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Development of Innovative Diesel Particulate

Filters based on Aluminum Titanate:
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Hajime YosHINO

Diesel particulate filters have contributed to decreasing particulate matter (PM) in the exhaust gas of diesel cars,
and they have become standard diesel exhaust gas after-treatment devices. Silicon carbide (SiC) is currently used
as a material in these filters due to its high thermal stability. Aluminum titanate (AT) is recognized as a candidate
for the next generation of filters due to advantages not only in manufacturing cost but also in superior performance.
We have developed an innovative AT filter, and in this paper we introduce its design concepts and validation results.
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1ELENE European regulations on diesel passenger

cars
Euro5 Euro6
Phase-in Dates Sep 1, 2009 Sep 1, 2014
PM 5mg/km 4.5mg/km
NOx 180mg/km 80mg/km
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PBEEEM  (a) Diesel particulate filter and (b) PM
filtration mechanism by “wall-through”

structure observed from cross-section area.
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BEE®  Photos of basic filter structure
(a) SiC (segment-binding structure) and
(b) SC-AT (monolith structure).
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R=2" L5 5E, HREITOTA) v &b b,
Raid, St (KBEREE 2274 VBT
JL3 =% 24 (Alminum titanate; AT) 128 H L, —&IK
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1. MEEREt

HEJHPET 2 5 4 VICHIE S 55001, e o
B gficig e s, Flzid, © v o v HiRkED 2
W ZENC & 28 A BUERE, v Y U RIS D
IRED, BROREC A A L2 & 2 RAEPR & 3 5 IBTEDE W
Loy (7 vy a) LOEMEETH 5,

T, 7 AN LIINEITHE L72PM A&, — & IR
HERARITIRE - B (DUF, [HE] &IRS) § 2%
B, TORRAET MBI LD, 7 40 213Mho
ML FIBEE L BEREIC X 5 Shb Z kilkb, T4
LR, EEIZT Y ba— L X~ A L R
BEMTITDbI S 2, £ Z ORIEIN X h kRt
FA2F D=2 r—2-) V3L =Y 3V EIFA
TW3) THAEINhS, ZokE, FHAEPMENSWIE
EPRBEILEEEIZ 2 50T, FHIZHEWTUI Y —Z M —
A2V R =Yg BEETET AL ABHEEL
Bk, HERBAA IV BRERESh TS, Z
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HEREPRAL (Soot Mass Limit; SML) | it ciEon 3
SMLliA ST XD, ZOMEIAKETVFELROPM
TR L TR B30T, HAERBAWS T L
BTE, BB OUENTTREL k5,

SMLIZEET A1 & LT, il S5 2 — 5
TSP (Thermal shock parameter) K Okt oD EE & A
2Foh3,

TSPid. DU NITR$ & prei i oM & LTl
DNER S A Z L TESY, 2O T, MOR/eMod
. TR ZhOMAs—M%IZHES L T4£E L. MOR/
eModiXIFIT—EE L DD T, TSP% EiF 5720121,
CTE (Coefficient of thermal expansion. ZU#5RIR%E)
FRIKESEEZERBAEZEZ N TS,

TSP = MOR / (CTE x eMod) @

TSP ; Thermal shock parameter

MOR ; Bending strength

eMod; Young modulus

CTE ; Coefficient of thermal expansion

F 72, SMLICEEMIZE 59 2 M8t & LT,
TANAD “BEE HBdHD, ZhE, T4 hLaFHED
BERAETHEUCK D, 7 4 L& ARAFHE X5 A,
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125 (=R8EEZN. 7 Iy 2 2054,
AR TR L 258, “DEEEIRE N Zeh
BUERNPREZNVY LEFVWRA LI LN TE S,
Table 21ZBE(7 7 4 L 4K CH 5SIC. 23—V x5
4 b (2A1203-2MgO - 5Si02) . ¥ LUK A MNFAF L 7=
FavETILI=o L (BT, [SCAT] EIES) Ok
Yt %R L7, SCATIE, CTEAVIX L, OB R A
KEODT, SMIAHERRBWE DO LHfFcE, 741
SPRE LTI R L DE L7280 EEZ 5N 5,
LiL., FAVBTLI=Y A (AT) 12—#%121000
~1200°C DE TIFUELR E RN E T 5 7280, F
AT ETAIFIIRRTEEEDI TS, ZOl
JEEPM P AEREICEE T 28 CTH D . AT 7 4 )L
AR E T BER. KD EE Z 5Tz, KA
W ZOMIZEEH L. Z OIRJERE T & By i 4 P
TEDATHR A BT L 729,

2. fFLEEEREt

T 4L A Ok I 21 vk — & — Ol fLA FE
DLIMHE AHLTED., ZOME (fLokx &R
S3An) IIPMEEEREE (=HiER0E) R
ICKELS BT 5L, Thabb, PMEFIEREILSHHETS
72 DIZIERALERMILERIT N W AERRE L. —HET
HRENEL TS (=LA 2E2RT) 2012,
KALERLMALIRIIRE VTR fiRFEO#RE W
5. e sl AUEE 2 IRET S,

Foid, mom LRSS 2 FB TR, i (Se-
rial) 7 4 L4 & — 212, PMfERHE L TR IRE
PRI E U 7ML E O feifb 2 /NFEBR A o — LS
T L 72 (Fig. 3). Fig. 3121k, ZNZhOMfLE;
P GRALE, FEMIFLEE) #0fic L. PMElSERH D
# TR % Serial (A) O THIML L TR L
7z, 75 %. Serial (A). Serial (B). Serial (C) &%, T
W6 AT L7402 THY, 1T ¢Serial (A) .
BUROWMAT G CEMHIN TS EEZ 5N 5
BRrOT7 40 2TH B,

Serial (A) IFFEEEIZ LRI SOMIAL (KL, F
WAL 2H L T30, #ied CTEn O PMIG#ES)
#KARNT, —H. Serial (B) % &k USerial (C)iF. H#zM
KEOMIL (EXALE. FEMILEKR) 2H L. Serial

1P Comparison for material properties and effect on Soot mass limit

Substrate material SC-AT SiC Cordierite Effect on Soot mass limit
Theoretical density [g/cc] 3.7 3.2 2.6 High
Heat Capacity [J/L-K] 2000 1900 1300 High
CTE/x10-¢ [1/K] 1 4 <1 High
Thermal Conductivity [W/m-K] 2 50 2 Low
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W pressure drop (dp)

% [ Filtration efficiency (FE)
100
L —40%
1o v
50
25
I
Serial (A) Serial (B) Serial (C) SC-AT
(40/10) (50/20) (50/15) (45/15)

(porosity (%) /median pore size (jim))

BEFEN Filter performance on pressure drop (dp)
and filtration efficiency (FE) for Serial filter
and SC-AT under simulated experimental.
dp and FE shows relative percentage for
Serial (A).

A HARTHIHER MR A, PMIER 2 E N,
%k L AlErERE O MR E &2 /3 7 ¥ 2 K< FEBLT 5
728, SC-ATOMIFUHHE 2 B - SR U, mdli b,
(RIS & F281 T & 2 MlfLAE & R L 72,

3. wIVEERRET

T 4R DM ITIEFICHEE ARG ERO—D
TH5 (Fig. 4127 4 L& Al 6 /7= LR o
FEWO—HlER L7, % 72Fig. 5ICfRER 2 v LR
Bl 4 X =D CORT A, FEE %4 5.).

ZOMME UTIE, — D3 U RERS AN 808 fi R 1 5
BhG A, TORERT 4 L2 OFESREEHEIIAEL
MBS0 ThD, &9 D7 vy 281ED>
B, PEN AT v v 2 ORISR (T v v 2 F vy
T4) ICKELS BT S7-0Th 5,

B Photos in Cell geometry on filter structure
(a) Inlet face on filter (b) An example of
square (SQ) cell geometry.

(1) NS DETHEIRHEANDF G-
7 4 LA DIEFIRIFEEE. LUF O3 DOIRE Tilkin
THUEND D,
O N7 (EAEALIRRE)
@ a—7 4 v (EALIREE)
® FA4 7TV (7 v 2 HERIREE)
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SNk, 7 4ova (i bs) & ikd %7
WIZ, @I —7 4 Y ZIRREIZT T 4 L & O JIHEIH:
PE % FolRat U 7=, (FE oM O HTIRREIZH
%)

7 4 L2 DIESBEEICBE L T, T @ &
DESHIZ, BRFIIHRLTETIENTES9, PM
HERGRRIZ W TR, WA A 2 A PMHERGRE %3858 4 5 45K
P OIS (dpd) P EWEHFLEEER T,
51z, “dp4” 13 @) XcExh, PMHEREE (w) I
KEL KR ENB DD, 7 4 L2 OIEHIIFEORKIZ
T, FROPMHERESM F TR “w” OIK T 2HBTE,
ZOFERT 4 L2 DIENIEIFRENRETE S 8D &
Wtz 5%,

dp = dpl + dp2 + dp3 + dp4 + dp5 + dp6 )

dp1,6; expansion/reduction resistance inside the
exhaust pipe

dp2,5; inlet- and outlet- channel through resistance

dp3 ; wall material through resistance

dp4 ; soot layer material through resistance

dp4 = p us w/ko 3

ko ; constant for soot material

u ; gas viscosity

us ; gas velocity

w ; thickness of soot layer on the wall

2) EAKEEDT v & 2% v 180 F 4 ~OEG
Peoi 2B SN BREMETIZIE, PMEISHZ, B
T DIRAT 2 BT, S 6ICixy ) YYD
FRICK > TRAIN D BB G ENEEh, Thb
BERRLTT v v a (K9)) KB EENS, 7y a
WAL T 4 L ZPEBIIRAISERIL. 7 4 L 2 OFR)

(@ ®)
T

BGEENEN  Variety in cell geometry. (a) Square design
(SQ), (b) Octo-square design (OS), and (c)
Hexahex design (HEX). Cell geometry
consists of inlet and outlet channels.
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RO T 25 I L, O Imz &>
BH5,

Z ORISR E LT, AL DY A X% H 2L
&0 K EL LIEIFhE oMttt 2 SFEE ST 5
(Bl Z1F. OSk LK (Octo-square) V., ACT+ L
(Asymmetric Cell Technology) 57 £)® (Fig. 5 (b)
IZOSHILHEER) . OSEILMERE X, HERDRHE L ILRE
¥ (Square; SQ, Fig. 5 (a)) (2T, FALRAGE
(Open Frontal Area; OFA) K& W=, 74 LA N
BICHERE T& 57 » ¥ 2 & (Ash capacity) #¥K S
HZEMTE, BRI 74 v 2D HFFm%30%
BRELEF2ZEmTEREEDR TS,

(3) HEXt LA DA

OSt L IX, A&l (Inlet) Fx ¥ 3L &
)L (Outlet) F v ¥ FILORBWIERNIZ T V8TV AH
BT 2720, —HDOF v v 3L TH ZFREA MR H
D, ZOMFEN=H LZNDOF v v FILIEBIAK X
%KD, T4 NEDOEJIHRENELS KDL NI T Ay
P PR () XD “dps” B iZAHYM) .

—H. WA DU 72 IERFRBL D 7S A 2 L ki b
(Hexahex; HEX) (Fig. 5 (c)) 1&. KIEZEN K E 0
Fx AL GEFEIGHOED Es LT KITE RS
INEWF v v oL GEENIZA L) B G Iixe~3
fill) #FAHAE L THD, AL (Inlet) F+ ¥+
LWL (Outlet) 7+ ¥ 3L OFEWTARITE % [6] L X
JUZT AL TESDE, OSEILEHE CORETH -
7o F v v ANRIOB K AT 2 Z L8 TE 39,

$ 72, Bl % & 912, HEX®ILIEE DA RDIEE
FEIZOSHE MGG & IERTE KRE W2, PMHEREZ D
FESRAEEL $BZen T2 8DEMETES (A

1R Filter specification of validated filter samples

AR RIC & D, 3) ROPMHERES (w) %K
WITAZENTZEE720),

PlED X5z, FexHRH L 2ZHEX LR IR, [E
JHBRDEE, 7o v aF v/ 3y T 4 — OB K %A
RRIZEHTHZ D RETH 5,

FHEETAE

1. 714V 2ETHE

PHRERET. MHFLERE I KOV LRGSR et - BAYE
L 7= BE e fAaGHYE, 551k (¢ 5.66inch x 6.0inchL)
DT 4 NZEERIL, 74 V2 RG22 LT, Lk
R DR D Y PERRGE & 1T - 720

SC-AT& LT, 2MHDOYILIEE (SQ. HEX) D7 4
A EAERIL 72, 7 4 L2 Ofi I, THissm T 4 L
BB E N TWBAIFIZT, SRR TEBL -, £
7=, B DSIC (0S) 7 4 )L 4 (BlEuro 5x¢ 5 HL#K )
(Fig. 3D Serial (A)IZHHY) 7% s & L 7z,

AN, &7 4 )L 4 EEIL % Table 3I1Z/R L 72, FFIC
SC-AT (HEX) 2k T, HOFAL & 12, i
HRERINTWSEZ 5, £7-. SCAT
(HEX) 13 &)L F ¥ v 2L DK EE (Hydraulic
diameter) & A1+l (Inlet). i1+ (Outlet) T
IFERCTHD, Ty vaFv/sv T 1R,
IRHE IR Bl T & 5,

2. EHEXYH

Fig. 6(= PMHERIRF O HEAFFEOMERE R 28 L
7z VIBIPMHERTHIL (PMHERT & 23 1g/LA) LUK
OPMHERE — N7 — 7B E B A 5N TED,
T ORI CIIPMHAER RS U CERR 221k |

Filter SC-AT SiC
Cell geometry Square Hexahex Octo-square
SQ) ©S)
I8 8 FEa@
Weight [g L] 800 800 700
Hydraulic diameter IN/OUT [mm)] 1.2/1.2 1.2/1.3 1.5/0.9
Cell density [cpsi] 300 350 300
‘Wall thickness [mil] 12 11 11
Segment binding area [%] - - 5
Open frontal area [%] 33 41 44**
Filtration area [m? L] 1.0 1.3 1.0%*

* % Including frontal area loss by segment binding layer.
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£ «* "x‘ix‘ et
& s e e--¥*
~ PETSUNE e 4
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=} /?:,—'
5 L%
o e SC-AT(SQ)
3 + SC-AT(HEX)
: + SiC(0S)
0 ‘ ‘ ‘
0.0 2.5 5.0 7.5

Soot load/g L1

BEEMN Soot-load dependence on changes in pres-
sure drop under cold flow bench. Filter
dimension for all samples ; 5.66” in diam-
eter and 6” in length with cylindrical shape.

FRBM X 7z, v I R Y928 T & 5SC-AT
(HEX) 12 CZOfE %AV X < HEX YLK OIE 118
PR3 2 B & fifERE © & 72,

Lk, VIMIPMMERGERIZ. 5 VY oY MEB LT
Fh, PMAREESHILAICRA L, HffxhsE0L%
AbNTW5, ML RN S v (= {KKSLE,. F
YHIFLER/N) SiC (0S) &, MIFLANF + ¥ XL PMIS
FOPHZE SR T WRER, SWICE A R L7
LDLEEZ SN, SCATOXILEES . I
PRI IZEFNEN TV B Z e R I =,

3. PMiE&EME

PM{Hi 30 ME 1% . PMBAE R (REXS, Matter
Engineering AG#!) . kit >4 (EEPS3090, TSI#L)
EHOTT 720 Ak, E LV v 2 OB H i
ABEH1C, U 234G (MD19-1i, Matter En-
gineering AG#Y) IZTHMRUL. KT hw v 2ITEAL
720

PMIHH#RIFIZ, PMAEDH 2% 7 4 L RITH LIED
7284 IV Et=0sE LT, YTFORITTRD 7=,

PMii#E5h2 (%) =100 (1 — Neoos/No) @)

No @ 3E@EH» 5 OFEAPMIFARIREE (ff/cm3)
Neoos : 600st: 0D 7 4 )L 2 WEPMIEERE (flHl/cm?)

Fig. 7ICPMIfi#ERE £ 3 512472 > TOPMIH
Bl ORI AR L7z, WEFhO T 4 L ZIZBW
TH. #KPMK T8 CPMIEECRRE AR (K% L ¢
BO. PMAT 4 L2 THRIHHEI N T2, @)
RIHev, PMIRERIEAEH5H 3 % &, SCAT (HEX)
T96%. SiC (0S) T94% Td» . SC-AT (HEX) i
SiC (0S) &% FOPMI#EMREEE T 5 Z & AR
Xhi=,
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Changes in PM number distribution on
downstream filter.
(@) SC-AT(HEX) and (b) SiC(OS).

4. SML (Soot Mass Limit) &

WRNEHE X — 7 — DTy DV RYFEMN, 7T 4L
B DN BN & 5 SMLERER 2 T L 7z, 7 4 L 4
AN ZZ->TE UTOMD -2 M r—Z2-) Y 2
FL—3¥ 3 v EMEEN S Droptoldle (LT “DTI” &I
&) - FIZTHEEL 72,

(1) i FH &% fii

TV Y Vid2.0Lclass Dl engine (FAH J7110kW., %
K bJL2330Nm. Common Rail AEHE S > 2 57 245
R) AL 74020 EFRIZDOC (Diesel Oxida-
tion Catalyst) ZFdiE L7z, 7=, MIEIZH72D. Fig.8
R RIS, T4 ENEISEER (Ktype) %7 4
LA TFMPBRA L, 7 4 L4 AR OS2 E) 4 €
=4 =17z, 7. Fig. 8IZIFSMLABR 7 v —, LU
RN A EFERNE TOWE FAZEEH LR L7,

(2) #HBiZftE (DTD

RANCFFERDOPM % 7 4 L 2 IZHERE L 72, PMHERS
wFH 744 2F vy vy —AZ D LT
EEAZNETSZ L CHERELE, Ry —
ALYV UNRYFITEy MR EE- FICTI Y
Y v %&3E#5 L, Postinjection (PIJ) 12C7 4 L& Bk
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@ Post injection
Soot load [> Drop to Idle [> Blow-off test

1 |

®) 3 152mm |
Gas [ |
1 i 1 2 D)
> Y
L4 5 6 Jomin
¢ 77 70mm |72mm
JEA 8 9.\ AR
Nl — : ", ,,,,,,,,,,,,,,,
; 1 25mm
75mm :
125mm
© —— upstream filter — T9
T1 — downstream filter
— T3 —— Speed
1200 T6 - 3000
1000 | 2500
Q
&0
g 800 2000 g
E -
5 . =
£ 600 1500 2
5 g
= n
g 400 1000 %
)
=
200 |- - 500
(’) Il Il Il Il (’)
-100 -50 0 50 100 150
Time/sec.

BEEEEN Image of SML test and an example of tem-
perature behavior. (a) SML test procedure,
(b) thermocouple position inside filter
under SML test, and (c) an example of
changes in engine rotation and temperature
at individual position. 0 sec. in time on
Fig.8 (c) indicates a start of DTI mode.

LELIEEE  Condition of SML test (Post injection (PI])

and Idle)
Engine 02
condition Speed Gas flow rate concentration
PIJ 2,500 rpm 230kg/h 8%
Idle 750 rpm 50kg/h 19%

WD F ZWEH630CIZA S LI ICHEB L2, ZDH.
7 4 L AR TOETEIZETEOM T (=PMELBER
) ERik. vy v EIdelRRBISEE Lz, ZORE
DOP LIdled x. v ¥ v HEIRGAF4 4 Table 41278 L 72,

DTIAY —A b r—2-) Y b —Y 3 v EfEh
3 0i%, Table 423 ¢ &2, IdleNDBITIZE D H
2 BEAEEIAK T UPMBRBERE ORRE D 2 7 < &2 D |
HIZRRIREO LR &L > T, PMRBEOZ5E K6
NEEXBHEESbh T3,

10

SMLBRIZ % F 2PMHERI & 1X . 8g/L (% 721
10g/L) ##&EL L. DINISORIMEICEK L 2
Breid, Wic2g/L PMHERIE & B CHBRDSMLA
Bk FEhE L 7z,

(3) Blow-off test

SMLiAEE% (X, Blow-off test & MHEH 5 PMIR4LaER
(74 02 Lyl 5PME G A A &H L. 7 4 L4
TVO F ARICEENAPMEE BRI 2FfEL.
PMRIFERF DEE 212 & 5 7 4 )L & DHEIG O 1 458
L7z, Fig. 911/~ 3 Blow-off testi$¢ Smoke limitiZD
W, IhB EoRIEE RS & 7 4 v 2GS
AU 7= LIl T & 2 R RY O R 22 Bt T h B o

(4) SMLARBRASF
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side in the figure.
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