice, ti=2.3 ms, m=8.84 mg and P;;=80 MPa. Fuel: FTD
(Fischer Tropsch Diesel).
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Figure 4-4  Laser shadowgraphs of soot in a diesel spray flame.
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Figure 4-5 A schematic of transient soot formation and oxidation processes in a diesel spray
flame.
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Table 4-1 Experimental conditions

Surrounding conditions

Ambient density o , 9.5 kg/m®
Ambient temperature T, 1000 K
Ambient Pressure P, 2.5 MPa
O, concentration 21%
Injection conditions
Injector G2S (Solenoid)
Nozzle type $0.14 mm X1
Injection pressure AP jy; 80 MPa
Injection duration At;y; 2.5ms
Fuel JIS#2
Injection Amount M ; 10.3 mg
Sampling conditions
Sampler Tpye Skim
Distance from nozzle tip z 40, 50, 60, 70, 80 and 90 mm
Grid type Carbon coated copper grid
Temerature of sampler T q;mpier 373K

AMETE KR THENT 2 D FIRALE 2290 mm £ TOM%, 10 mm Mg, &FF6 5T
To7-. HALE CHE SN F0O TEM Bifg O Fl %X 4-6 1279, X 4-6 O
DI ERITBAHEN BT OW T LB 6,000 7, FEAY 20,000 5 & 72> TN 5. Zh
OOWGEING, KRKPHELEME LT TR AI121E, WThOMEIZRENTH BT
FAET HHEFTThi 7 L %%#mfbfwé &R S LTS, HREAEER 6,000 fiF D1
%7 e, HHEEALE 40 mm 725 70 mm (2 ﬁf##ﬂ%@%f&@k%é#@ﬁ IRE
Ko TWAZ ENbND. —J7, 70 mm 725 80 mm (T T CTI R F DO E 1T A0
WAL, 70 mm OALE TR OAD X5 25E nm I SR E 708 EK1% 80 mm Tl
R Sz, £72, 80 mm A5 90 mm 2T TIX TR+ DR, K& kX
AT R S, X 4T ICBROFERTRT, ﬁ$6m0ﬁ®Taﬂﬁ@ﬁ%”mé
Nl TR oS mElE 5 6, T9REIZ40mm 25 70 mm i TR~ 128 %,
70 mm 725 80 mm IZ/T T5 D 1L FIZEHAD L Tns Z <km%£ Ehiz. Zhbo
TR TR EE L ONK & & D, LD DB T D 810E, 7 — B AmEHE kKT T
DT TR F DR, REKOBILEREZKR L TWDEHDEEX LD, LNLARNG,
mﬁiiﬂm;M%f%éhtv~ﬁ~$5§#%%&éhé%%ﬁﬂ##ﬁﬁ&&
AR ORI O WEER R o, F2E TR LI, Yo7 T —HRICL D
KR DOHBEOEENRE 2 B, FHIRE ORI DN T EE ICBETRETHD.
R R 20,000 (5 OE 5, 7240 mm ONLE TIE, SZEOBEM CEMET D/ E 7R
BRI TR DB I NN, FRICIT< o, —Ri—kRBRKE e v oRE ekt
BRETR L TWD Z EARENT. D%, BEICBWTRIERD NS 80
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Figure 4-6  TEM images of soot particles directly sampled at 6 different axial locations in spray
flame at a magnification of x6000(top) and x20,000(bottom) [4-12].
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Figure 4-7 Local relative optical soot concentration above grid and projection area ratio of soot

particles directly sampled in diesel spray flame at 40 to 90 mm from the injector nozzle [4-12].
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Figure 4-8 Normalized histogram of diameter of primary particles directly sampled at 6
different axial locations in diesel spray flame [4-12].
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Figure 4-9 Mass distribution of soot aggregate size directly sampled at 6 different axial locations

in diesel spray flame [4-12].
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Figure 4-10 Plots of fractal dimension of soot particles directly sampled in JIS#2 [4-12] and bio

diesel spray flame [4-10] and from exhaust gas stream [4-6].
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Figure 4-11 Plots of projection area ratio, local relative soot concentration and average values
of primary particle diameter and aggregate gyration radius in different axial locations [4-12].
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Figure 4-12 Example TEM images of (a) non-oxidized and (b) oxidized soot particles in a
downstream.
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Figure 4-13 A conceptual figure of soot formation and oxidation processes in a diesel free jet.
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Figure 4-14 Photos showing a new piston installed in a single-cylinder diesel engine (left) and
soot-deposited piston after a month operation (right). These photos were provided by UNSW [4-
19].
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Table 4-2 Experimental conditions
Surrounding conditions

Ambient density p , 9.5 kg/m’
Ambient temperature T, 1000 K
Ambient Pressure P , 2.5 MPa
O, concentration 21%

Injection conditions
Injector G2S (Solenoid)
Nozzle type $0.14 mm X1
Injection pressure AP y; 80 MPa
Injection duration At;y; 2.5ms
Fuel JIS#2
Injection Amount M 10.3 mg

Sampling conditions
Sampler Tpye Skim
Distance from nozzle tip z 60 mm
Grid type Carbon coated copper grid
Temerature of sampler T gamper 373K

Number of flame exposures 1,2and 3

Figure 4-15 Example TEM images of soot particles directly sampled from diesel spray flames
for the cases of single, double and triple diesel flame exposures with two different magnifications
x6,000(top) and x20,000(bottom) [4-22].
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Figure 4-16 Projected area ratio of soot particles on TEM grid for single, double and triple diesel
flame exposure cases [4-22].
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Figure 4-17 Mass distribution of soot aggregates for single, double and triple diesel flame
exposure cases [4-22].
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Figure 4-18 Histograms of primary particle diameter of soot for single, double and triple diesel
flame exposure cases [4-22].

IEDRERNS, BT 4 —B/VEFEARICEHNRESEDL2 LT, TTHRFOR
JE R OBEER DR E SITHINT 203, BERE 2T 2 ER T ThFORE SITEDDL
BRNWZ EATRENTZ. ZDOZEND, TV U RNEERICE R KR DERNRE SN D
Z LT, BERNE TR IR R L FEEE L, R L T bHERICE > TV |
RN D, LinL, BRI ITREIIZRZRFBIZLOT—ETHY, —EREmICHERT
L&, RFRENKFZMSTFOPEET ORAMRRITEES RN LRI, £,
ZOREZEH20nm A&l &, PER TR D 30nm[4-6, 4-7T] L LE RTINS WD &b,
BEA A 7 NMTHE DWEZEKRROBRBNER T TREDOREICEEL 5 2 T D ATRetE
R,

119



FHATE KRNI PRRIROME

432 KROEEBEERROE

AIETIE, A N BEESDT  —BNMETE KSR OE SRS DBE 75 33k 7%
WIZH 2 2 BERETHZEE2ENE L, BT 2 KROEEHAREZEEET D200
TV T2 AW THE LT TR 12O\ T TEM #2471\, ek 77 —
(BT 2T TR PRIRIEHTIE SR & DIk &2 1T o 72, X 4-19 (2N TOMEE KK ORERE
EZR OB 2R3, AN TIEX 4-19 O X 5 ICHEEICEECHEZE L, AR S 1,

Free Jet Region Penetrated Soot

Penetration
Distance

[ ety z

_____ Wall-deposited

Impingement Region Soot

Figure 4-19 Conceptual drawing of a wall jet [4-19].
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Figure 4-20 Schematics of Mass distribution of soot aggregates directly sampled in diesel spray
flame at 60 mm from the injector nozzle [4-22].
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Table 4-3 Experimental conditions

Surrounding conditions

Ambient density p , 9.5 kg/m*
Ambient temperature T, 1000 K
Ambient Pressure P, 2.5 MPa
O, concentration 21%
Injection conditions
Injector G2S (Solenoid)
Nozzle type $0.14 mm X1
Injection pressure AP jy; 80 MPa
Injection duration At;y; 2.5ms
Fuel JIS#2
Injection Amount M ; 10.3 mg
Sampling conditions
Sampler Tpye Skim and Impingement
Distance from nozzle tip z 40 and 60 mm
Distance from stagnation point r 0 and 10 mm
Grid type Carbon coated copper grid
Temerature of sampler T g,npier 373K
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Figure 4-21 Example laser shadowgraphs of diesel spray flame with skim- and impingement-
type samplers. The sampling location is 40 mm (top) and 60 mm (bottom) away from the injector
nozzle tip [4-22].
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Figure 4-22 Example TEM images of soot particles directly sampled from reacting diesel jet at
40 mm and 60 mm far from the injector nozzle tip. As indicated on the top-left, each row
corresponds to the cases of skim-sampler (top), impingement-sampler “r0” (middle) and “r10”
(bottom) [4-22].
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Figure 4-23 Projection area ratio of soot particles on TEM grid sampled by impingement- and
skim-type samplers [4-22].
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Figure 4-24 Mass distribution of soot aggregates sampled by impingement- and skim-type
samplers [4-22].
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Figure 4-25 Histogram of primary particle diameter of soot sampled by impingement- and skim-
type samplers [4-22].
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Figure 4-26 Spontaneous 2-D distribution of relative soot concentration (left), particle size
(middle) and number density (right) at 2.7 ms after start of injection [4-4].

125



FHATE KRNI PRRIROME

FH O CTER I N NS 2R+ EIRA STV D AR Z RE L TV 5.
Kuribayashi ©1%, KEICTFERT 25 LINLS EIZ XY, KERANT IR -OREE, FEE S
MzErE L TRY, ZOMRO—MEX 4-26 (T3 T[4-4]. D BIAICTIUREE, hi
B, BURED 2 RotnAi k7> TW5b. 728, X 4-26 OFHAIT — X IZARWISE & [7— D
RBESR CHRUS SN TRV, BB FTD (Fischer Tropsh Diesel) T 2 mUSMTIEE ALY
FSEOFRMEE RS> TND., T2 THEFAR EMBICER T2 &, 2EOKRE T Th 1
PEFEEDEICHFE L TWD Z ENbND. 1E->T, 72240 mm @ r=10 mm THR.HN 5
TR IIEZELEH CTER SN DOEEALTEY, ZO FitikicE 24 2% z=60 mm
DALETRAICLVHEL SN ORHES N TVD EHELE S LS. X 4-22 D 20,000
f&O TEM B2 5, BERTITRARICONTHFEEOEMA R 6 5.

— 14— . : . - I - I
12

%

——rr=0mm
@ -0 -r=10 mm |

Projection area ratio A
'_\
o N b ?7 o O
1

40 50 60 70
Distance from injector nozzle tip z [mm]

Figure 4-27 Projection area ratio of soot particles on TEM grid sampled at different radial
locations. The error bars are plotted based on their max-minimum values. The impingement-type
sampler was used for direct soot sampling [4-22].
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Figure 4-28 Mass distribution of soot aggregates sampled at different radial locations [4-22].
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Figure 4-29 Histogram of primary particle diameter of soot sampled at different radial locations
[4-22].
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(a) Effect of multiple exposures to diesel spray flames.
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processes precede core sootones.
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than free jet soot.

— Suppressed soot formation due
to lowered temperature.

(b) Effect of wall impingement and spray penetration on wall surface.

Figure 4-30 Conceptual figure of soot particle wall deposition.
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Figure 4-31 An overview of present technology availability for soot formation and oxidation
processes in diesel spray flame.
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Figure 4-32 A schematic of time resolved soot sampling device installed into a combustion
chamber using spring driven shutter mechanism [4-28].
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Table 4-4 Experimental conditions

Surrounding conditions

Ambient density p , 9.5 kg/m®
Ambient temperature T, 1100 K
Ambient pressure P, 2.7 MPa
O, concentration 21%
Injection conditions
Injector G2S (Solenoid)
Nozzle type $0.24 mm X1
Injection pressure AP j; 80 MPa
Injection duration At;p; 3.8ms
Fuel JIS#2
Injection amount M ; 14.3 mg
Sampling conditions
Sampler tpye Time resolving shtter
Distance from nozzle tip z 50, 60 and 80 mm
0.6-1.6, 2.3-3.3, 3.9-4.9 ms@50 mm
Sampling timing t ¢y, 0.7-1.7, 2.3-3.3, 3.9-4.9 ms@60 mm
1.3-2.3,2.7-3.7, 3.9-4.9 ms@80 mm
Grid type Carbon coated copper grid
Temerature of sampler T g,npier 373K

L. FOMDOERSEMEE 4-4 1CFE LD, FHENEIIELEEH S 50 mm, 60 mm,
80mm & LTW5%. X433, L—P—FZEAETEICIDTTAEREENL, T
TNOWEMNBEIZBITDIRBIAI LV 72RELTEY, B IR LTS, G
BBHA IV TIZONTUEIR 44 12 EN TNV D, 7B, flEROEBEOZRBEHMICS
WTCI, 74 MU X T 722X, 7 L— NEEIAEREHT S Z & THEREZIT> TN 5.
ENENDONER X A I 7 THESNTZT TR 1O TEM Eif} %X 4-34 |Z~7. &
B IR, z=50mm ONZE TIEZ A I 7 OEWNT LY, BHERE CEFETTRIF DK
T TR TR SN, —TJF, 2260 mm ONLE TIX, SeiEsoRi+Hndb <,
7o, BER, BEREIITRFHIGHMOZ A I U TR TUNSVWEIICAZIT LS.
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Figure 4-33 High-speed laser shadowgraphs of diesel spray flame which includes the sampling
timings and locations.
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Figure 4-34 Example TEM images of in-flame soot particle directly sampled at z=50, 60 and 80
mm with three different timings, spray tip, quasi-steady and spray tale, respectively.
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Ko TTF AR - AEDMEHE S 4L, BT CORBIHREZ 72O L TWND DO TRV )
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Figure 4-35 Histograms of primary particle diameter (left) and mass distributions of aggregate
gyration radius (right) at z=50, 60 and 80 mm with three different timings, spray tip, quasi-steady
and spray tale, respectively. Their average values are shown in the bottom.
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ZOREFE U TREIORIIRA XK Ptk OB ZEILEICHE 5 2 &A% Kondo 5O
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Figure 4-36 Distributions of (a) in-flame particle size via LII/LS [4-4], (b) flow velocity via PIV
[4-29] and (c) fuel rich mixture via UV laser shadowgraphy [4-30].
%. WEFEHRIFERICE VT 2250~60 mm O b O LHEAWEE L TR Y, BEEAITEE
WO D XY H/hEL o TS, Aizawa © OWEZE FLEROIREE FHHICIE T
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Bk XSy vy 2R VR oo 7Y 7 R, Rz T 1
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Figure 4-37 A conceptual figure of soot formation and oxidation processes in a diesel free jet.
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A schematic of soot nanostructure [4-31]

Figure 4-38 TEM images of soot particle and a schematic of nanostructure [4-31].
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Figure 4-39 Parameter definition of soot nanostructure.

52 ET, RAREICHE SN ORBRFEORMEL O RFEEE 2D, X 4-31 ITRT
Kir-ORMERE - BMEHR 2 EEMNICHTRE TE 5 2 ERWIFF S5, Vander Wal 513,
N KR D TSRS CAER S NI T TR 72 %50, | el ani=47
i~ TEM B~ 5, JEHEE % & BT 2 1L 2 S L T4 [4-32]. & Z°C, Vander
Wal SIZHEHC TR T ORISR DWW TER LTEY, TR EBEBRBMEVWEORE S L

(LT Fringe £ &), JE#E T, BRLOME S (LA Fringe k7)) (X4-39 /) %
BHLTW5. Sakai H1%, Vander Wal & DFiEICHV, EREEE &M T L) XL
ZRESE L, AWFZECHEN. L7-EFIEIC LY, 2hE TF 4 — BV TE KR ORI
EEFHELTE TS (X 440 2/8[4-33]). ZNHOBFIZLY, T4 —B Mk
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Figure 4-40 Examples of (a) raw TEM image and (b) skeletonized image of soot nanostructure
and (c) histograms of fringe separation [4-33].
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Figure 4-41 A schematic of soot nanostructure (left) and TEM image of fine particles existing
at inner core region.
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AT 5 2 & C, BRARROMIANFIND. FFIC, K438 HITrT Lo, 7V
YU 6 BRNOKDEE Wan D PAH TH D EIET D &, BIFRICED
PAH D%y T BZ2HHREHE CTE 5 X 512720, BEMITICAV R TV RES
LOZNEEMPIDOOND LD EWFEIND. 2, OHNELFEL, T TR O
LD BN 22 > TN D & SN DMEFEKREDETIL, KROMHE L, Ih#IETH
0, WY T T —TIHHENRRNETH 72, L LR, &2 = Chpl LZiEhs
R 7T —E WD Z LT, B L KB 7 B TR A R T A Z L v H]
REE 720, FULEOT IR L ITRROMELZ L TWDH I EREnT (X 4-42 B
[4-34]). &1%, OB ZZ T o3RO S 2 &' T2 & 3R, ek
DERIFEZ DTGS2 RF OB LA ENCBA 4 5 %0 fL[4-14, 4-15, 4-16] & thig
THZET, T4 —EIEBERRNTOT TR AR E OB AIIESND.
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Figure 4-42 Comparison of nanostructure between flame core “non oxidized” and pheripheral
“oxidized* soot particles [4-34].
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TFRETNVNLERARTHD. ZDT0, x5 ©F « — B VBERRN O
TR AR - BB LI FR OFERIZ2 3 IRTTCHBUE AT 23T 4 TN % 23[4-35, 4-36, 4-37, 4-38,
4-39, 4-40, 4-41, 4-42], TN HPEHR FEESRE HICTRITE 2 ETITEE-T
WRUN. TR AERR - BRI D SE R R BIR IR K e T WERIZIE, T 4 — BV
Bem OB N ZHE 2, R RGO BERRE AT 2088 H 5. BLRT
FNFIUCHONT IR BT H 57, ECN %5[4-43] T1Thh T % A deti it il [4-29,
4-44,4-45,4-46)IC KV, JRAVDOFEBITES IR SN D, ZOMNEIR R DET /LD

STz BT, R CTHROND TR IR EET — & L B EMITRE 2 k35 =
ET, RIS OREENTIREL 725, L LN S, BUTORMMITET VD% <13,
Kk - Bb, KL rRLOEREBELZEE L TODHOO, ZivE Th FE o0
Do le T EROEEEEREOBMS D, R TEZEREELTEY, TEM fi#Hr T
B ONDEHETTRERCEERERRER L Wo 7o T A —2 L OEBHBIINETH
L. ETIE, BT - WA RBIC XD EREELBE L, BEBGEARBT5ET L
DREENAI BTN D D3[4-47, 4-48], 7S —F — KR O FLBERBES TOMGEEREIC &
D, T4 —BABREES~OBEMIITA B2 T S, 51k, EEEERREOET L
BIZOWT S ARFEDERT —F OIE AP SN D03, BATOET AAEE R LR 25
EINTN5.

AT, FERFIESE T h 2 FRaH R REEMIEE COFEM L2 B L7z 3 Rtk
EfEAT[4-49] & LS, AMFZETHOLND T TR FIEROERT — 2 2 HWT, BLROE
TIVTORIUR, KR Bt EREEEBEOTRRE Z 1 EL T FEIZDD
THETT 5.

Table 4-5 Reaction scheme in the soot model [4-49].

Step Reaction = AT exp(—E/RT)
A b E
cm/(mol s) kcal/mol
Nuc AR5 = 12C +4H 2.15e+04 5.0
Sg C(s) + CH, = 3 C(s) +H, 3.50E+03 0.78 3.8
So CsoorH+ 05 = Cyypr-2H+2C0 Nagle and Strikland-Constable model
So CsootH + OH = Cyppp-1H+CO+H Neoh et al. model, y = 0.13
Coag K Csooe = Ciooe Modified Smoluchowski equation

BARFRATIC R T BT 4 —B/VRBE T ORI /ERL - BRAL@IR I, BPRK, Kk -
BALIC L 2T TREBROEI L, BIUMK, BREHEIC L DREE ORI L > TRk &
n, ThEh4-2 KO 4-3 TREND.
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d—[gf)] = Wpyc T Wsg — W, — Wop [mol/cm3s] (4-2)

B e _ Teong 4 /cm3s) (4-3)

T, ColI TR FNRBIRFETHY, thie, g, @02, won LT ILEIUEIZEGE
FE, FHREHE, O MO OH IZ L2 LIEETHD. £72, dNuddt & TN dNeoag/dt 15
ENENEIE RS OB 2RI K DR OEEDIHTH 5. ZNENDSIE A F— L
HRASIZE LD, LLTFICHERT 5.

F9, BIERIL, BV S VT ARG KB AN 1-7(a) D Even-carbon path (2.8 V) B8
ftEh, HACAIZ LW ZER{kL, S BERAGLT 7T L (ARs) &3 IR DRI
BAA L U CED, RFEED 100 EIZ2E L= aiBRE A EFE R R LB 2 AT 5 H D
LA, o T, BIEMKIGIIT B F 7 F Lo OBEEIIKFET A0 L L, BIERG
WIS 44 0 DEESND. £, BERICE 2 EEEERIIX 45 1Ltk E
ns.

Wnue = 12knyc[AzRs] [mol/em?s] (4-4)
AdNpyc N
ar wnucﬁ [#/cm3s] (4-5)

Z 2T, Knue FIBETERRBUGEFE EEL, [ARNESS TR EIREE, Nald 7 R A K ajE
B, ConlIEERICEDHR/PNRERTETHS.

T/, REMAEBRIT HACA ICLV#EITL, ThHF Lo DB, ki Rk 0K
B, ETORFREOEEY A MRIGIKET 200 & L, ZORIGHEITHX 4-6 1T X
itk I 5.

Xs,
wsg = 2ksgPc,, (aaN—jAstoot) [mol/cm3s] (4-6)

I T, ke IZFMEE SR ETEE, Peome i CoHy DT, ol hi -3 OfE YA
NEIVE, gy 1ITEMEY A N EE[4-50], As 13RI T-FREFE, Neoot X T TR FETH 5. 7035,
I 4-7T 1R T, Kazakov HIZ X W #ER SN BHE T 5[4-51].

@ = 5 {tanh (522 — 457) + 1} (4-7)

K ORmBIEFRIL, ROREMERIS EHA L TEITT 5. RERRLSE,
Nagle HDOFEET 25 0,125k 5 HD[4-52] L, Neoh & DHEET 2 OH 12X 5 b D[4-53]2°
KB E LTS, O IZKE DAL TIE, O iRFE, hir-FRmnfd Mk OB E OMIZ, R
R DOTEMEY A b & BEEIRTERIC K D A EEY A MEABE LTS, £72, OHIZ
KDL TIE, o FEEERICEDSE OH LT3k & OEEHRICL > Tid+ 5. £
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NENDOIRCFUOSHEE 250 4-8, 4-9 [T,

kaPOZ

wo, = TAsNsoot {(1+k e ka02>)( + kaOz} [mol/cm3s] (4-8)
z2 02

1

RT )EAS [mol/cm3s] (4-9)

wor = 3Vou[OH]Ngpor (ZHM

Z 2T, Ka ko, K IFBFESUNHEEEL, PorlX O DIETHD. F£72, jou 1 LEZEHE
Z%, [OH]IX OH 73 ¥ D, RITKIKEE, MonwlTOH 3 FETH 5.

R, 77 ‘7/?[!?%5( ICEVEITT b0 L L, BRI K D HEEL (LA
4-10 IZ X » TRtk 5.

choag 1/6N500t11/6 #/cm3s (4_10)
dt 5

5 (3\1/6 fekpT\1/2
k=2(m) () 6t (4-11)
TIT, kISR, 3T TR AR R, ke 13RIV < L ER, G IE Spherical
particle [KI-1-, CalZ Self preserving size distribution [K 7T 5.
BN CliT B DR 4-1 KORK 42 206, FHREAEICT TR ORE &2 b -4
ThRE L, X412 12k RiREE B LT\,

6 Cs
Dsoot - (_

T PsootNsoot

) [em] (4-12)

Z 2T, Dsoot lTEREIRE LT-RIFEETHY, BIAWITEEE Dsoot DRIFDY Nsoot EAFAE
T5, EWHB i L LTWA. Zhou H 1T Bk % Fvy, LES (Large Eddy Simulation)
(KD 3 RTTHEAESRNT 7B X 4-43 1" K 5 78, 9 RRE, BB Aod ARk &
BAfR DG w7?+7?V/@7t?V//OH&VohM%@@%VAﬁ%%mLTV
% [4-49]. Z Zhou B, RO S RETOMR T T ARMGEE dCs/dt, % A k=R
dNsoo/dt, ﬁ ﬁW#ﬂ%ﬁ&%%ﬁb [ 4-44 (2~ 95340 A AR L TV 5 [4-49].

4 4-44 OATTHNT D B D% TEM MHTHER N B155 2 L3 CEiud, BiEiHE
EEL TV OB EIARE « L & W o T2 B LA OB RS, 2 Er R D %Y
PEERGEST 2 Z ENAMREL 20D, L LR S, Bl Cik, RiFZ2ERESUEL TV
B, Fiz, TEM AT CITHERL BN 6T L b KB ORI 505 SOt LTV 720 i
D, W OEELEIIRS Ty, £27T, %é&ﬁ?m}iﬁ% L7z B¢, kv (B
HRAK) —hLd T2 ) OFACFEOG K OB JEEERIC L D H &R AR M L, Bk, £
iR« B RO EE & i BE s %E?ﬁﬂ:i)ﬁ‘é FEERETD.

x| 4-44 /oI dCdt 1F, B/VNOIERL, Rk - BRACSUGIC & 2 EEHINE
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Figure 4-43  Predicted soot diameter, soot number density and related gas phase species
distribution of soot formation using the LES turbulent model [4-49].
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Figure 4-44 Predicted soot formation rates in terms of net soot production, particle number
increase, and particle diameter growth using the LES turbulent model [4-49].

LI & CHEBEBEICLIEEZMEREREHNT LA ENTES. 26 LD, ¥
Rk, KR - BERIGCIZ X 5 E &EEINFE dConuc suldt M OMEZLEREEIC K 2 H &0
% ACscongldt 133K 4-13, 4-14 OB E SN S,
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dCs—nuc,sur 1 dCS

p” i Lg/ (s - particle)] (4-13)

dCs—coag dCs—particle ACs—nuc_sur

et R - it g/ (s - particle)] (4-14)

T 2T, dCspariaeldt IR F—RIOE BHME TH D, 3 4-15 BT 5.

dcs—particle

dt = %psoot(Dsoot[Hl]3 - Dsoot[i]3) [g/(S ’ partide)] (4'15)

—J5, TEM f#drCI%, BN YRR S EEREINRICHEST I ERSHDH. £
72, TEM 8 TR OND TR XM CHEET 2 EHE Tk 7205 100 fELL Eok:
T CHERR SN B EHEIRE TRAME L TH DD, S8kl IR E B BT 5 & B IR
WICHHEC 2D, £ 2C, 4.2 THFEM O ) TRULIET — 2 26, EE Lo
HENE CHLND EHEEREME L, ZNENOMN LS T Tk 1
MIROWRE T 77 Va2l ATWD LD ERET S, 22T, RlkE - bz
R 572, BRI TRARICONWTIE Y ¥ — Rk L LTRIHT 2 Lz
X 4-45 (2, z=40 mm 7> 5 50 mm £ TORFRRIRR A FIC, $ 3R FRimkE - BBk
MR M OMET 22 Eeteim e OB S X &2 7~

Surface growth/oxidation Surface growth/oxidation Surface growth/oxidation

=40 mm ==50 mm amount per primary: M, ; amount per aggregate: M.,

I
3
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dpﬁi] d
‘pli+1] Assumed as graphene layer
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— —
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Figure 4-45 A schematic of soot surface growth/ oxidation (top) and aggregation (bottom)
processes in a diesel spray flame.
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K E - ICRORIZ K2R OE BT ER T ITRELETIHETE 2 b D L
L, X445 BB O OE EAMurpri 2, 416 (125D BARH 52 & THS.

A1\4sur—zari = %(dza[j+1]3 - dp[j]3)psoot [.u g/primary particle] (4'16)

2T, TR AEE poot VL, TTHANEHDOREEZ 7T 7 = LAGEL, Aizawa b A3
ﬁibfwéﬁﬁik%®¥w7uVV%%&wAMm&LTMMLﬁ¢ﬂ;@%m
T 5.

Psoot = 2Mc/(Ny X 0.2461 x 0.2132 X Sf) [ug/nm?] (4-17)

X 4-16 2B %m&%ﬂ%ﬁﬂﬁ%*ﬁ%t 0 ORMEE - BBALRIGIT X 28 &8
FEAMurpri LY, 2 3-6, np=ki(Re/dp)®" 1T & D EHEMRINKL 742 FH I 5 Z & T, EENK
1 @& 7= 0 OHIINEAMse 2 BUSGT 5. _n% X 4-18 [ZR T K O ITME T KK DL
HH Ulame 7> B3 DA FEHUS R OBEIREF CRE T2 2 & C, BER L EHIZY DR
MR« AL X DS INEE2HHT 5.

dMSuT —
dt = AMgyr—prifp[j+1]

TR FR I X 2 & NR1%, Bl ﬁﬁﬁ EIREE, BEER 1EH =0 08 &N
AMagy (X 4-19) ﬁ)%i‘%ﬁﬁkﬁ LRSI XA ERINEAE LI Z L TRET S
(=X 4-20).

flame[]]

[Lg/(ms-aggregate)] (4-18)

A1\/Iagg = Epsoot(dp[j+1]3np[j+1] - dp[j]3np[j]) [ug/aggregate] (4-19)
dMCOa ame
Tg (AMagg AMsur)M [ug/(ms aggregate)] (4'20)

4 4-46 1250 4-18, 4-20 7D AF B DK EAIR « FR{b SO FE K OVETZE R 9L 0D hEg
Tl FOWRB AR, X 4-46 725 z=40mm 226 60 mm ICNT T, EZEEREIC L A E
HINERIT 010, FHRREN I ER->TWNWD Z EARENTZ. 2260 mm 725 70

m (2 T, REE « BGIC XD EEINRN~ A T A $J§L‘L“CI/\Z>:}:7T)>E,
RABRALSE N KBNS e > TND 2 ERNbnd. —J7 T, I X 5B BRI 1T 200
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Figure 4-46 Quantitative surface growth/oxidation rate and aggregation rate in a diesel spray
flame derived from TEM analysis.
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Figure 5-1 An overview of present technology availability for soot formation and oxidation
processes in diesel spray flame.
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Figure A-6 A schematic of TEM grid (left) and example TEM images of soot particles.
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Figure A-8 Arrehenius plot of specific soot oxidation rate reported by Kamimoto et al. [A-4].
The data derived by the present study is also plptted as orange circle.
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