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KRFE BAYORTE SBT3 47 T & BHL T80 . TWC \GPF X [
VI B W87 AL SR B REAR A AR SOV 3 ) 5
ST X WAL R IR B HE R AR L 2 g 4y
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A, BEER BRR ORGSR ; TG, ORI R A 1
R, FEABORL T T R, o0 T AR B0 K B o K, Ok
YIRSEUSIN SR TR, F 8 B BRI , 40N BEE
HEA Az R T, JB0RE B B TR AIC s T W C AN 52 I S50k f
AL, TORLE R AL 0R 41.6%~94.2% , %1 <23 nm
)/ INRLAR UL A SR B, AR /N B ey T 000 ) TR B3 i
¥ AR B 5 GPE I BORL BRI e A 303 29 80 26, 23~100
nm FUR B R AR i, XPRAR <10 nm AR AR
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Abstract:
three positions of a certain V[ gasoline direct injection

Particulate matter (PM) was sampled from
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(GDI) engine before three-way catalyst (TWC) , after
TWC, and after gasoline particle filter (GPF). Particle
morphology was investigated and influences of working
conditions, TWC, GPF on particle number (PN), particle
size distribution (PSD) ,

from engine were analyzed. The results show that the PSD

morphology of particles emitted

of PN emitted from the engine is unimodal, the PN of
particles with a diameter less than 23 nm is higher under
lower load and engine speed operating condition. With the
increase of engine speed and load, the peak particle
diameter increases. The PM of the engine is formed by the
accumulation of basic carbon particles with a “core-shell”
structure and presents chain, branch, cluster, or other
structures. With the increase of load, the particle size
increases slightly, and both the overlap of basic carbon
particles and the fractal dimension increase. While with
the increase of engine speed, all these three parameters of
size, overlap, and fractal dimension of PM decrease. With
the transport processing of exhaust gas, PN is reduced.
TWC does not affect PSD, and the purification efficiency
of PN is 41.6%~94.2%. It has a good purification effect on
small particles with a diameter less than 23 nm, and the
purification efficiency at a lower engine speed and load is
higher. The purification efficiency of GPF is about 80%.
For particles with a diameter of 23~100 nm, the
purification efficiency of GPF is high. However, it has
little effect on the purification of particles with a diameter
less than 10 nm. TWC and GPF do not change the
structure of particles, after TWC and GPF, the overlap of

basic carbon particles and the fractal dimension decrease.

Keywords: gasoline direct injection; particle number;

morphology; exhaust gas transportation
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LN B (gasoline direct injection, GDI) 7 iH#L
BAFRAR TL R R BRI & Sr a0, 2
WO A R s Y GDURIMHLEA §T A 5 5B
BRI KRB AR e R | LRI B HE T
T 2 TS ST (port fuel injection, PFT)¥SiHAL,
F & R TR A UKL il 4E 48 (diesel particle filter,
DPF) {48l . [\, GDIYR AL R Sk &2 4
REAR/INT 100 nm P8 0 0RE - , Xk S fi R £ 3 38
Ko SRR GDIVAIM AL WU 55 75 Y W HETL
= UL AL 2% (three-way catalyst, TWC) A5
ML il 26 % (gasoline particulate filter, GPF) i A
GDI VAL 2 E VI (b) S DL HER: FL i b £ 5
ARo 3t GDIVIMALIUR £ i ORI ST ORI 30
SERHE A S AT AR R, R A A, X GDI
TRIMALR R B B 2SS

WAMEF T T R X GDIVAHLE <
RS FRAR S0 A B BIFSE, 430 T sl T8 BRh
o BRI SR I R R P (exhaust gas
recirculation, EGR) 45 X L 85 2 AURLAS 40 A5 1) 52
Ml BF5E 0, GDIPIMAIL R U0 A 45 R A2 <250
nm A% A2 5 25 Uk AR AR =50 nm ff) 28 42 285 ok
BRI RLAR 53 A 52 T 0052, 3 AR 5 WU 43 A1, 20~
30 nm 1 70~100 nm B 1T (14 ORL KL i AR X 5 21
TRV RS BUR R R HE O = . R PLAMRRIE
T, R AR HE T B 7 e S SR R IS R AR A
SO0 T R A OR i B 7 A A i
e E AR AR T L B ATE T RE e VR
(A EE S0 A e i AR AT I T AR ok
TEE™ 38N EGR 2 BEREAK GDLARMHLAY B <
FoRECRHEL . TWC (GPF #EF (S GDIIMHLAY
AR AR . ) iR Y], GPE By
RLFALRICR 24 90 %6 , GPF J OBk AR 43 A 1t HL I 43
fio ZEH R, TWC G Uk 5 & sl T80
LIRED s SL IR A oS ik vk e & S (A (AT VAN iR i)
T A% B T R A 2 Ry e Ak B XA A A, R A ey
TR A RO A . GDIVRMAL TWC Hip
J& BIRAR 3 A TE S FEAAE 1, TWC XPhi A2 4~
8 nm A /KL ISR AT 458 e BV AL SR, | ¥ Al 803 i
HEAGRBE A T3 K . HATE VI GDLIR AL
Ry AT A HE L, DL A T2 1) SR, [ B R FH 4
AR B B TWC A GPF, {HA 56 VI GDI <
ML AR AR DR A HE s T AR R, DL R
J& SUBUREHE Ut iz 3 B v TWC I GPF X J0k: 45
it BRI B ER A ST D

Bl TR A, SR IUR 45 ALk AR a0 A 41, [
WANEFETERE T GDLIRIMALITUR: Y O S 5% .
S5 LW, GDLVRIMAILR B0k, 32 22 SRR IR
PR TR SRR, FEARL T H A
Hhe ] B SEEEAE , NA  JC R T ik b 2544 , Ab
oA PR Z A BB . GDIYRIRMLE S kL
THOULIE S5 37 22 ol DR 25 5% 1, 48 1 (1A 66T PR L R g
Rl 0k B 2 . Potenza 25 T35 2 W, 496 3 F
FIHER, GDLIR AL SR Hh A9 Kok - 1 e
AL FAE T IR 25 R 5 A | SBORE ) Hh e 7 9
T A A ) 4 R AR B R, TWC A
SRR UL Y TR 4650, GPF Jim ks S AR 7 &
K2 20%%, H. GPF HijJ5 LA BB T I (L R 42
SRR NS e i DA (N =i 1R S S ES A
GDIFR ML SR GOUE 55 HE S i iz 1 A ) 7 AR
FetE, DL HE iz 1 B TWC F GPF XHBURL L
NI S R B s S4TSR 25 1

AR SCTT e e — [ VI BBV AL OR B kAR
AT SOBURLSOWIE S HE S i iz v AR BT IR A AR
RN/ e /AR A AN ] Tl  TWC R
TWC J5 #1 GPF Ji 347 B 0y ks Bl biA2 704
TOWIES 3 T AR R HE S i v A R A HLHE
S bz AR ML, GDT LR il $ it 2 %
WA

1 RBEEERFE

1.1 iR & L5 8K
R & SR — 5 T 1) VI (b) & Y 4 G
JE BTGP, HEZESEN R 1R, R
1 VI AR A o R R A 3RS it o TWC Al
GPF, TWC HIGPF ) EZSHNFR 2 iR .
®1 HBEINEESH

Tab.1 Main parameters of test engine

S8 BH

Hem/ L 1.4
(42 X17#2)/ (mm>Xmm) 74.5X%80.0

FRETIR/ kW 110
TR F S H/ (romin ") 5 000~6 000

e KA/ (Nem) 250
R4/ (remin 1) 1 750~3 000

JE 4 10
1.2 REERE RN SME

IR B AR R B HLG 28 5 BURLRCE: &
KIAR o AT AEL I ARG UKL R B 2R G R )
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Tab.2 Main specifications of TWC and GPF

LEN REAHIRNSE  BRARHIHS/ (em>Xem) H %
TWC Pt/Pd/Rh ®11.8%10.2 600
GPF Pd/Rh P13.2X10. 2 300

BN RS . X5 HAE TWC T . TWC J5
GPF J& 3 BG4 A, 28 i s B 2 7 B
e T Ao AR B A S 2 ORI AR 40 AT
KRR A 10 Lemin ' SR BEAR LS FPS—
4000, M BE LR 8. 21, R BRI R 120 °Co Uk s
A AL -2k EEPS 3090, 7] & il % s #LHES, th
5. 6~560. 0 nm ALAE I Fl N AL S 15 &R /1R R
A3 UR B, B T VISR ) 3 R AR A A
X 8], ]2 T GDURIM LR SR El s Foki 42 4
BE o TRIERE , 3 Ao TR v 905 P T A SR 2 4

1l B Oy B AR AT WURL ) R AR SR AR B R
Whatman 23 7] B2 90 mm A7 925, SR A i &8 R 50
Lemin ' SRAFATIE T 5 o brx £ 9 g ARAE 550 “Clid
JETNRIBES h, DL BRA S b ik o Fde i, R4
URLIE 1 56 | FELZA Rl Tecnai G2 F20 S-Twin %Y
175 5 HL - J U8R (transmission electron microscope,
TEM) I 5 OB SOWLE 35, I 6 i Se 88 5 1 R
AN URL ) (U AR T 0K SRR T L, A
FHR P 72 5 R X REAS AL B, 9K 5 R 5 UKL Y TE 7K
CBEH B ORMER M b BT TR B
TEM M EEFUROIE S HRAIE . Mathis 55 0F 58 5%
B, TEM 73 # 45 2% #1434 i 0 B 30k 428 1% X
(scanning mobility particle sizer, SMPS ) S5 %8 ] &
iR BA B0 — Bk, g R A 1
Fr7s o

EEPS

= [ == pT——

HAHL

ML Lu@u U@
[ |
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WA s
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Fig.1 Schematic of experiment setup

1.3 REITR

IR, GDI R IMAILTE AR 3 A IR 17 A
T RS BRI AR R AR ™ o P AR S g AR Al
B WO OF ¥ 3 R J1 (brake mean  effective
pressure, BMEP) 43k 4 4~ T 00, 43 5l o T 00 1,
2000 r-min ', 0.2 MPa; T.{% 2,2 000 rmin ', 0.8

MPa; T 3,4 500 remin ', 0.2 MPa; 1.5 4,4 500
remin ', 0.8 MPa, & 3%|H T AFLTH T &l
FEESHL, UG FEAE T L 1k A A ot el 2 A R
N0 CAL KB, R SIPERA TR EIETT5
min Ji5 46 FIUR £ I S FUOR )R A SRASE RS B] A
30 min, & 31K,

#3 ARITATEIVBHSE

Tab.3 Main fuel injection specifications of engine under different working conditions

et/ SFAROES, wEhE )/

T 221/ WL i/

T (rmin ") MPa MPa (°CA) ms TR LELLEN
1 2000 0.2 18 272 0.81 1 PRV IS
2 2 000 0.8 35 269 1.55 1 PAYR IS
3 4 500 0.2 19 313 0.87 1 PR EST
4 4 500 0.8 35 297 1.61 1 LIS
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2.1 FkEE

% GDIYRIM LA [R] T80, TWC R, TWC Ji5 fil
GPF J& 3/ B i ok o HElcin & 4 s . &
V] BTN = 1 28T N TR e N 1D v o 97 5 2 (3 2
el /N A far T8 A Ok B HE O R o X2,
—J7 1] AR N T T OIS NIRREAN B, A2 R
IS S INRLAR KL, 5 — T B e
K LR BR IR 3G I, ) T ks () S AR, 0kE 2
s HE R

#4 GDIRMHHSEIE S RN R EHE
Tab.4 Total PN of GDI engine with flow of exhaust

SUBURLECE/ (10 (KWeh) )

ot TWC Hf TWC 5 GPF J&
I 5690. 00 332.00 102. 00
2 84.00 44.90 5.03
3 551. 00 269. 00 79. 40
4 233.00 136. 00 48.60

[F Fif iy 2 4 ] DL R B ) T 00 19 0RE A B e

—=—TWCHI
——TWClE
——GPFE

1016 _
1015 |
1014 |
T
L; 107
3 1012 |
< 10"}
A~ 10 L
10°
10°

0 10 23 50 500

R P18 T T AR, e K 7 g T 50 19 R 5 e Bt 2 ok
M) TR 3N 177 %0 o XA AR B ey ), e e 3
IR ks S sl Bl TR A SIS 5], bk

TR 5 AR 5 8 T Ao T 00, WS R Fﬁ%%&_
FRIE K, BAAS WL 1 B N 8] i 68, B PN 5 T U
VR IDX S, R B R I B HE s 2E T RS
Wik 4 TWC 1 GPFEE@%MM&E@W%{E&,
TWC XU R b8R8 41, 6 90~94. 250 A%
BEH/NART (2 000 remin ', 0. 2 MPa) T30, T N %
PR, A R 1/ INREAR B0k, T 7E TWC Hf /Nt
738 S HOVE PSS | ZEAAR 0 0 R IR VR F T Bk
Prpl AL PR TWC St/ NREAR A A AL R 45
U . GPF X §90kE £ & 19 2 38 20% hy 64. 2%~
88.9% , i %% 33 v 41 ff (4 500 remin ', 0. 8 MPa) T

BLIYHE TR A & L 520 GPF R AR ROR™ , i ik
ORI

2.2 NESM

SR B HERC S R L T OGR4
“(kW-+h) " A Jiki 5 (particle number, PN) B4
El 2 Rz GDLRGMHLAS R T4  TWC i TWC J5 #
GPF Ji 34N & 1 R A e HEORIAR 3 A e

—=— TWCHT
—e—TWCJE
——GPFJ5

—_
(=]
—
=

010 23 50 500

10" ¢

10° 1

10"+
A3
107}
3 1012 |
< 10"}
A0t 4
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Fig.2 Particle size distribution in different working conditions and positions

H1 P 2 0T, i VI GDIVRI AL 4 AR50 T 00
P AR A R AR B B AT IR /N B T DL R

W AERE AR S 10 nm, HCA T 258 9 U4 EDRE A2 2 23~60
nm. AR 38 Bl O Al (9 9 O, DAL iy R A X
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] BRSO A A8 WEDRAR MG R . AR [T 47 fir , B
R HE N AR AR IR ] KORAE T RS 8, A% e
AR N, RS BRI, R,
o e o T O HE I R B 2 A R TR AR IR
TR, RiAR 3 AT VAR AR AR K XTI 1 /N 7y
a1 (2 000 remin ', 0. 2 MPa) T.% , H Ti% T80 I &L
DAY B R 7 AR AN, 2 T8 K /N AR A
AURL, RAE<723 nm B RURL R | B 9506

[ ) i 12 /] LUE M Bl HE iz i 2 1T,
TWC 5 BYRAR A S FEA AL, Kide <50 nm
P14 A% JBE A AR 0 B AT T B I, 5. 6~ 10 nm, 10~23
nm PSR A% B 1 URE B0 T B B B, R AR =50 nm

RS PR FGE A K . X h, Nk AR
Hr LR TR R, B i Ak, B TWC X% RS
R 1 Ve AL O B . IR A /N T (2 000 re
min ', 0.2 MPa) T.8, B kL 24 TWC J& , ki
<223 nm MY ORGP o 1 e, Boks
2 GPF J , WUk B0 i A B8 kA el A%, 23~100
nm AR B T BRI, 042 <710 nm A9 DR AL
AR

% GDURIMPL 4 Ak T80, TWCHT VTWC J&
1 GPF J& 34 & 5. 6~10 nm, 10~23 nm , 23~50
nm 1 50~560 nm A [] 47 42 BE 1) R 50 & 36 5
FR

x5 HSMEEWESNEETHEEHN
Tab.5 Segmented PN of GDI engine with the flow of exhaust

Tk / (10%(kWeh) )

T 5. 6~10 nm 10~23 nm 23~50 nm 50~560 nm
TWCH] TWCJa GPFjE  TWCH] TWCJ/E GPFJg TWCHI TWCJ/E GPFJjF TWCHj TWCJF GPFJAE
1 3370.00  220.00 82. 80 2240.00  71.80 18. 10 72.40 24.00 0.45 14. 30 16. 30 0.37
2 7.87 4.86 3.77 22.80 4.91 0.99 29. 20 15.70 0.14 24. 20 19. 40 0.13
3 4.04 1.21 0.85 118.00  16.40 13. 60 243.00  103.00 25.04 186.00  151.00 36. 80
4 0.67 0.04 0. 06 30.40 6.45 1.69 90. 20 35. 60 8.91 112. 00 94. 30 37.90

H 2 5T LAE B HE s i T, B
2 TWC J5, 5.6~10 nm, 10~23 nm , 23~50 nm #l
50~560 nm i 45 Bt 1) 450k %5 8 43 0l B A% 38. 296~
94.2 % | 78.4%~96.8 Y% . 46.2%~66.9% A
15. 8%~19. 8%, i B TWC ki 42 <23 nm FkL Y
AL Ry . R AR 4k S 4 GPF )5, 5. 6~
10 nm. 10~23 nm. 23~50 nm 1 50~560 nm ¥/ f5 Bt
1) 50 B8 0 1 B AR 22, 4%0~62. 4% . 73. 8%~
79.8% . 75.0%~99.1% #1 59.8~99.3%, i BH
GPF X hife 23~100 nm kL ()AL 8R4y, JF 5
GPF 7EAREL 3 T R %R 48 =100 nm Bk #4e4k
BT o
2.3 BRI

&S Uk R AR 7E ALK ) VAR
FVET  gad nibfE bR s A% |
FEIE R o ikt TEM BEUZ H BiokE 35 b ok 152
R P L R B AV A RIS 50 Hr . 1% GDI
TIMHL 4 AR T8, TWCHT . TWC J5 Ml GPF )5 3
AN ) S S50 4 OO S5 an 1] 3 R . DAL 3
AT LLE Y ZE VT GDL Il AL B RSB0k ) A2 4
AR AR AR SELE Y . FEA B R B TR A A
FEGERE  ANTEIR AT W S G 2R S, SR A
JPHER , AR S e TE iR

i IMAGE J % EUR A PR A% TEM EIHZ

FRALBE MRS AR R T 00 AR E R A SEAS R RE
FEAZ W TR I RAHLI , R F0RE 4 A [+
J7 ] (R S-S5 R AR (3% TR R B ) AL, IRl i SR 2
YR G 248 14 7 v AR e I ) v, R — T
LSO E T A A H 100 D IEAR AL T BLAR . JEA
ks T B AERE T 00 A7 B AR N2 6 firs o

Sy MR 353 6 AT HT, AH [R5 2, it 6 fr 1) 3%
R, ATWRER E TWC R 4 0RO s S ok, R €
DX G, e o DI/, SEAS s 7 T S R
RN, — 7T, R AT T N R A g, A
FH38 R, A5 R T 506 RST Bk /N 5 55— D T, 67 e
R W, KOk AR ORI 2, R A
Rl ARE ARG O = M [ B A, B P S A o, T
SEE| TWC R A ORI, TR € DX o /b,
NS Eaey )| WE N g VA o = 3-8) P = R NTITI=I (35
FE/NART (2 000 remin ', 0. 2 MPa) T30, ] Wi%%
F) TWC HiF (407 ) AR BR300 AN i TR
ANFRI , 5 Zh RS R ) . R i T
BLIET NIRRT 28, BRI TP & i 2 ok
BRI S A R A LY, P BOE AR F =
BB KRR A R HER , B 2 i P AR 547
EniE A (4 500 remin ', 0. 8MPa) T.4 , AT W%
£ TWC Hi R h A Kb F & 5B 2, 1
FLIEWT , 5 T ARk BEIR B BURIY) . X R,
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TWCH

100’ nm

TWClE o

GPFJ&a

a 2000 r-min ', 0.2 MPa b 2 000 r-min

L 0.8 MPa

100 nm
R TSR

¢ 4500 r-min ', 0.2 MPa d 4500 r-min ', 0.8 MPa

B3 AREITHR.REAE R BB R RV IR

Fig.3 Typical particle nanostructure in different working conditions and positions

F6 HSMEEENBNYERGN FEENE
Tab.6 Changes of average diameter of basic carbon
particles under different working conditions

with the flow of exhaust gas

Ok )R A Rk T AR (E /nm

TH :
TWCHj TWC J& GPF J&

1 36. 30 37.85 35.72
2 39. 05 39.59 38.99
3 28. 87 35.32 33. 36
4 31. 15 28.15 37.75

XA TR AT AR X s, BT R BERAS 34 r B <
TR S TR A LRSS R BONE R R EE A
L IR TR

Wit & HE iz AT, BRI 2 TWC R,
TR 4 RS W T R, (ELAOAE A e s DX sl o, 56
AL B FE DS , B BEASIORL - N A% R ik
rn ZE BV AT , BB BRI 7E TWC h B A T — e R EE
FEA . BURLLZE GPF I, 44 Ji 4l /0 7 ok JE
BRI R A SR A — ™, R EORAR A AR IR (E AR K,
GPF J& (0 4 R A2 K (B GPF i R 4 45
FIEARAZ A 2 o R, GPF 5 ks 47 Hh J AR i
AR R = ey S I 10 8 7 N /7 YA 0 vl 2R e
THAR JEMRAHI
2.4 BRI AR

SRR T b B0 SR H AR AR G
ESINPUN -y 243 G N D e kAT i) e
(ST 8= 35115 0 2 A s | 4 VA N T TR

Bk BT I AL . Brasil 26 2 940
YR DR
sz(lan—ln/egxm%)—l ()

Rt N Ay R WA OB T 4, I
0 R A PRI G 5 5, 3 AR Y
TP,
1A R, FFFE R 1 8K B A L
RS
L
2R,
KLY 57 S5 M AR T4 N, 2 (3)
Kt

=1.5040.05 2

A\
Np—/ea(A—) 3

P A AR T BB TR A, KL A1 3R )
A THIR; o i, o ABCTIBR R, — & 5
PSR C AR, MR RUNZR T FR.

=7 C,Ha, kIMXHR
Tab.7 Corresponding relationship between C,, ,

a,,and k,
Co k, a,
0 1.1040. 005 1.08+0. 003
0.15 1. 20+0. 005 1.114+0.002
0.25 1. 30+0. 006 1.134+0.002
0.35 1.4440. 006 1.14+0.002
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Xt ) — 25 F N IR e v 1 14T 20~25 7K ]
AR, 22 U UL, ZRAT- AN P 4 I s i) 3 i Al
PRI, AU B ZR AR B B4R

34r
3.3}
3.2}

s 3.1f .
= 30t

2.9}
y=2.593z+1.022

28F = R*=0.725

2.7 . .
0.7 0.8 0.9

In(Rg/7v)

4 SREHNSHETEE

Fig.4 Schematic diagram of fitting curve of

fractal dimension

Z GDIVRIMAL 4 Fhialss o0, TWCHT  TWC J5
HGPF J& 3 & A - JE 4R B RANER 8 F L 1
0. 8~1. 8] . AH [ B fif , FIURLH) 731 24 K5t e i
ST/ 3 A I 2 3, SR 3 T A4 5B £ e 1)
T34 5 Bt HE T vz B9 32E7 T, TWC R GPF J5 6
KW 00 3 T AR

R8 HSWIEE RO ST
Tab.8 Changes of particle fractal dimension under

different working conditions with the flow of

exhaust gas

) TR 3 T e A
TH — -
TWCHi TWCIG GPF &
il 1.66 1.58 1.16
2 1.71 1.60 1.39
3 1.39 1.22 0.84
4 1.58 1.54 1.19
A\
3 FHig

WA T VI BB HE R e R RS
Ab B 2R G dias o A v i RS R AR AT SO
TS AL HLAE 388 T TWC . GPF X ki 9 50 |
KA 3 A BASOIE SR 52 ), AT 5% 235 SR ot VI B
TS AL B R G A B 1S % M E.

(1) GDIRIMHLIA A S0k £ it 5 HAE 47 T
ELHEAIOG . AHIRIG S S50A a0 Ay 1) 398 R o
IG5 I A7 A T 00 1 B AR 0 B A T ) T o 1 o
K Hh B0 A T 200 P AT 50 B ) T v . B
B HER A2 W HEAT R A R R A R

TWC R AR AR 41. 6 %6~94. 294 ARG
AN ] T B R SR 3 1 s GPF R A AL
RAY80. 0%, foi i 3 ) R L R AR

(2) GDIVEIMHLIY 2 BURL AR o R AR 12 PR 53
A, AR A /N B faf T 400 (AR A% R 10 nmy, Hofth T
PR 7 42 R 23~60 nm; b 25 % hHILA% £ e
(A3 T WA R AR 1) KRR Dy MBS ol o Bl HES U
E R T, TWC J5kife<<23 nm By PR A R P
L AEAN I B A IR (K RAR I A TR 45 s GPF 2
SRS AR T2, GPF J& 23~100 nm 4R 5 T
RERH S, RBiA% <710 nm AR B AR TR/

(3) GDIIRIHLIY BBk th “A%-—5e " 4544
B FHERUE B, 2ARIR BRR TR L5 7
ap 38 O, FIURLA) ROST W H OK, JEAS Rl ey - o 25 i 4
5, ST ARG TR S A, R ) RS0/, A
ks 1 T P , TR ) s B HE S E Y
P47, TWC Fl GPF /N 52 Wil J50RL 9 1) 45 46 0% =X
TWC J& ki R AEEAS K, GPF J B350 4 IR
SHIE /N, TWC F GPF J5 50k 9 () SEA B A - TR &
JEWRES , 3T 4R

1EE TImk A :
BRI - 1B SCHEAR 52 , 1B SRS o 1) BBk
1o 255k RUIRAL B, RIS 18 SRS S
Wil i« BT, Bt iR S A B
AN I SCH S B
BRI B SCH T S B

Sk :

(1] 0 v 4 ) VISR M R MR HE RS o BT [T ] 934
Aedr B, 2021(5): 6.

ZHAO Wei. Analysis of national VI emission regulations of
gasoline vehicles and particulate emission characteristics [J].
Auto Maintenance and Repair, 2021(5): 6.

[2] KITTELSON D, KHALEK I, MCDONALD J, et al
Particle emissions from mobile sources: discussion of ultrafine
particle emissions and definition [J]. Journal of Aerosol
Science, 2022(159): 105881.

[3] LEEZ, KIM T, PARK S, et al. Combustion, and emission
characteristics of recent developed direct-injection spark ignition
(DISI) engine system with multi-hole type injector [J]. Fuel,
2020(259): 116209.

(4] Dhid, skplisc, 254F, 45 FRANRIN A 0R A Kok B HERURE
W], S5 Y 5 BR, 2020, 42(5): 547,

MA Chao, ZHANG Xiaowen, LI Qian, ez al. Characteristics
of particle number concentrations form light-duty gasoline

vehicles [J]. Environmental Pollution and Control, 2020, 42



o5 4 1

s T Y S M W= L e TV R ik e - WA S O U 2 e Bt b i 5 e

635

[5]

[10]

[11]

[12]

[13]

[14]

[15]

(5): 547.

AWAD O I, MA X, KAMIL M, et al. Particulate emissions
from gasoline direct injection engines: a review of how current
emission regulations are being met by automobile manufacturers
[J]. Science of the Total Environment, 2020(718): 137302.
HACHEM M, LOIZEAU M, SALEH N, ez al. Short-term
association of in-vehicle ultrafine particles and black carbon
concentrations with respiratory health in Parisian taxi drivers
[J]. Environment International, 2021(147): 106346.

FEALER . W5 S s AP A0 BB HURR G A UKL HE
BORRERIIFE (D], bifE: RIgEAZiE R, 2017.

ZHUANG Zhuyue. Effects of injection strategy and fuel
property on combustion and particle emission characteristics of
gasoline direct injection engine [D]. Shanghai: Shanghai Jiao
Tong University, 2017.

YANG Jiacheng, ROTH Patrick, ZHU Hanwei, ez al.
Impacts of gasoline aromatic and ethanol levels on the emissions
from GDI vehicles. Part 2: influence on particulate matter,
black carbon, and nanoparticle emissions [J]. Fuel, 2019
(252): 812.

WEBER C, SUNDVOR I, FIGENBAUM E. Comparison of
regulated emission factors of Euro 6 LDV in nordic
temperatures and cold start conditions: diesel- and gasoline
direct-injection  [J]. Environment, 2019
(206): 208.

VR, skEREL . GDIUR sipLBUR Y HECRAERIT E LT ], A
HLSEEPE, 2017(18): 20.

XU Dandan, ZHANG Tiechen. Study on particulate emission

Atmospheric

characteristics of GDI engine [J]. Internal Combustion Engine
and Parts, 2017(18): 20.

ZRHLr, W, B, SF L BT LR PM, Y 21
AHE MR R [T ], A EFREERE:, 2016, 36(5): 1332.
QIN Yanhong, HU Min, LI Mengren, es al. Physical and
chemical characteristics of PM, ; emissions from gasoline direct
injection engine and its influence [J]. China Environmental
Science, 2016, 36(5): 1332.

HAN Dong, FAN Yunchu, SUN Zhe, ez a/. Combustion and
emissions of isomeric butanol/gasoline surrogates blends on an
optical GDI engine[J]. Fuel, 2020(272): 117690.
ZHANG Mengzhu, GE Yunshan, WANG Xin,

Particulate emissions from direct-injection and combined-

et al.

injection vehicles fueled with gasoline/ethanol match-blends -
effects of ethanol and aromatic compositions [J]. Fuel, 2021
(302): 121010.
ZHANG Miaomiao, HONG Wei, XIE Fangxi, e al.
Combustion, performance and particulate matter emissions
analysis of operating parameters on a GDI engine by traditional
experimental investigation and Taguchi method [J]. Energy
Conversion and Management, 2018(164) : 344.

AFEH, By, TR, & BRIy UBOR Y L S HE R
PERT ST BEJRE [T]. 1) B O~ 27 i C AR B2 i) L 2017, 45
(S1): 144.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[26]

SHI Xiuyong, KANG Yang, NI Jimin, e/ a/ . Research
progress in particulate formation mechanism and emission
characteristics of gasoline direct injection engine [J]. Journal of
Tongji University (Natural Science ), 2017, 45(S1): 144.
BN . DK SR AR ERTFE (D], K b T
AR, 2015.

YANG Lingchuan. Study on the characteristics of particulate
emissions from GDI engine [D]. Tianjin: Hebei University of
Technology, 2015.

22/ . GDIVUHBLABE 5 14 B2 =5 AR5 6 Uk ) Al e
SO RLEROIFE (D], Kt KR, 2014,

LI Chao. Study on the effect of combustion conditions and three-
way catalytic converter on the physicochemical characteristics of
particles from GDI engine [D]. Tianjin: Tianjin University,
2014.

BRI, 2 2R A . o aR X GDIZER PM,  HERC 52
(). ERHE, 2016(1): 22.

ZHONG Xianglin, LI Jun, LI Ang. Effect of three-way
catalytic converter on the PM,; emission of GDI vehicle [J].
Auto Sci-tech, 2016(1): 22.

LIU Haoye, LI Ziyang, XU Hongming, ez a/. Nucleation
mode particle evolution in a gasoline direct injection engine
with/without a three-way catalyst converter [J]. Applied
Energy, 2020(259): 114211.

WAL . G N BB LR ORI B R RO BT SE LD 1.
Rt R, 2012,

PAN Suozhu. Study on the physicochemical characteristics of
exhaust particulates from gasoline direct injection engine [D].
Tianjin: Tianjin University, 2012.

SHARMA N, AGARWAL spray

characteristics of a gasohol fueled GDI injector and impact on

A K. Macroscopic

engine combustion and particulate morphology [J]. Fuel, 2021
(295): 120461.

POTENZA M, MILANESE M, RISI A. Effect of injection
strategies on particulate matter structures of a turbocharged
GDI engine[J]. Fuel, 2019(237): 413.

BOGARRA M, HERREROS J M, TSOLAKIS A, et al.
Influence of on-board produced hydrogen and three way catalyst
on soot nanostructure in gasoline direct injection engines [J].
Carbon, 2017(120): 326.

SAFFARIPOUR M, CHAN T W, LIU F, et al. Effect of
drive cycle and gasoline particulate filter on the size and
morphology of soot particles emitted from a gasoline-direct-
injection vehicle [J]. Environmental Science &. Technology,
2015, 49(19) : 11950.

bt JHRIE, FRAER, %8 . GJE R GPF X GDUR SIS
WO PR SE R LT ]. IRRAILAEAR, 2021, 39(2):130.

MA Zhihao, YIN Zhenlong, DU Weixin, ez al. Effect of metal
GPF on micro characteristics of particulate matters from GDI
engine[ J|. Transactions of CSICE, 2021,39(2):130.

HU Zhiyuan, LU Zhangying, SONG Bo, et al. Impact of test

cycle on mass, number and particle size distribution of



636

6] 5% K 2 2 (A 4K BE 2 B

%52 %

[27]

[28]

[29]

[30]

[31]

[32]

[33]

particulates emitted form gasoline direct injection vehicles [J].
Science of the Total Environment, 2021(262) : 143128.
MATHIS U, KAEGI R, MOHR M, ez a/. TEM analysis of
volatile nanoparticles from particle trap equipped diesel and
direct-injection vehicles [J].
Environment, 2004, 38(26):4347.

ViRt GDUIIMALAURL HETRF 20 B S OB 42 25 HoAR B
FE[D]. BB RBFL TR, 2017.

XU Jing. Study on particulate emission characteristics of GDI

spark-ignition Atmospheric

engine and optimization of gasoline particulate filter [D].
Wuhan: Wuhan University of Technology, 2017.

ARG . LN BRI A5 S5 RE R 25 A AL 1 £ 1L
WFFE[D]. Rtk Tl R, 2016.

DENG Zhikun. Simulation to performance and structure
optimization of gasoline particulate filter [D]. Tianjin: Hebei
University of Technology, 2016.

FHh . BTN EBORIMAL GPF R i8R o [T, iR 4,
2018(6):8.

ZHU Wei. Research of GPF character of in-cylinder direction
injection gasoline engine[J]. Shanghai Auto, 2018(6):8.
CHUAHY F D F, MOSES-DEBUSK M, CURRAN S J,
et al. The effects of distillation characteristics and aromatic
content on low-load gasoline compression ignition (GCI)

performance and soot emissions in a multi-cylinder engine [J].
Fuel, 2021(299): 120893.

LIU Haoye, LI Ziyang, ZHANG Mengzhu, ez al. Exhaust
non-volatile particle filtration characteristics of three-way
catalyst and influencing factors in a gasoline direct injection
engine compared to gasoline particulate filter [J]. Fuel, 2021
(290): 120065.

EW, H, XA HUNFALEOAR X GDI & g HUBURHEK
UM LT ] A A shAL, 2016(5): 57

WANG Ya, LI Jun, LIU Yu, ez al. Influence of external

[34]

[35]

[36]

[37]

[38]

[39]

[40]

purification technology on particulate emission of GDI engine
[J]. Vehicle Engine, 2016(5): 57.

BENAJES J, GARCIA A, MONSALVE-SERRANO J,
et al. Gaseous emissions and particle size distribution of dual-
mode dual-fuel diesel-gasoline concept from low to full load [J].
Applied Thermal Engineering, 2017(120): 138.

CATAPANO F, IORIO S D, MAGNO A, et al. Effect of
fuel quality on combustion evolution and particle emissions from
PFI and GDI engines fueled with gasoline, ethanol and blend,
with focus on 10~23 nm particles[J]. Energy, 2022, 239(B):
122198.

GONG J, STEWART M L, ZELENYUK A,
Importance of filter’ s microstructure in dynamic filtration
(GPFs)
inhomogeneous porosity and pore size distribution[J]. Chemical
Engineering Journal, 2018(338): 15.

PFAU S A, LA ROCCA A, HAFFNER-STATONE, et al.

Comparative nanostructure analysis of gasoline turbocharged

et al.

modeling  of gasoline particulate filters

direct injection and diesel soot-in-oil with carbon black [J].
Carbon, 2018(139): 342.

HU Zhiyuan, LU Zhangying, ZHANG Haochen, et al. Effect
of oxidation temperature on oxidation reactivity —and
nanostructure of particulate matter from a China VI GDI vehicle
[J]. Atmospheric Environment, 2021(256): 118461.

MENG  Zhongwei, CHEN Zhao, TAN lJie, et al.
Regeneration  performance  and  particulate  emission
characteristics during active regeneration process of GPF with
ash loading [J]. Chemical Engineering Science, 2022, 248
(A): 117114.

BRASIL A M, FARIAS T L., KOYLU U O, et al. A recipe
for image characterization of fractal-like aggregates [J]. Journal

of Aerosol Science, 1998, 29(S2) . 1275.



