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7KH WHVW SURJUDP DQG VXEVHTXHQW GDWD DQDO\VLV UHSUHVHQWV D FROODERUDWLYH HIIRUW RI D WHFKQLFDO ZRUN JURXS FRQVLVWLQJ RI
UHSUHVHQWDWLYHV IURP WKH 8161 'HSDUWPHQW RI (QHUJ\/ 1DWLRQDO /DERUDWRULHV/ (QJLQH 0DQXIDFWXUHUV $VVRFLDWLRQ/ DQG
0DQXIDFWXUHUV RI (PLVVLRQ &RQWUROV $VVRFLDWLRQ1 7KH ZRUN JURXS SUHSDUHG WKLV UHSRUW XVLQJ PHWKRGV EHOLHYHG WR EH
FRQVLVWHQW ZLWK DFFHSWHG SUDFWLFH1 $OO UHVXOWV DQG REVHUYDWLRQV DUH EDVHG RQ LQIRUPDWLRQ DYDLODEOH XVLQJ WHFKQRORJLHV
WKDW ZHUH VWDWH0RI0WKH0DUW DW WKH WLPH RI WKLV HIIRUW1 7R WKH H[WHQW WKDW DGGLWLRQDO LQIRUPDWLRQ EHFRPHV DYDLODEOH/ RU

IDFWRUV XSRQ ZKLFK DQDO\VHV DUH EDVHG FKDQJH/ WKH ILQGLQJV FRXOG VXEVHTXHQWO\ EH DIIHFWHG1
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Executive Summary

7KH 'LHVHO (PLVVLRQ &RQWURO²6XOIXU (IIHFWV +'(&6(, SURJUDP LV D MRLQW JRYHUQPHQW2LQGXVWU\
SURJUDP WR GHWHUPLQH WKH LPSDFW RI GLHVHO IXHO VXOIXU OHYHOV RQ HPLVVLRQ FRQWURO V\VWHPV ZKRVH XVH
FRXOG ORZHU HPLVVLRQV RI QLWURJHQ R[LGHV +12[, DQG SDUWLFXODWH PDWWHU +30, IURP RQ0KLJKZD\
WUXFNV LQ WKH 533505337 PRGHO \HDUV1 7KH SURJUDP LV GHVLJQHG WR HQKDQFH WKH FROOHFWLYH NQRZOHGJH
EDVH RQ HQJLQHV/ GLHVHO IXHOV/ DQG HPLVVLRQ FRQWURO WHFKQRORJLHV LQ D V\VWHPV DSSURDFK WR +4, JXLGH
LQGXVWU\ LQ GHYHORSLQJ ORZHU HPLWWLQJ DSSOLFDWLRQV RI WKHLU SURGXFWV/ DQG +5, SURYLGH D SRUWLRQ RI WKH
WHFKQLFDO EDVLV IRU JRYHUQPHQW GHFLVLRQV RQ UHJXODWLQJ WKH FRQWHQW RI VXOIXU LQ GLHVHO IXHO1

3KDVH 4 RI WKH SURJUDP ZDV GHYHORSHG ZLWK WKH IROORZLQJ REMHFWLYHV LQ PLQG=

+$, (YDOXDWH WKH HIIHFWV RI YDU\LQJ WKH OHYHO RI VXOIXU FRQWHQW LQ WKH IXHO RQ WKH HPLVVLRQ
UHGXFWLRQ SHUIRUPDQFH RI IRXU HPLVVLRQ FRQWURO WHFKQRORJLHV> DQG

+%, 0HDVXUH DQG FRPSDUH WKH HIIHFWV RI XS WR 583 KRXUV RI DJLQJ RQ VHOHFWHG GHYLFHV IRU
PXOWLSOH OHYHOV RI IXHO VXOIXU FRQWHQW1

)RXU HPLVVLRQ FRQWURO WHFKQRORJLHV DUH EHLQJ WHVWHG LQ 3KDVH 4 RI WKH SURJUDP= +4, 12[ DGVRUEHUV>
+5, GLHVHO SDUWLFXODWH ILOWHUV +'3),> +6, OHDQ012[ FDWDO\VWV> DQG +7, GLHVHO R[LGDWLRQ FDWDO\VWV +'2&,1
7KH GHYLFHV EHLQJ WHVWHG LQFOXGH FRPPHUFLDOO\ DYDLODEOH WHFKQRORJLHV DV ZHOO DV VWDWH0RI0WKH0DUW
WHFKQRORJLHV WKDW DUH XQGHU GHYHORSPHQW1 7KH VXOIXU FRQWHQWV LQ WKH WHVW IXHOV DUH 6/ 49 +12[
DGVRUEHU RQO\,/ 63/ 483 DQG 683 SDUWV SHU PLOOLRQ +SSP,1 7KH 60SSP VXOIXU FRQWHQW IXHO UHSUHVHQWV D
GLHVHO IXHO WKDW LV HVVHQWLDOO\ ´VXOIXU0IUHHµ1 7KH HQJLQHV LQ WKH '(&6( SURJUDP UHSUHVHQW FXUUHQWO\
DYDLODEOH PRGHOV/ DQG WKH\ ZHUH VHOHFWHG WR SURYLGH D UHSUHVHQWDWLYH VRXUFH RI GLHVHO H[KDXVW DQG
YDULRXV H[KDXVW WHPSHUDWXUH SURILOHV WR FKDOOHQJH WKH HPLVVLRQ FRQWURO GHYLFHV1 ,PSRUWDQW
FKDUDFWHULVWLFV RI WKH H[KDXVW VWUHDP DUH H[KDXVW IORZ UDWH/ VWUHDP WHPSHUDWXUH/ DQG FRQFHQWUDWLRQV
RI 12[/ K\GURFDUERQV ++&,/ FDUERQ PRQR[LGH +&2,/ DQG 301

3DUWLFLSDQWV LQ WKH SURJUDP LQFOXGH UHSUHVHQWDWLYHV IURP WKH 8161 'HSDUWPHQW RI (QHUJ\·V 2IILFH RI
+HDY\ 9HKLFOH 7HFKQRORJLHV ZLWKLQ WKH 2IILFH RI 7UDQVSRUWDWLRQ 7HFKQRORJLHV +277,/ WKH 1DWLRQDO
5HQHZDEOH (QHUJ\ ODERUDWRU\ +15(/,/ 2DN 5LGJH 1DWLRQDO /DERUDWRU\ +251/,/ WKH (QJLQH
0DQXIDFWXUHUV $VVRFLDWLRQ +(0$,/ DQG WKH 0DQXIDFWXUHUV RI (PLVVLRQ &RQWUROV $VVRFLDWLRQ
+0(&$,1

ES.1 NOx Adsorber

$ GHVFULSWLRQ RI WKH 12[ DGVRUEHU WHFKQRORJ\ DQG D WHVW PDWUL[ DUH IRXQG LQ 6HFWLRQ 5141 7KH GDWD
JHQHUDWHG IURP WKLV SURJUDP DUH FXUUHQWO\ EHLQJ DQDO\]HG1 ,W LV DQWLFLSDWHG WKDW WKH UHVXOWV IRU WKH
12[ DGVRUEHU WHFKQRORJ\ ZLOO EH UHSRUWHG LQ D VHFRQG ,QWHULP 5HSRUW E\ 2FWREHU 4/ 4<<<1

ES.2 Continuously Regenerating Diesel Particulate Filters and Catalyzed Diesel
Particulate Filters

7ZR GLHVHO SDUWLFXODWH ILOWHU +'3), WHFKQRORJLHV ZHUH FKRVHQ IRU WHVWLQJ LQ WKH '(&6( SURJUDP= +4,
WKH FRQWLQXRXVO\ UHJHQHUDWLQJ GLHVHO SDUWLFXODWH ILOWHU +&50'3),> DQG +5, WKH FDWDO\]HG GLHVHO
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SDUWLFXODWH ILOWHU +&'3),1 7KH '3)V DUH GHVLJQHG WR UHPRYH 30 IURP WKH H[KDXVW E\ FROOHFWLRQ RQ
D ILOWHU HOHPHQW/ ZKLFK/ LQ WKHVH FDVHV/ DUH FHUDPLF ZDOO0IORZ HOHPHQWV1 7KH FULWLFDO LVVXH IRU WKHVH
WHFKQRORJLHV LV WKH FOHDQLQJ RU UHJHQHUDWLRQ RI WKH '3) E\ R[LGDWLRQ RI WKH FROOHFWHG 30 WR SUHYHQW
WKH GHYLFH IURP SOXJJLQJ1 7KH &50'3) DFFRPSOLVKHV UHJHQHUDWLRQ E\ FRQWLQXRXVO\ JHQHUDWLQJ 125
ZLWK WKH KHOS RI D GLHVHO R[LGDWLRQ FDWDO\VW +'2&, XSVWUHDP RI WKH ILOWHU1 7KH &'3) DFFRPSOLVKHV
'3) UHJHQHUDWLRQ E\ XVLQJ D FDWDO\VW FRDWLQJ RQ WKH ILOWHU HOHPHQW WR SURPRWH R[LGDWLRQ RI WKH
FROOHFWHG 301

7KH WZR PDMRU FRPSRQHQWV RI WKH WHVW SURJUDP DUH +4, HPLVVLRQV WHVWV +30 DQG VHOHFWHG JDVHV,/ DQG
+5, H[SHULPHQWV WR PHDVXUH WKH HIIHFW RI IXHO VXOIXU OHYHO RQ WKH UHJHQHUDWLRQ WHPSHUDWXUH RI WKH
'3)V1 (PLVVLRQV WHVWV ZHUH SHUIRUPHG XVLQJ WKH 2,&$ 460PRGH WHVW SURFHGXUH DQG WHVWV DW SHDN0
WRUTXH DQG ´URDG0ORDGµ VWHDG\0VWDWH FRQGLWLRQV RI D &DWHUSLOODU 6459 HQJLQH1 5HJHQHUDWLRQ
WHPSHUDWXUHV ZHUH GHWHUPLQHG DW VHOHFWHG HQJLQH VSHHGV E\ PHDVXULQJ WKH FKDQJH LQ SUHVVXUH DFURVV
WKH '3)V ZKLOH RSHUDWLQJ WKH HQJLQH DW GLIIHUHQW WHPSHUDWXUH DQG WRUTXH VHWWLQJV1 7KLV LQWHULP
UHSRUW SUHVHQWV UHVXOWV IURP WHVWLQJ ZLWK WKH ILUVW WZR IXHOV/ 6 SSP DQG 63 SSP1

7KH UHVXOWV REWDLQHG WKXV IDU GHPRQVWUDWH WKH FRQFHUQ DERXW WKH HIIHFWV RI VXOIXU RQ WKH
SHUIRUPDQFH RI '3) WHFKQRORJLHV1 30 UHGXFWLRQ HIILFLHQF\ RYHU WKH 2,&$ WHVW F\FOH ZDV PHDVXUHG
DW <8( IRU HDFK RI WKH WZR GHYLFHV ZKHQ WHVWHG ZLWK WKH 60SSP VXOIXU IXHO1 +RZHYHU/ ZLWK 630SSP
VXOIXU IXHO/ WKLV ZHLJKWHG 2,&$ HIILFLHQF\ GURSSHG WR :5( DQG :7( IRU WKH &50'3) DQG &'3)/
UHVSHFWLYHO\1 7KLV GHFUHDVH LQ 30 UHGXFWLRQ HIILFLHQF\ LV LOOXVWUDWHG LQ )LJXUH (6161 $OWKRXJK QRW
\HW FRQILUPHG E\ FKHPLFDO DQDO\VLV RI WKH FROOHFWHG 30/ WKLV ORVV LQ 30 FRQWURO LV OLNHO\ FDXVHG E\
LQFUHDVHG VXOIDWH IRUPDWLRQ ZLWK WKH 630SSP IXHO1 $ FRPSOHWH 30 EUHDNGRZQ DQDO\VHV IRU DOO
FROOHFWHG ILOWHUV ZLOO EH UHSRUWHG IRU HDFK RI WKH IRXU IXHOV LQ WKH ILQDO '(&6( UHSRUW WR FRQILUP WKLV
UHVXOW1

Figure ES.3.  Interim results on the effects of fuel sulfur on PM reduction efficiency

$OWKRXJK GHVLJQHG DV 30 UHGXFWLRQ GHYLFHV/ WKH '3)V UHGXFHG WRWDO K\GURFDUERQ +7+&, E\ 8;( WR
<4( DQG FDUERQ PRQR[LGH +&2, E\ <3( WR <<(1 7KHVH UHGXFWLRQV ZHUH QRW DIIHFWHG WR DQ\
VLJQLILFDQW GHJUHH E\ IXHO VXOIXU OHYHO1
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$QRWKHU FULWLFDO FRQFHUQ RQ WKH LPSDFW RI VXOIXU RQ WKH RSHUDWLRQ RI WKHVH '3) GHYLFHV LV LWV
SRVVLEOH HIIHFW RQ WKH ILOWHU UHJHQHUDWLRQ FDSDELOLW\1 5HVXOWV WR GDWH VKRZ WKDW WKH UHJHQHUDWLRQ
WHPSHUDWXUHV DUH VOLJKWO\ KLJKHU ZKHQ WHVWLQJ ZLWK WKH 630SSP IXHO FRPSDUHG WR UHVXOWV JHQHUDWHG
ZLWK WKH 60SSP VXOIXU IXHO1 *LYHQ WKH XQFHUWDLQWLHV LQ WKH GDWD/ KRZHYHU/ LW LV WRR HDUO\ WR UHDFK
GHILQLWLYH FRQFOXVLRQV IURP WHVWLQJ WKH ILUVW WZR IXHOV +6 SSP DQG 63 SSP,1 $GGLWLRQDO WHVWLQJ LV
SODQQHG ZLWK 4830SSP DQG 6830SSP IXHOV1

,Q DGGLWLRQ WR HPLVVLRQV DQG UHJHQHUDWLRQ WHPSHUDWXUH WHVWV XVLQJ IXHOV FRQWDLQLQJ 4830 DQG 6830
SSP VXOIXU/ D VHFRQG URXQG RI HPLVVLRQV WHVWV ZLWK 630SSP IXHO LV SODQQHG WR GHWHUPLQH WKH LPSDFW
RI DJLQJ RQ '3) SHUIRUPDQFH1

ES.3 Lean-NOx Catalyst

7ZR W\SHV RI OHDQ012[ FDWDO\VWV ZHUH FKRVHQ IRU WKH VWXG\1 7KH KLJK0WHPSHUDWXUH OHDQ012[ FDWDO\VW
FRQWDLQHG D EDVH PHWDO2]HROLWH IRUPXODWLRQ VXSSRUWHG RQ D VLQJOH/ 733 FHOOV0SHU0VTXDUH0LQFK +FSVL,/
FRUGLHULWH VXEVWUDWH1 7KH ORZ0WHPSHUDWXUH FDWDO\VW FRQWDLQHG D SUHFLRXV PHWDO IRUPXODWLRQ VXSSRUWHG
RQ WZR 7330FSVL FRUGLHULWH VXEVWUDWHV1 %RWK FDWDO\VWV UHTXLUH D UHGXFWDQW +VXSSOHPHQWDO
K\GURFDUERQV, LQ WKH H[KDXVW VWUHDP WR UHGXFH WKH 12[ HPLVVLRQV1 7KH GLHVHO WHVW IXHO ZDV VXSSOLHG
DV WKH UHGXFWDQW/ DQG WKH VHFRQGDU\ +UHGXFWDQW, IXHOLQJ UDWH ZDV RSWLPL]HG IRU 12[ UHGXFWLRQ ZKLOH
+& DQG 30 VOLSSDJH ZHUH FRQWUROOHG1 7KH KLJK0WHPSHUDWXUH FDWDO\VW ZDV HYDOXDWHG RQ D &XPPLQV
,606:3 HQJLQH DQG WKH ORZ0WHPSHUDWXUH FDWDO\VW ZLOO EH HYDOXDWHG RQ D 1DYLVWDU 7777( HQJLQH/
ZKLFK ZHUH FKRVHQ WR SURYLGH D UDQJH RI H[KDXVW WHPSHUDWXUHV1

7KH PDLQ FRQFHUQ ZLWK VXOIXU LQ GLHVHO IXHO LV WKDW WKH VXOIDWHV SURGXFHG GXULQJ FRPEXVWLRQ FDQ EH
DGVRUEHG RQ WKH DFWLYH FDWDO\VW VXUIDFH DQG EORFN WKH DFFHVV RI 12[ DQG +&/ UHVXOWLQJ LQ D GHFUHDVH
LQ WKH 12[ UHGXFWLRQ HIILFLHQF\ DQG DQ LQFUHDVH LQ IXHO FRQVXPSWLRQ DQG +& VOLS1

)RU HDFK IXHO W\SH +60/ 630/ 4830/ DQG 6830SSP VXOIXU, IUHVK FDWDO\VWV ZHUH GHJUHHQHG IRU WHQ KRXUV
+ZLWK 60SSP VXOIXU IXHO,/ WKHQ ZLOO EH DJHG IRU XS WR 583 KRXUV1 7KH FDWDO\VW DJHG ZLWK 6830SSP IXHO
ZLOO EH UHWHVWHG ZLWK 630SSP IXHO WR GHWHUPLQH LWV DELOLW\ WR UHFRYHU IURP XVH ZLWK KLJK0VXOIXU IXHO1
(PLVVLRQ HYDOXDWLRQV DUH EHLQJ SHUIRUPHG DIWHU 3/ 83/ 483/ DQG 583 KRXUV RI DJLQJ ZLWK HDFK IXHO1
7KLV LQWHULP UHSRUW SUHVHQWV RQO\ WKH LQLWLDO +L1H1/ ]HUR0KRXU, HPLVVLRQV UHVXOWV IURP WKH KLJK0
WHPSHUDWXUH FDWDO\VWV ZLWK HDFK IXHO1

7KH HPLVVLRQ HYDOXDWLRQ WHVW VHOHFWHG IRU WKH KLJK0WHPSHUDWXUH OHDQ012[ FDWDO\VW LV FRPSULVHG RI
IRXU VWHDG\0VWDWH PRGHV VHOHFWHG IURP WKH 2,&$ 460PRGH VWHDG\0VWDWH WHVW F\FOH1 7KH RYHUDOO IXHO
HFRQRP\ SHQDOW\ +)(3, GXH WR LQWURGXFWLRQ RI IXHO UHGXFWDQW +VHFRQGDU\ IXHO FRQVXPSWLRQ,
DYHUDJHG DFURVV PRGHV/ ZDV DERXW 7(1

7KH HIIHFWV RI FDWDO\VW LQOHW WHPSHUDWXUHV DQG GLHVHO IXHO VXOIXU OHYHO RQ 12[ UHGXFWLRQ HIILFLHQFLHV
DUH VKRZQ LQ )LJXUH (6171 6HFRQGDU\ IXHO FRQVXPSWLRQ UDWHV DUH DOVR VKRZQ1 :LWKLQ WKH RSHUDWLQJ
WHPSHUDWXUH UDQJH RI 693(& WR 933(&/ WKH 12[ FRQYHUVLRQ YDULHV IURP 3( WR 63(1 7KH IXHO VXOIXU
WUHQGV LQGLFDWH WKDW WKH 12[ UHGXFWLRQ LV ORZHU ZLWK WKH KLJKHU IXHO VXOIXU OHYHOV EXW WKH FKDQJHV
ZHUH QRW VWDWLVWLFDOO\ VLJQLILFDQW1 'DWD RQ VXOIXU DJLQJ HIIHFWV +83/ 483 DQG 583 KRXUV, DUH QRW \HW
DYDLODEOH1
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Figure ES.4.  Effects of catalyst inlet temperature and fuel sulfur level on NO x reduction efficiency
of the fresh high-temperature lean-NO x catalyst

$GGLWLRQDO FRQFOXVLRQV DUH DV IROORZV=

• 'LHVHO VXOIXU OHYHO PD\ KDYH DQ HIIHFW RQ 30 HPLVVLRQV IURP WKH KLJK0WHPSHUDWXUH OHDQ012[
FDWDO\VW1 :LWK 60SSP VXOIXU IXHO/ 30 UHGXFWLRQ HIILFLHQF\ +EDVHG RQ WKH 70PRGH FRPSRVLWH WHVW,
ZDV VWDWLVWLFDOO\ VLJQLILFDQW DW 49(1 +RZHYHU/ ZLWK KLJK VXOIXU IXHOV/ WKHUH ZDV DQ LQFUHDVH LQ 30
+FRPSDUHG WR HQJLQH0RXW HPLVVLRQV,/ RU WKH UHGXFWLRQ HIILFLHQF\ ZDV QRW VWDWLVWLFDOO\ VLJQLILFDQW1
7KLV VXJJHVWV WKH IRUPDWLRQ RI 30 E\ WKH OHDQ012[ FDWDO\WLF FRQYHUWHU ZLWK KLJK VXOIXU IXHOV1

• :LWK 4830 DQG 6830SSP VXOIXU IXHOV/ WKH HQJLQH RXW VXOIDWH HPLVVLRQV LQFUHDVHG E\ D IDFWRU RI 5
WR 8 FRPSDUHG WR WKH OHYHOV REVHUYHG ZLWK 60SSP VXOIXU IXHO1 :LWK WKH KLJK0WHPSHUDWXUH OHDQ0
12[ FDWDO\VW/ WKH SRVW0FDWDO\VW VXOIDWH HPLVVLRQV LQFUHDVHG E\ D IDFWRU RI 43 WR 531 +LJKHU VXOIDWH
HPLVVLRQV LQFUHDVH WKH RYHUDOO 30 HPLVVLRQV1

• 7KH KLJK0WHPSHUDWXUH OHDQ012[ FDWDO\VW KDG GLIILFXOW\ HIIHFWLYHO\ FOHDQLQJ XS WKH 7+& HPLVVLRQV
UHVXOWLQJ IURP VHFRQGDU\ IXHO LQMHFWLRQ +IRU WKH 12[ UHGXFWDQW,1 7KH SRVW0FDWDO\VW HPLVVLRQV +70
PRGH FRPSRVLWH, RI +& LQFUHDVHG E\ D IDFWRU RI 5 WR 6 RYHU HQJLQH0RXW HPLVVLRQV/ DQG &2
LQFUHDVHG E\ D IDFWRU RI 9 WR :1 7KH FDWDO\VW DSSDUHQWO\ KDV SRRU R[LGDWLRQ SRZHU IRU +&1 7KH
&2 HPLVVLRQV SUHVHQW GRZQVWUHDP RI WKH OHDQ012[ FDWDO\VW LQGLFDWH WKDW WKH SDUWLDO R[LGDWLRQ RI
+& ZDV RQH RI WKH PDLQ FDWDO\WLF UHDFWLRQV1 ,Q SUDFWLFDO DSSOLFDWLRQV/ D '2& PLJKW EH UHTXLUHG
IRU WKLV W\SH RI KLJK0WHPSHUDWXUH OHDQ012[ FDWDO\VW1

• $ SURSHU VHFRQGDU\ IXHOLQJ VWUDWHJ\ ZLOO EH UHTXLUHG IRU GLHVHO DSSOLFDWLRQ RI WKLV W\SH RI KLJK0
WHPSHUDWXUH OHDQ012[ FDWDO\VW1
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ES.4 Diesel Oxidation Catalyst

'LHVHO R[LGDWLRQ FDWDO\VWV DUH D WHFKQRORJ\ GHVLJQHG WR UHGXFH +&/ &2 DQG WKH VROXEOH RUJDQLF
FRPSRXQGV DVVRFLDWHG ZLWK 30 HPLVVLRQV IRXQG LQ GLHVHO HQJLQH H[KDXVW1 7KHVH FRPSRXQGV DUH
UHGXFHG E\ R[LGDWLRQ RI WKHVH FRPSRXQGV RYHU D SUHFLRXV PHWDO FDWDO\VW1 6HOHFWLRQ RI FDWDO\VW
IRUPXODWLRQ LV EDVHG SULPDULO\ XSRQ WKH H[KDXVW VWUHDP WHPSHUDWXUH UDQJH/ ZLWK WKH REMHFWLYH RI
PD[LPL]LQJ WKH HIIHFWLYH FRQYHUVLRQ UDQJH RI WKH GHYLFH1 &DWDO\VWV KLJKO\ ORDGHG ZLWK SUHFLRXV PHWDO
DUH DFWLYH DW ORZHU H[KDXVW WHPSHUDWXUHV/ DQG WKHLU KLJKHU DFWLYLW\ SURYLGHV LQFUHDVHG UHGXFWLRQ
HIILFLHQFLHV RYHU D ZLGHU UDQJH RI HQJLQH RSHUDWLRQ1

$ PDMRU FRQFHUQ ZLWK KLJKHU SUHFLRXV PHWDO ORDGLQJV LV WKH FDWDO\VW·V SURFOLYLW\ WR FRQYHUWLQJ 625 LQ
WKH H[KDXVW JDV WR VXOIDWH1 7KH SHUIRUPDQFH FKDUDFWHUL]DWLRQV RI IUHVK +QRW DJHG, '2&V ZHUH UXQ RQ
D &XPPLQV ,606:3 HQJLQH XVLQJ D 60SSP VXOIXU EDVH IXHO DQG IXHOV ZLWK 630/ 4830/ DQG 6830SSP
VXOIXU1 &2/ +&/ DQG 30 HPLVVLRQV ZHUH DQDO\]HG EHIRUH DQG DIWHU WKH '2& RYHU WKH KHDY\0GXW\
)HGHUDO 7HVW 3URFHGXUH +)73,/ WKH VDPH 70PRGH VSHFLDO WHVW F\FOH DV WKH OHDQ 12[ WHVW SURJUDP/ DQG
PRGH 5 +KLJK H[KDXVW WHPSHUDWXUH, RI WKH 2,&$ 460PRGH WHVW F\FOH1

)XHO VXOIXU OHYHO KDG D PRGHVW HIIHFW RQ +& UHGXFWLRQ HIILFLHQF\ +DSSUR[LPDWHO\ 7 WR ; SHUFHQWDJH
SRLQWV ORZHU ZLWK KLJK VXOIXU IXHO, DQG QR HIIHFW RQ &2 UHGXFWLRQ HIILFLHQF\1 +RZHYHU/ FDWDO\VW0RXW
30 HPLVVLRQV GXULQJ WKH KLJK0WRUTXH +KLJK0H[KDXVW WHPSHUDWXUH, VWHDG\0VWDWH WHVWV +2,&$ PRGH 5,
VKRZHG D VWURQJ IXHO VXOIXU LQIOXHQFH +VKRZQ LQ )LJXUH (618,1 :LWK 60SSP VXOIXU IXHO/ WKH 30
UHGXFWLRQ HIILFLHQF\ ZDV VWDWLVWLFDOO\ VLJQLILFDQW DW 59(1 +RZHYHU/ ZLWK KLJKHU OHYHOV RI IXHO VXOIXU
WKHUH DUH VLJQLILFDQW LQFUHDVHV +QHJDWLYH UHGXFWLRQ HIILFLHQFLHV, LQ SRVW0FDWDO\VW 30 HPLVVLRQV1
&KHPLFDO DQDO\VLV RI WKLV 30 LV FRQVLVWHQW ZLWK 625 LQ WKH HQJLQH H[KDXVW EHLQJ R[LGL]HG E\ WKH
'2& DQG FRQGHQVLQJ DV VXOIDWH0ODGHQ 30 WKDW LV FROOHFWHG RQ WKH ILOWHU1

Figure ES.5.  DOC PM reduction efficiencies at peak torque as a function of fuel sulfur level
(Cummins ISM370)
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Section 1

Introduction

7KLV LQWHULP GDWD UHSRUW VXPPDUL]HV UHVXOWV DV RI $XJXVW/ 4<<</ IURP WKH MRLQW JRYHUQPHQW2LQGXVWU\
WHVW SURJUDP RQ ´GLHVHO HPLVVLRQ FRQWURO²VXOIXU HIIHFWVµ +'(&6(,1 4XHVWLRQV FRQFHUQLQJ WKH
'(&6( WHVW SURJUDP PD\ EH DGGUHVVHG WR HLWKHU WKH '(&6( 'HSXW\ 3URJUDP 0DQDJHU/ :HQG\
&ODUN +63605:80779;/ ZHQG\BFODUN#QUHO1JRY, RU WKH '(&6( &RPPXQLFDWLRQ &KDLU/ +HOHQ /DWKDP
+947075707395/ ODWKDPK#EDWWHOOH1RUJ,1 <RX PD\ DOVR YLVLW WKH :HE VLWH DW
KWWS=22ZZZ1RWW1GRH1JRY2GHFVH1

1.1  DECSE Objective

7KH REMHFWLYH RI WKH '(&6( WHVW SURJUDP LV=

7R GHWHUPLQH WKH LPSDFW RI GLHVHO IXHO VXOIXU OHYHOV RQ HPLVVLRQ FRQWURO V\VWHPV WKDW FRXOG
EH LPSOHPHQWHG WR ORZHU HPLVVLRQV RI QLWURJHQ R[LGHV DQG SDUWLFXODWH PDWWHU IURP RQ0
KLJKZD\ WUXFNV LQ WKH 5335%5337 WLPH IUDPH1

7KH SURJUDP/ VSDQQLQJ FDOHQGDU \HDU 4<<</ LV EHLQJ FRQGXFWHG E\ WKH 8161 'HSDUWPHQW RI (QHUJ\·V
+'2(, 2IILFH RI +HDY\ 9HKLFOH 7HFKQRORJLHV ZLWKLQ '2(·V 2IILFH RI 7UDQVSRUWDWLRQ
7HFKQRORJLHV> WKH 1DWLRQDO 5HQHZDEOH (QHUJ\ /DERUDWRU\ +15(/,> 2DN 5LGJH 1DWLRQDO /DERUDWRU\
+251/,> PDQXIDFWXUHUV RI KHDY\0GXW\ HQJLQHV XQGHU WKH (QJLQH 0DQXIDFWXUHUV $VVRFLDWLRQ +(0$,>
DQG PDQXIDFWXUHUV RI HPLVVLRQ FRQWURO V\VWHPV XQGHU WKH 0DQXIDFWXUHUV RI (PLVVLRQ &RQWUROV
$VVRFLDWLRQ +0(&$,1

7KH '(&6( SURJUDP LV RYHUVHHQ E\ D JRYHUQPHQW2LQGXVWU\ VWHHULQJ FRPPLWWHH1 7HFKQLFDO
FRPPLWWHHV DUH GHVLJQHG WR PRQLWRU DQG UHSRUW RQ WHVWLQJ RI IRXU HPLVVLRQ FRQWURO WHFKQRORJLHV1
)LJXUH 41404 VKRZV WKH RUJDQL]DWLRQ RI WKH SURMHFW1

-6WHHULQJ &RPPLWWHH= (0$/ 0(&$/ '2(/ 251// 15(/
--12[  R[LGHV RI QLWURJHQ

Figure 1.1-1.  DECSE program management
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1.2 Experimental Design Considerations

7KH '(&6( SURJUDP LV GHVLJQHG WR UHVXOW LQ LQIRUPDWLRQ RQ WKH HIIHFWV RI GLHVHO IXHO VXOIXU OHYHOV
RQ WKH RSHUDWLRQ RI IRXU GLHVHO HPLVVLRQ FRQWURO WHFKQRORJLHV ZLWK GLIIHUHQW HQJLQH DSSOLFDWLRQV1 $
JXLGLQJ SULQFLSOH LQ GHVLJQLQJ WKH '(&6( WHVWV ZDV WR XVH ´FXUUHQWµ HQJLQH/ IXHO +DOO SURSHUWLHV
H[FHSW VXOIXU OHYHO,/ DQG OXEULFDQW WHFKQRORJLHV1 7KH HPLVVLRQV FRQWURO WHFKQRORJLHV DUH= +4,
FRQWLQXRXVO\ UHJHQHUDWLQJ GLHVHO SDUWLFXODWH ILOWHU +&50'3), DQG FDWDO\]HG GLHVHO SDUWLFXODWH ILOWHU
+&'3),/ +5, KLJK0WHPSHUDWXUH DQG ORZ0WHPSHUDWXUH OHDQ012[ FDWDO\VWV/ +6, KLJK SUHFLRXV PHWDO DQG
ORZ SUHFLRXV PHWDO GLHVHO R[LGDWLRQ FDWDO\VWV +'2&,/ DQG +7, 12[ DGVRUEHU1 7KH GHYLFHV WHVWHG
LQFOXGH FRPPHUFLDOO\ DYDLODEOH WHFKQRORJLHV DV ZHOO DV VWDWH0RI0WKH0DUW WHFKQRORJLHV WKDW DUH XQGHU
GHYHORSPHQW1 7KH HQJLQHV LQ WKH '(&6( SURJUDP VHUYH SULQFLSDOO\ WR SURYLGH D VRXUFH RI GLHVHO
H[KDXVW WR FKDOOHQJH WKH HPLVVLRQV FRQWURO GHYLFHV/ DV VKRZQ LQ 7DEOH 415041

Table 1.2-1.  DECSE Engines
Engine Displacement

(L)
Type Peak kW @ rpm Peak Torque

(Nm @ rpm)
Caterpillar 3126 7.2 , 6 205 (275 hp) @ 2,200 1,086 (800 ft-lb) @ 1,440
Navistar T444E 7.3 V 8 157 (210 hp) @ 2,300 705 (520 ft-lb) @ 1,500
Cummins ISM370 10.8 , 6 276 (370 hp) @ 1,800 1,830 (1,350 ft-lb) @ 1,200
DaimlerChrysler/
DDC Prototype

1.9 , 4 81 (109 hp) @ 4,200 270 (199 ft-lb) @ 2,000

&ULWLFDO FKDUDFWHULVWLFV RI WKH H[KDXVW VWUHDP DUH H[KDXVW IORZ UDWH/ H[KDXVW VWUHDP WHPSHUDWXUH DQG
FRQFHQWUDWLRQV RI 12[/ VXOIXU GLR[LGH +625,/ DQG SDUWLFXODWH PDWWHU +30,1 7KH HPLVVLRQV FRQWURO
GHYLFHV ZHUH SURSHUO\ VL]HG WR PHHW WKH QHHGV RI WKH JLYHQ H[KDXVW IORZ UDWH UDQJH1 7KH
WHPSHUDWXUH RI WKH H[KDXVW JDVHV GHSHQGV RQ WKH GXW\ F\FOH/ DQG VHYHUDO HQJLQHV ZHUH VHOHFWHG WR
SURYLGH D UDQJH RI H[KDXVW WHPSHUDWXUHV WKDW DUH FKDUDFWHULVWLF RI WKH YHKLFOH DSSOLFDWLRQV1 )RU WKH
ILUVW WKUHH HPLVVLRQV FRQWURO WHFKQRORJLHV/ WKH HQJLQHV DUH PRGHO \HDU 4<<; RU 4<<< HQJLQHV HTXLSSHG
ZLWK HOHFWURQLF FRQWURO XQLWV +(&8V,/ WXUERFKDUJLQJ/ DQ DIWHU0FRROHU/ DQG QR H[KDXVW JDV
UHFLUFXODWLRQ +(*5,1 )RU WKH 12[ DGVRUEHU WHFKQRORJ\/ WKH RQO\ HQJLQH V\VWHP DYDLODEOH WR WKH
SURJUDP DQG HTXLSSHG ZLWK FRQWURO WHFKQRORJ\ IRU FRQWUROOLQJ OHDQ2ULFK RSHUDWLRQ +FULWLFDO WR 12[
DGVRUEHU WHFKQRORJ\, LV D SURWRW\SH OLJKW0GXW\ HQJLQH ZLWK DYDLODEOH (*51 7KH HPLVVLRQV FRQWURO
GHYLFHV DQG HQJLQHV DUH GHVFULEHG LQ PRUH GHWDLO LQ ODWHU VHFWLRQV RI WKLV UHSRUW1

7KH '(&6( SURJUDP LV GHVLJQHG WR SURYLGH GDWD WKDW ZLOO DOORZ '2( DQG LWV QDWLRQDO ODERUDWRULHV
WR SODQ IXWXUH UHVHDUFK DQG GHYHORSPHQW +5)', DFWLYLWLHV RQ HQJLQHV/ IXHOV/ DQG HPLVVLRQV FRQWURO
WHFKQRORJLHV1 7KH 8161 (QYLURQPHQWDO 3URWHFWLRQ $JHQF\ +(3$, ZLOO UHYLHZ WKH '(&6( UHVXOWV DV
LW SUHSDUHV LWV 1RWLFH RI 3URSRVHG 5XOHPDNLQJ RQ WKH FRPSRVLWLRQ RI GLHVHO IXHO +(3$ 4<<<1 &RQWURO
RI 'LHVHO )XHO 4XDOLW\/ $GYDQFH 1RWLFH RI 3URSRVHG 5XOHPDNLQJ/ (3$/ )HGHUDO 5HJLVWHU/ 9RO1 97/ 1R1 <5/
SS1 5957505948;1 >0D\ 46/ 4<<<@,1 7KH GDWD ZLOO DOVR EH XVHG E\ LQGXVWU\ WR JXLGH SURGXFW
GHYHORSPHQW1 7R UHVXOW LQ WKH PRVW WLPHO\ LQIRUPDWLRQ/ WKH '(&6( WHVW SURJUDP ZDV VHW XS DV D
SKDVHG SURJUDP1 3KDVH 4/ WKH VXEMHFW RI WKLV UHSRUW/ DLPV WR REWDLQ LQIRUPDWLRQ RQ WKH HIIHFWV RI
VXOIXU LQ GLHVHO IXHO RQ WKH HPLVVLRQ FRQWURO GHYLFHV LQ WKH ILUVW 583 KRXUV RI RSHUDWLRQ1 3KDVH 4
UHVXOWV DUH H[SHFWHG WR DOORZ D PRUH GHWDLOHG 3KDVH 5 VWXG\ RI SDUWLFXODU WRSLFV UHODWHG WR WKH HIIHFWV
RI VXOIXU DQG WR H[WHQGHG GXUDELOLW\ WHVWLQJ1

7DEOH 41505 VXPPDUL]HV WKH 3KDVH 4 WHVW SURJUDP LQ WHUPV RI HPLVVLRQV FRQWURO WHFKQRORJLHV/
HQJLQHV/ IXHO VXOIXU OHYHOV/ DQG DJLQJ WLPH1 ,Q WKLV UHSRUW/ IXHO VXOIXU FRQWHQW YDOXHV DUH QRPLQDO/ QRW
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DFWXDO1 $FWXDO YDOXHV ZLOO EH VKRZQ LQ WKH ILQDO UHSRUW/ DIWHU DOO DQDO\VHV RQ WKHVH IXHOV DUH FRPSOHWHG1
)XHO VXOIXU OHYHOV JUHDWHU WKDQ 6 SSP ZHUH SURGXFHG E\ GRSLQJ WKH EDVH IXHO ZLWK D PL[WXUH RI VXOIXU
FRPSRXQGV VLPLODU WR WKRVH LQGLJHQRXV WR GLHVHO IXHO1 'HWDLOV RQ IXHO VHOHFWLRQ DQG FRPSRVLWLRQ DUH
JLYHQ LQ $SSHQGL[ $1

$ VHULHV RI HYDOXDWLRQ PHDVXUHPHQWV DUH EHLQJ PDGH DW VHOHFWHG LQWHUYDOV XS WR 583 KRXUV RI DJLQJ
IRU FHUWDLQ WHFKQRORJLHV1 $ VHULHV RI UHSOLFDWH WHVWV LV GHVLJQHG WR SURYLGH LQIRUPDWLRQ RQ WKH
XQFHUWDLQW\ RI WKH PHDVXUHPHQWV1 ,Q DGGLWLRQ WR WKH DJLQJ DQG HYDOXDWLRQ WHVWV/ D VHULHV RI WHVWV LV
JDWKHULQJ GDWD RQ WKH SURGXFWLRQ RI 30 XQGHU HQJLQH RSHUDWLQJ FRQGLWLRQV +KLJK0WHPSHUDWXUH
H[KDXVW, PRVW OLNHO\ WR OHDG WR 30 JHQHUDWLRQ1 7KH FRQGLWLRQV DUH ORZ HQJLQH VSHHG DQG KLJK WRUTXH
DW PRGH 5 RI WKH 2,&$ WHVW F\FOH +(XURSHDQ VWHDG\0VWDWH WHVW F\FOH,1 7KHVH WHVWV DUH EHLQJ
FRQGXFWHG IRU WKH &50'3) DQG &'3) WHFKQRORJLHV DQG IRU WKH GLHVHO R[LGDWLRQ DQG OHDQ012[
FDWDO\VWV1 )RU WKH OLJKW0GXW\ GLHVHO WUXFN DSSOLFDWLRQ/ PRGH < +UHSUHVHQWLQJ D KLJK0WHPSHUDWXUH SRLQW
RI WKH 8639 WHVW F\FOH, RI WKH 1DYLVWDU <0PRGH WHVW F\FOH LV EHLQJ DSSOLHG WR WKH VSHFLDO 30 WHVW IRU
ERWK GLHVHO R[LGDWLRQ DQG OHDQ012[ FDWDO\VWV1 'HWDLOV DUH SUHVHQWHG LQ VHSDUDWH VHFWLRQV RI WKLV
UHSRUW1

Table 1.2-2.  Summary of DECSE Phase 1 Experimental Design

250 Hours Aging
at various fuel-sulfur levels EvaluationTechnology

3 30 150 350 30* 3 30 150 350 30*
Engine Remarks

Special Navistar aging cycle
Navistar 9-mode and

simulated FTP-75
T444E

(Navistar)
High precious
metal loadingDiesel

Oxidation
Catalyst Modified OICA aging cycle Stabilized OICA and heavy-

duty FTP
ISM 370

(Cummins)
Low precious
metal loading

Special Navistar aging cycle Navistar 9-mode T444E
Low-

temperature
catalyst

Active Lean-
NOx Catalyst

Modified OICA aging cycle Stabilized OICA ISM 370
High-

temperature
catalyst

CR-DPF and
CDPF

No aging test, used special
tests to determine
regeneration temperatures and
emissions

Steady-state exhaust
temperature tests and
stabilized OICA

3126
(Caterpillar)

Determine
sulfur effect on
regeneration
temperature

3 16** 30 3 16** 30
NOx

Adsorber
3-hour aging cycle using 9
temperature points in
sequence

NOx conversion every 50
hours

HSDI
(DaimlerChrysler/
DDC prototype)

150- and 350-
ppm fuel not
used based on
initial results on
lower sulfur
levels.

-5HFRYHU\ H[SHULPHQW1
--490SSP VXOIXU IXHO DGGHG WR WHVW PDWUL[ DIWHU 60 DQG 630SSP IXHO WHVWV ZHUH FRPSOHWHG1

6XOIXU LQ WKH H[KDXVW JDVHV RULJLQDWHV QRW RQO\ IURP VXOIXU LQ WKH IXHO EXW DOVR IURP VXOIXU
FRPSRXQGV LQ WKH HQJLQH OXEULFDQW1 6XOIXU FRPSRXQGV LQ WKH OXEULFDQW DUH GHVLJQHG WR SURYLGH
SURWHFWLRQ DJDLQVW ZHDU1 6XOIXU FRPSRXQGV DUH DOVR IRXQG LQ GHWHUJHQWV1 ,Q GHVLJQLQJ WKH '(&6(
WHVW SURJUDP/ WKH IXHOV DQG OXEULFDQW WHFKQLFDO FRPPLWWHH UHVHDUFKHG WZR RSWLRQV= XVLQJ D
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FRPPHUFLDO OXEULFDQW ZLWK VXOIXU FRQFHQWUDWLRQV LQ WKH 6/333 WR 8/333 SSP OHYHO/ RU XVLQJ D VXOIXU0
IUHH OXEULFDQW1

&DOFXODWLRQV SURYLGHG E\ WKH HQJLQH PDQXIDFWXUHUV VKRZHG WKH WHFKQLFDO FRPPLWWHH WKDW DW W\SLFDO/
DYHUDJH RLO FRQVXPSWLRQ UDWHV/ WKH FRQWULEXWLRQ WR HQJLQH0RXW 625 IURP D 6/8330SSP VXOIXU0
FRQWDLQLQJ OXEULFDQW ZRXOG DORQH EH HTXLYDOHQW WR WKDW UHVXOWLQJ IURP RSHUDWLRQ ZLWK D IXHO VXOIXU
OHYHO RI 6 SSP1 )XUWKHU/ D FXUVRU\ VHDUFK IRU ORZ0VXOIXU RU ]HUR0VXOIXU OXEULFDQWV ZDV QRW IUXLWIXO1
$OWKRXJK LW LV XQGHUVWRRG WKDW D VSHFLDO OXEULFDQW FRXOG EH IRUPXODWHG ZLWK UHODWLYHO\ H[SHQVLYH/ QRQ0
FRPPHUFLDO/ DQWL0ZHDU DGGLWLYHV DQG GHWHUJHQWV/ WKH FRPPLWWHH GHFLGHG DJDLQVW LQWURGXFLQJ DQ
DGGLWLRQDO YDULDEOH WR WKH H[SHULPHQW1 ,QVWHDG/ WKH FRPPLWWHH GLUHFWHG WKH WHVW ODERUDWRULHV WR
FDUHIXOO\ GRFXPHQW RLO FRQVXPSWLRQ UDWHV DQG HQJLQH0RXW 6251 7KH FRPPHUFLDO OXEULFDQW VHOHFWHG/
6KHOO 5RWHOOD 7� 48:73/ KDV D VXOIXU FRQWHQW RI DERXW 6/833 SSP E\ ZHLJKW1

1.3 Schedule for DECSE Results

7KLV LQWHULP GDWD UHSRUW VXPPDUL]HV '(&6( UHVXOWV DV RI $XJXVW/ 4<<<1 $V DGGLWLRQDO GDWD VHWV
EHFRPH DYDLODEOH/ WKH\ ZLOO EH UHOHDVHG LQ D VHULHV RI XSGDWHV1
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Section 2

Description of Technologies and Tests

2.1 NOx Adsorber

2.1.1 Program Overview

7KH UHVXOWV RI WKH '(&6( WHVW SURJUDP GHPRQVWUDWH WKH SRWHQWLDO RI 12[ DGVRUEHU WHFKQRORJ\
DFURVV WKH UDQJH RI GLHVHO HQJLQH RSHUDWLRQ ZLWK D IXHO HFRQRP\ SHQDOW\ OHVV WKDQ 7(1 7KDW SHQDOW\ LV
FRQVLVWHQW ZLWK= +4, D JHQHUDO XSSHU OLPLW FRQVLGHUHG YLDEOH E\ HQJLQH PDQXIDFWXUHUV IRU IOHHW XVH/
DQG +5, WKDW XVHG IRU WKH OHDQ012[ FDWDO\VWV DOVR EHLQJ HYDOXDWHG LQ WKH WHVW SURJUDP1 7KH UHVXOWV
VKRZ KRZ IUHVK FDWDO\VW SHUIRUPDQFH LV DIIHFWHG E\ VXOIXU OHYHO DQG KRZ OLPLWHG DJLQJ XS WR 583
KRXUV DIIHFWV WKH SHUIRUPDQFH GHWHULRUDWLRQ UDWH IRU WKUHH GLIIHUHQW VXOIXU OHYHOV1 7HVW UHVXOWV LQFOXGH
SORWV RI 12[ FRQYHUVLRQ HIILFLHQF\ IRU IUHVK 12[ DGVRUEHUV DQG SHUIRUPDQFH GHWHULRUDWLRQ ZKHQ
RSHUDWHG ZLWK 60/ 490/ DQG 630SSP IXHO VXOIXU FRQFHQWUDWLRQV1

2.1.2 Principle of Operation

$ 12[ DGVRUEHU FDWDO\VW LV D IORZ0WKURXJK HPLVVLRQV FRQWURO GHYLFH WKDW KDV WKH SRWHQWLDO WR
VLJQLILFDQWO\ ORZHU 12[/ K\GURFDUERQ ++&,/ DQG FDUERQ PRQR[LGH +&2, HPLVVLRQV IURP GLHVHO
HQJLQH H[KDXVW1 %HFDXVH D 12[ DGVRUEHU FRQWDLQV KLJK OHYHOV RI SUHFLRXV PHWDOV/ LW PD\ DOVR EH
HIIHFWLYH LQ R[LGL]LQJ WKH VROXEOH RUJDQLF IUDFWLRQ RI GLHVHO 301

$ 12[ DGVRUEHU LV D WHPSRUDU\ VWRUDJH GHYLFH IRU 12[1 'XULQJ W\SLFDO GLHVHO HQJLQH RSHUDWLRQ/
12[ LQ WKH OHDQ H[KDXVW JDV LV VWRUHG DV D EDVH PHWDO QLWUDWH LQ WKH GHYLFH1 %HIRUH WKH 12[
DGVRUEHQW EHFRPHV IXOO\ VDWXUDWHG/ HQJLQH0RSHUDWLQJ FRQGLWLRQV DQG IXHOLQJ UDWHV DUH DGMXVWHG WR
SURGXFH D IXHO0ULFK H[KDXVW1 8QGHU WKHVH ULFK FRQGLWLRQV/ WKH VWRUHG 12[ LV UHOHDVHG IURP WKH
DGVRUEHQW DQG VLPXOWDQHRXVO\ UHGXFHG WR 15 RYHU GRZQVWUHDP SUHFLRXV PHWDO VLWHV RQ WKH FDWDO\VW1

$ 12[ DGVRUEHU FDWDO\VW FRQVLVWV RI WZR SULQFLSDO FRPSRQHQWV= D 12[ DGVRUEHQW DQG D WKUHH0ZD\
FDWDO\VW +7:&,1 7KH 12[ DGVRUEHQW LV W\SLFDOO\ DQ DONDOL RU DONDOLQH HDUWK FDUERQDWH1 7KHVH
FDUERQDWHV DUH FDSDEOH RI FKHPLFDOO\ LQWHUDFWLQJ ZLWK WKH 125 DQG 25 LQ W\SLFDO GLHVHO HQJLQH H[KDXVW
WR IRUP DQ DONDOL RU DONDOLQH HDUWK QLWUDWH1 3UHFLRXV PHWDOV LQ WKH 7:& FDWDO\VW DUH UHVSRQVLEOH IRU
WKH R[LGDWLRQ RI 12 WR 125/ ZKLFK IDFLOLWDWHV WKH DGVRUSWLRQ SURFHVV1 3HULRGLFDOO\/ 12[ VWRUHG E\
WKH DGVRUEHQW LV UHOHDVHG DQG UHGXFHG WR 151 7KLV SURFHVV UHTXLUHV D IXHO0ULFK H[KDXVW JDV
FRPSRVLWLRQ DQG D 7:& FDWDO\VW1 7KHVH FDWDO\VWV DUH W\SLFDOO\ EDVHG RQ FRPELQDWLRQV RI SODWLQXP
+3W,/ SDOODGLXP +3G,/ DQG UKRGLXP +5K,/ DQG WKH\ DUH FDSDEOH RI XVLQJ WKH UHGXFWDQWV +&2/ +5/ DQG
+&, LQ ULFK HQJLQH H[KDXVW WR UHGXFH 12[ VHOHFWLYHO\ WR 151 7:& FDWDO\VWV KDYH EHHQ XVHG IRU PRUH
WKDQ 53 \HDUV WR SHUIRUP 12[ UHGXFWLRQ LQ WKH H[KDXVW RI VWRLFKLRPHWULF JDVROLQH HQJLQHV1

$Q HQJLQH PDQDJHPHQW V\VWHP LV FULWLFDO WR WKH RSHUDWLRQ RI D 12[ DGVRUEHU V\VWHP1 7KH HQJLQH
PDQDJHPHQW V\VWHP PXVW GHWHUPLQH ZKHQ WKH 12[ DGVRUEHQW LV DSSURDFKLQJ VDWXUDWLRQ DQG WKHQ
WULJJHU WKH FKDQJH LQ HQJLQH RSHUDWLRQ WKDW UHVXOWV LQ JHQHUDWLRQ RI WKH ULFK FRQGLWLRQ UHTXLUHG IRU
UHOHDVH DQG UHGXFWLRQ RI WKH VWRUHG 12[1 7KH GXUDWLRQ DQG ´ULFKQHVVµ +GHILQHG E\ WKH DLU0WR0IXHO
UDWLR, RI WKH ULFK SXOVH LV DOVR FULWLFDO1 ,I LW LV WRR ORQJ DQG2RU WRR ULFK/ +& DQG &2 FDQ EUHDN
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WKURXJK WKH DGVRUEHU/ ZKLFK UHVXOWV LQ SRRU FRQWURO RI WKHVH VXEVWDQFHV/ DV ZHOO DV XQQHFHVVDU\ IXHO
HFRQRP\ SHQDOWLHV1

&RPEXVWLRQ LQ WKH HQJLQH RI VXOIXU FRPSRXQGV LQ GLHVHO IXHO UHVXOWV LQ WKH UHOHDVH RI 6251 ,Q D 12[
DGVRUEHU/ WKLV 625 XQGHUJRHV UHDFWLRQV WKDW DUH DQDORJRXV WR WKRVH RI 12[/ DQG DONDOL DQG DONDOLQH
HDUWK VXOIDWHV DUH IRUPHG1 8QOLNH WKHLU FRUUHVSRQGLQJ QLWUDWHV/ WKHVH VXOIDWHV DUH H[WUHPHO\ VWDEOH1 ,W
KDV EHHQ VKRZQ UHSHDWHGO\ LQ WKH OLWHUDWXUH WKDW WKH GHFRPSRVLWLRQ RI WKHVH VXOIDWHV UHTXLUHV D
FRPELQDWLRQ RI ULFK FRQGLWLRQV DQG WHPSHUDWXUHV H[FHHGLQJ 933(&1 $V D UHVXOW/ 625 LQ WKH H[KDXVW
LV D SRLVRQ IRU 12[ DGVRUSWLRQ VLWHV ZLWKRXW D SURSHUO\ GHYHORSHG UHJHQHUDWLRQ F\FOH1

7KH H[SHULPHQWV DUH SURYLGLQJ GDWD WR DGGUHVV WKH IROORZLQJ VWXG\ TXHVWLRQV=

:KDW LV WKH HIIHFW RI IXHO VXOIXU OHYHO RQ=

• 12[ UHGXFWLRQ HIILFLHQF\
• 5DWH RI GHDFWLYDWLRQ RI FDWDO\VW
• $ELOLW\ RI FDWDO\VW WR UHFRYHU
• 3URGXFWLRQ RI VXOIDWH"

2.1.3 Overview of Test Program

$OO 12[ DGVRUEHU GHYLFHV ZHUH ILUVW WKHUPDOO\ VWDELOL]HG ZLWK 43 KRXUV RI GHJUHHQLQJ +EUHDN0LQ, LQ
HQJLQH H[KDXVW DW 733(&1 1H[W/ WKH ULFK DQG OHDQ HQJLQH RSHUDWLQJ WLPHV ZHUH GHWHUPLQHG/ DQG WKH
12[ FRQYHUVLRQ ZDV PDSSHG RYHU WKH IXOO WHPSHUDWXUH UDQJH +483(& WR 883(&/ LQ 83(&
LQFUHPHQWV,1 $JLQJ RI WKH GHYLFHV WKHQ EHJDQ1 7KH DJLQJ SURFHVV ZDV LQWHUUXSWHG DW 830KRXU
LQWHUYDOV WR PHDVXUH WKH GHYLFH SHUIRUPDQFH DQG WR GRFXPHQW WKH H[WHQW RI GHWHULRUDWLRQ1 7KH
H[SHULPHQWDO PDWUL[ LV VKRZQ LQ 7DEOH 514041

2.1.4 Experimental

(QJLQH1 *LYHQ WKH XQLTXHQHVV RI WKH UHTXLUHG HQJLQH RSHUDWLQJ V\VWHP/ FRXSOHG ZLWK WKH WLPH
FRQVWUDLQWV IRU WHVWLQJ/ WKH '(&6( 12[ DGVRUEHU WHFKQLFDO FRPPLWWHH UHTXLUHG WKDW WKH WHVW
ODERUDWRU\ KDYH LPPHGLDWH DFFHVV WR D SUHYLRXVO\ GHYHORSHG HQJLQH PDQDJHPHQW V\VWHP WKDW ZRXOG
DOORZ ULFK2OHDQ RSHUDWLRQ IRU D VSHFLILF HQJLQH GHVLJQ1 7KH HQJLQH SURSRVHG E\ WKH VLQJOH ELGGHU/
)(9/ LV D PRGHUQ/ 41<0OLWHU/ 70F\OLQGHU +6', HQJLQH UDWHG DW ;4 N: DW 7/533 USP1 7KLV HQJLQH XVHV D
FRPPRQ0UDLO LQMHFWLRQ V\VWHP1 7KURXJK D FRPELQDWLRQ RI LQOHW WKURWWOLQJ/ (*5/ DQG IXHO0LQMHFWLRQ
PRGLILFDWLRQV/ WKH HQJLQH DOORZV ULFK2OHDQ RSHUDWLRQ ZLWKRXW DIIHFWLQJ GULYHDELOLW\1 $OWKRXJK WKH
HQJLQH PDQDJHPHQW V\VWHP PD\ QRW EH FRPSOHWHO\ UHILQHG/ LW ZDV UHTXLUHG WR EH UHDVRQDEO\
UHSUHVHQWDWLYH RI D V\VWHP ZLWK SURGXFWLRQ SRWHQWLDO1 %HIRUH DJUHHLQJ WR LWV XVH/ WKH '(&6(
WHFKQLFDO FRPPLWWHH UHYLHZHG DQG DFFHSWHG WKH SHUIRUPDQFH DQG HPLVVLRQV GDWD VXSSOLHG IRU WKH
SURSRVHG HQJLQH1

)XHO DQG 2LO1 8QGHU FRQWUDFW WR 15(// 3KLOOLSV &KHPLFDO VXSSOLHG IXHO WR WKH WHVW ODERUDWRU\1 7KH
WHVW ODERUDWRU\/ )(9/ UHFHLYHG WKH IXHO LQ FRQWDLQHUV LGHQWLILHG E\ VXOIXU OHYHO1 7KH WHVW ODERUDWRU\
EOHQGHG 83( +E\ PDVV, RI HDFK RI WKH 60SSP DQG 630SSP IXHOV WR FUHDWH DQ DGGLWLRQDO WHVW IXHO/
QRPLQDOO\ 490SSP IXHO1 6KHOO 5RWHOOD 7 48:73 HQJLQH RLO ZDV XVHG1 2LO DQG IXHO VDPSOHV ZHUH
URXWLQHO\ FROOHFWHG DQG VXEPLWWHG IRU DQDO\VLV1
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&DWDO\VW1 7KH 12[ DGVRUEHUV VXSSOLHG WR WKH '(&6( SURJUDP FRQWDLQHG D SUHFLRXV PHWDO
IRUPXODWLRQ LQFRUSRUDWLQJ 3W/ 3G/ DQG 5K/ DQG 12[ DGVRUEHQW PDWHULDOV VXSSRUWHG RQ D VLQJOH 4717
FP0GLDPHWHU E\ 4815 FP0ORQJ/ 7330FSVL FHUDPLF VXEVWUDWH IRU D WRWDO YROXPH RI 518 OLWHUV HDFK1 (DFK
RI WKH VXEVWUDWHV DUH KRXVHG LQ D VWDLQOHVV VWHHO VKHOO PHDVXULQJ DSSUR[LPDWHO\ 4815 FP LQ GLDPHWHU E\
DOPRVW 99137 FP LQ OHQJWK/ LQFOXGLQJ WZR 4815 FP0ORQJ E\ :19 FP LQ GLDPHWHU LQOHW DQG RXWOHW SLSHV1
12[ DGVRUEHU GHYLFHV/ HDFK DVVHPEOHG LQWR D FDQLVWHU/ ZHUH VXSSOLHG E\ DQ HPLVVLRQV FRQWURO RULJLQDO
HTXLSPHQW PDQXIDFWXUHU +2(0,1 7KH VDPSOHV XVHG DUH LGHQWLILHG DV 6D/ 6E/ 49D/ 49E/ 63D/ 63E/ 66/
DQG 67/ WR WUDFN DW ZKLFK IXHO VXOIXU OHYHOV WKH WHVWV ZHUH SHUIRUPHG1

Table 2.1-1.  Experimental Design for NO x Adsorber Catalyst Test Program
(1.91 4V DI-Common Rail Diesel Engine with NO x Adsorber Catalyst)

Fuel Sulfur Level (ppm)Aging
Hours 3 16 30
0-12 EO 3a 3b (Map & Aging 1) EO 16a 16b (Map & Aging) EO 30a 30b (Map & Aging)
22 EO 3a 3b (Check2) EO 16a 16b (Check) EO 30a 30b (Check)
34 EO 3a 3b (Check) EO 16a 16b (Check) EO 30a 30b (Check)

44-56 EO 3a 3b (Aging) EO 16a 16b (Aging) EO 30a 30b (Aging)
68 EO 3a 3b (Check) EO 16a 16b (Check) if required EO 30a 30b (Check)
82 EO 3a 3b (Check) EO 16a 16b (Check) if required EO 30a 30b (Check)

94-106 EO 3a 3b (Aging) EO 16a 16b (Aging) if required EO 30a 30b (Aging)
118 EO 3a 3b (Check) EO 16a 16b (Check) if required EO 30a 30b (Check)
132 EO 3a 3b (Check) EO 16a 16b (Check) if required EO 30a 30b (Check)

144-156 EO 3a 3b (Aging) EO 16a 16b (Aging) if required EO 30a 30b (Aging)
168 EO 3a 3b (Check) EO 16a 16b (Check) if required Not done
182 EO 3a 3b (Check) EO 16a 16b (Check) if required Not done

194-206 EO 3a 3b (Aging) EO 16a 16b (Aging) if required Not done
216 EO 3a 3b (Check) EO 16a 16b (Check) if required Not done
228 EO 3a 3b (Check) EO 16a 16b (Check) if required Not done

238-250 EO 3a 3b (Aging) Not done Not done
(2  HQJLQH0RXW WHVW
6D/ 6E/ 49D/ 49E/ 63D/ 63E SRVW0FDWDO\VW WHVWV

4(QJLQH PDSSLQJ LQFOXGHV JDVHRXV HPLVVLRQV PHDVXUHPHQWV DW 483(/ 533(/ DQG 883(&/ SOXV 30 PHDVXUHPHQW DW 683(&
LQOHW WHPSHUDWXUH1 ,W LV SHUIRUPHG MXVW EHIRUH WKH ]HUR KRXU DJLQJ WHVW1
5(QJLQH FKHFN LQFOXGHV JDVHRXV HPLVVLRQV DW 683(& LQOHW WHPSHUDWXUH +FKDQJHG WR 733(& IRU 49D2E,1

2.1.5 Special Requirements

(QJLQH 0DQDJHPHQW 6\VWHP1 7KH WHFKQLFDO FRPPLWWHH GHWHUPLQHG WKH ILQDO DFFHSWDELOLW\ RI WKH
ULFK2OHDQ HQJLQH PDQDJHPHQW V\VWHP E\ HYDOXDWLQJ WKH 12[ FRQYHUVLRQ DFKLHYHG RYHU WKH FDWDO\VW·V
WHPSHUDWXUH ZLQGRZ GXULQJ WKH LQLWLDO FDOLEUDWLRQ ZRUN1 3HDN FRQYHUVLRQ ZDV H[SHFWHG WR EH JUHDWHU
WKDQ ;3(/ DQG WKH WHPSHUDWXUH ZLQGRZ ZDV H[SHFWHG WR VKRZ DW OHDVW 63( FRQYHUVLRQ DW WKH
H[WUHPHV RI 483(& DQG 833(& ZKHQ RSHUDWHG ZLWK EDVH IXHO +IXHO ZLWK VXOIXU FRQFHQWUDWLRQ RI 6
SSP,1

'HYLFH 5HJHQHUDWLRQ1 1R DWWHPSWV ZHUH PDGH DW WKLV WLPH WR GHVXOIXUL]H WKH FDWDO\VW EHFDXVH
GLHVHO H[KDXVW JDV WHPSHUDWXUHV GR QRW UHDFK WKH KLJK OHYHO QHFHVVDU\ WR UHPRYH VXOIXU IURP WKH
GHYLFH PDWHULDO GXULQJ QRUPDO RSHUDWLRQ/ DQG D 5)' HIIRUW RQ GHVXOIXUL]DWLRQ ZDV RXWVLGH WKH VFRSH
RI 3KDVH 41 'HVXOIXUL]DWLRQ ZLOO EH LQYHVWLJDWHG LQ WKH QH[W SKDVH RI WKH SURJUDP1
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6\VWHPV )OXVKLQJ %HWZHHQ 7HVWV1 7R DYRLG FRQWDPLQDWLRQ/ WKH HQJLQH DQG WHVW FHOO IXHO V\VWHPV
ZHUH IOXVKHG ZKHQ IXHOV ZHUH FKDQJHG1 )XHO ILOWHUV ZHUH FKDQJHG DW WKH VDPH WLPH1 $OVR/ EHFDXVH RI
SRVVLEOH IXHO GLOXWLRQ/ HQJLQH RLO DQG ILOWHUV ZHUH FKDQJHG1

2.1.6 Test Procedure

'HYLFH 6HW08S1 )(9 FRQILJXUHG WKH HQJLQH H[KDXVW IORZ VR WKDW WZR 12[ DGVRUEHU GHYLFHV FRXOG
EH WHVWHG VLPXOWDQHRXVO\/ LQFUHDVLQJ WKH VWDWLVWLFDO FRQILGHQFH OHYHO LQ WKH UHVXOWV1

&RQGLWLRQV ZHUH DGMXVWHG WR PDLQWDLQ HTXDO IORZ1 0D[LPXP EDFN0SUHVVXUH DW WKH HQJLQH ZDV 418µ RI
PHUFXU\ ++J, XQOHVV )(9 REWDLQHG DGYDQFHG DSSURYDO IURP WKH '(&6( WHFKQLFDO FRPPLWWHH IRU D
YDULDWLRQ1

7HVW 6HTXHQFH1 7HVWLQJ IROORZHG D ILYH0VWHS VHTXHQFH=

• 'HJUHHQLQJ
• 5LFK DQG OHDQ WLPLQJ HQJLQH FRQWURO FDOLEUDWLRQ
• &DWDO\VW VDPSOH SHUIRUPDQFH PDSSLQJ
• 'HYLFH DJLQJ
• 3HULRGLF UHDVVHVVPHQW DW D VLQJOH WHPSHUDWXUH GXULQJ DJLQJ1

$OO WHVWLQJ ZDV FRQGXFWHG DW 6/333 USP/ SURYLGLQJ VWDEOH RSHUDWLRQ DW WKH FDWDO\VW·V GHVLJQ DLUIORZ1
6WHSV LQ WKH VHTXHQFH DUH GHVFULEHG EHORZ1

'HJUHHQLQJ1 (DFK VHW RI FDWDO\VWV ZDV ILUVW WKHUPDOO\ VWDELOL]HG ZLWK D VXEVWLWXWH/ ORZ0VXOIXU EDVH
IXHO +W\SLFDO RI 6ZHGLVK GLHVHO, WR H[SHGLWH ZRUN1 'HJUHHQLQJ ZDV FRQGXFWHG DW 733(& FDWDO\VW LQOHW
WHPSHUDWXUH DQG 6333 USP IRU 43 KRXUV1 7KH HQJLQH FRQWURO V\VWHP ZDV VHW WR RSHUDWH OHDQ RQO\
+QRUPDO GLHVHO RSHUDWLRQ,1

5LFK2/HDQ 7LPH 2SWLPL]DWLRQ1 7KH ULFK2OHDQ HQJLQH PDQDJHPHQW V\VWHP ZDV FDOLEUDWHG ZLWK WKH
WLPHV IRU ULFK DQG OHDQ RSHUDWLRQ VHW WR PD[LPL]H 12[ FRQYHUVLRQ/ H[FHSW WKDW WKH IXHO FRQVXPSWLRQ
SHQDOW\ GLG QRW H[FHHG 7( DW DQ\ WHVW SRLQW1 7KLV GHWHUPLQDWLRQ ZDV FDUULHG RXW XVLQJ WKH EDVH IXHO1
7KH VDPH ULFK2OHDQ WLPH VHWWLQJV IRXQG ZLWK WKH EDVH IXHO ZHUH XVHG IRU WHVWV ZLWK WKH RWKHU WZR
VXOIXU OHYHOV1 &RQYHUVLRQ FDOFXODWLRQV ZHUH EDVHG RQ WKH DYHUDJH RI WKH ODVW : RI D 480F\FOH VHULHV1

7KH 7( IXHO FRQVXPSWLRQ SHQDOW\ ZDV VHOHFWHG DV D PD[LPXP )(3 IRU FRPPHUFLDO RSHUDWLRQV DQG
EHFDXVH WKLV PDJQLWXGH RI )(3 FRXOG EH FRPPHUFLDOO\ YLDEOH/ DQG WR SURYLGH D EDVLV RI FRPSDULVRQ
ZLWK WKH OHDQ012[ FDWDO\VW WHFKQRORJLHV DOVR EHLQJ HYDOXDWHG LQ '(&6(1

6DPSOH 3HUIRUPDQFH 0DSSLQJ1 &DWDO\VW SHUIRUPDQFH PDSV ZHUH GHYHORSHG IRU HDFK RI WKH WKUHH
VXOIXU OHYHOV1 7KH PDSV VKRZ 12[ FRQYHUVLRQ EHWZHHQ 483(& DQG 883(& LQ 83(& LQFUHPHQWV XVLQJ
WKH 7( IXHO SHQDOW\ VHWWLQJV DW 6/333 USP1

'HYLFH $JLQJ1 1H[W/ WKH GHYLFHV ZHUH DJHG IRU D QRPLQDO 5830KRXU SHULRG/ VWDUWLQJ ZLWK WKH 60SSP
EDVH IXHO1 7KH WHFKQLFDO FRPPLWWHH VHOHFWHG WKH 5830KRXU SHULRG DIWHU FRQVLGHULQJ SUHYLRXV ZRUN
WKDW VKRZHG PDMRU GHJUDGDWLRQ RI 12[ DGVRUEHU FRQYHUVLRQ HIILFLHQF\ LQ OHVV WKDQ 433 KRXUV ZKHQ
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VXOIXU OHYHOV DUH JUHDWHU WKDQ 433 SSP1 7KLV ILQGLQJ PHDQW WKDW 583 KRXUV ZDV VXIILFLHQW WR GHILQH
WKH FDWDO\VW·V XVHIXO OLIH ZLWK WKH KLJKHU VXOIXU OHYHO1

7KH DJLQJ F\FOH ZDV FRPSRVHG RI VWHDG\0VWDWH RSHUDWLRQ IRU 53 PLQXWHV DW HDFK WHPSHUDWXUH LQ WKH
IROORZLQJ VHTXHQFH=

483( ² 583( ² 683( ² 783( ² 883( ² 783( ² 683( ² 583( ² 483(& ² UHSHDW

3HULRGLF 5HDVVHVVPHQW 'XULQJ $JLQJ1 12[ FRQYHUVLRQ HIILFLHQF\ ZDV UHDVVHVVHG IRU HDFK VHW RI
VDPSOHV DW 830KRXU LQWHUYDOV GXULQJ WKH DJLQJ WHVWV WR WUDFN WKH SHUIRUPDQFH RI WKH VDPSOHV1
5HDVVHVVPHQW ZDV FRQGXFWHG XVLQJ WKH VDPH WHVW SURFHGXUH DV WKDW XVHG IRU PDSSLQJ1 $ GHYLFH ZDV
GHILQHG WR KDYH IDLOHG ZKHQ WKH UHDVVHVVPHQW VKRZHG WKDW WKH 12[ FRQYHUVLRQ DYHUDJH RYHU WKH
WHPSHUDWXUH UDQJH KDG GURSSHG E\ 83( RU PRUH IURP WKH IUHVK YDOXH1

2.2 Continuously Regenerating Diesel Particulate Filters and Catalyzed Diesel
Particulate Filters

7KLV VHFWLRQ VXPPDUL]HV WKH HIIHFWV RI GLHVHO IXHO VXOIXU OHYHOV RQ WKH RSHUDWLRQ RI GLHVHO SDUWLFXODWH
ILOWHUV +'3)V, DV UHSUHVHQWHG E\ WKH &50'3) DQG &'3) FODVVHV RI GLHVHO H[KDXVW HPLVVLRQ FRQWURO
V\VWHPV1

2.2.1 Principle of Device Operation

7KH &50'3) VXSSOLHG WR WKH '(&6( SURJUDP IRU VXOIXU VHQVLWLYLW\ HYDOXDWLRQ LV FRPSULVHG RI WZR
HOHPHQWV1 7KH ILUVW HOHPHQW LV D ZDVKFRDWHG/ SODWLQXP FRQWDLQLQJ IORZ0WKURXJK R[LGDWLRQ PRQROLWK1
7KH 7330FSVL FRUGLHULWH VXEVWUDWH LV 591: FP +4318 LQ1, LQ GLDPHWHU E\ 4815 FP +9 LQ1, ORQJ/ JLYLQJ D
JURVV YROXPH RI DSSUR[LPDWHO\ ;18 // RU URXJKO\ 853 LQ161 7KH VHFRQG HOHPHQW/ VHSDUDWHG IURP WKH
ILUVW E\ D JDS RI DERXW 814 FP +5 LQ1,/ LV DQ XQFRDWHG ZDOO0IORZ ILOWHU +433 FSVL24: PLO ZDOO,1 2YHUDOO
GLPHQVLRQV RI WKH ILOWHU DUH 591: FP +4318 LQ1, LQ GLDPHWHU E\ 6318 FP +45 LQ1, ORQJ/ ZKLFK JLYH D
YROXPH RI DSSUR[LPDWHO\ 4: // RU 4373 LQ161 7KH WZR HOHPHQWV DUH KRXVHG LQ LQGLYLGXDO PRGXOHV
ZKLFK DUH DVVHPEOHG ZLWK EDQG FODPSV LQWR D VLQJOH 637 VWDLQOHVV VWHHO PRGXODU FDQ1 2YHUDOO
GLPHQVLRQV RI WKH DVVHPEOHG XQLW/ LQFOXGLQJ HQG FRQHV/ DUH URXJKO\ 6318 FP +45 LQ1, LQ GLDPHWHU E\
<417 FP +69 LQ1, ORQJ1

7KH &50'3) DQG WKH &'3) ZHUH GHVLJQHG WR UHPRYH 30 IURP WKH HQJLQH H[KDXVW VWUHDP1 $
VFKHPDWLF GLDJUDP RI WKH '3) V\VWHP FRQILJXUDWLRQV LV SURYLGHG LQ )LJXUH 515041 ,Q HDFK GHYLFH/
30 ZDV UHPRYHG IURP WKH H[KDXVW VWUHDP E\ FROOHFWLRQ RQ D ILOWHU/ ZKLFK LQ WKHVH FDVHV DUH FHUDPLF
ZDOO0IORZ HOHPHQWV1 8QOLNH RWKHU GLHVHO HPLVVLRQV FRQWURO GHYLFHV/ SULPDU\ UHPRYDO RI WKH WDUJHWHG
SROOXWDQW +30, LV IL[HG E\ WKH SK\VLFDO FKDUDFWHULVWLFV RI WKH ILOWHU PHGLXP DQG LV UHODWLYHO\ XQDIIHFWHG
E\ HQJLQH RSHUDWLQJ FRQGLWLRQV1 7KH FULWLFDO LVVXH/ LQVWHDG/ LV WKH FOHDQLQJ RU UHJHQHUDWLRQ RI WKH
'3) +E\ R[LGDWLRQ RI WKH FROOHFWHG 30, WR SUHYHQW WKH '3) IURP SOXJJLQJ1

7KH &50'3) DFFRPSOLVKHV WKLV ILOWHU UHJHQHUDWLRQ E\ FRQWLQXRXVO\ JHQHUDWLQJ 125 IURP HQJLQH0
HPLWWHG 12 RYHU D GLHVHO R[LGDWLRQ FDWDO\VW SODFHG XSVWUHDP RI WKH '3)1 125 KDV EHHQ HVWDEOLVKHG
DV D PRUH HIIHFWLYH ORZ0WHPSHUDWXUH R[LGL]LQJ DJHQW IRU GLHVHO 30 WKDQ R[\JHQ1 6XOIXU LQ WKH
H[KDXVW +RULJLQDWLQJ IURP WKH IXHO DQG WKH OXEULFDQW,/ KRZHYHU/ FDQ EH R[LGL]HG RYHU WKH &50'3)/
IRUPLQJ VXOIDWHV/ ZKLFK DUH PHDVXUHG DV 301 6XOIXU R[LGHV DOVR FRPSHWH IRU WKH FULWLFDO 12 DQG
125 UHDFWLRQ/ PDNLQJ WKH UHJHQHUDWLRQ FKDUDFWHULVWLFV OHVV HIIHFWLYH1
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7KH &'3) DFFRPSOLVKHV WKH '3) UHJHQHUDWLRQ E\ XVLQJ D FDWDO\VW FRDWLQJ RQ WKH '3) HOHPHQW WR
SURPRWH R[LGDWLRQ RI WKH FROOHFWHG 30 XVLQJ DYDLODEOH R[\JHQ LQ WKH GLHVHO H[KDXVW1 6XOIXU LQ WKH
H[KDXVW FDQ EH R[LGL]HG RYHU WKH &'3) WR IRUP VXOIDWHV1 ([KDXVW0JDV WHPSHUDWXUH DQG IXHO0VXOIXU
OHYHO DUH FULWLFDO IDFWRUV WKDW DIIHFW WKH SHUIRUPDQFH RI ERWK W\SHV RI '3)V +&50'3) DQG &'3),1

7KH &'3) VXSSOLHG WR WKH '(&6( SURJUDP XVHG 591: FP0GLDPHWHU E\ 6318 FP0ORQJ/ 4330FSVL/ 3176
PP/ RU ´4:0PLOµ ZDOO FHUDPLF ZDOO0IORZ VXEVWUDWHV FRQWDLQLQJ D KLJK ORDGLQJ RI SUHFLRXV PHWDO +3W,1

2.2.2 Overview of Test Program

7ZR PDMRU FRPSRQHQWV PDNH XS WKH '3) WHVW SURJUDP= +4, HPLVVLRQV WHVWV WR HYDOXDWH WKH GLUHFW
LPSDFW RI IXHO VXOIXU RQ VHOHFWHG HPLVVLRQ SDUDPHWHUV/ DQG +5, H[SHULPHQWV WR PHDVXUH WKH HIIHFW RI
IXHO VXOIXU RQ WKH UHJHQHUDWLRQ WHPSHUDWXUH RI WKH '3) GHYLFHV1 $V VKRZQ LQ 7DEOH 51504/ ERWK
WHVWLQJ FRPSRQHQWV ZHUH2ZLOO EH FDUULHG RXW RQ WZR W\SHV RI '3)V XVLQJ IXHOV ZLWK VXOIXU OHYHOV
UDQJLQJ IURP 6 WR 683 SSP1 (PLVVLRQ PHDVXUHPHQWV ZHUH REWDLQHG LQ WULSOLFDWH WHVWV XVLQJ WKH
2,&$ 460PRGH WHVW SURFHGXUH DQG GXSOLFDWH WHVWV DW SHDN WRUTXH DQG ´URDG0ORDGµ VWHDG\0VWDWH WHVW
FRQGLWLRQV1 7KH SULPDU\ PHDQV RI GHWHUPLQLQJ WKH HIIHFW RI IXHO VXOIXU RQ WKH UHJHQHUDWLRQ FDSDFLW\
RI WKH '3)V ZDV WKH 80PRGH EDODQFH SRLQW WHPSHUDWXUH WHVW1 'XULQJ WKLV WHVW/ WKH HQJLQH LV RSHUDWHG
DW ILYH GLIIHUHQW WHPSHUDWXUH2WRUTXH VHWWLQJV ZKLOH WKH VSHHG LV KHOG FRQVWDQW1 7HPSHUDWXUH WHVWV/
ZKLFK LQYROYH RSHUDWLQJ WKH HQJLQH DW IL[HG WHPSHUDWXUHV ZKLOH YDU\LQJ HQJLQH VSHHG DQG WRUTXH
VHWWLQJV/ ZHUH DOVR FRQGXFWHG1 $ UHYLHZ RI WKH LQLWLDO UHVXOWV ZLWK 60SSP VXOIXU IXHO UHYHDOHG WKDW WKH
80PRGH EDODQFH SRLQW WHPSHUDWXUH WHVWV SURYLGH D PRUH DFFXUDWH HVWLPDWH RI WKH UHJHQHUDWLRQ
+EDODQFH SRLQW, WHPSHUDWXUH WKDQ GR WKH FRQVWDQW WHPSHUDWXUH WHVWV1 7KHUHIRUH/ WULSOLFDWH 80PRGH
WHVWV ZHUH SODQQHG IRU HDFK HQJLQH VSHHG1 7KH WHPSHUDWXUH WHVWV ZHUH XVHG SULPDULO\ IRU
FRQILUPDWRU\ DQDO\VLV1

7KH H[SHULPHQWV DUH SURYLGLQJ GDWD WR DGGUHVV WKH IROORZLQJ VWXG\ TXHVWLRQV=

• +RZ GRHV HDFK '3) DIIHFW HPLVVLRQV RI 30 +LQFOXGLQJ 627/ VROXEOH RUJDQLF IUDFWLRQ >62)@/ DQG
126,/ +&/ &2/ 12[/ DQG &25/ DV ZHOO DV IXHO FRQVXPSWLRQ"

• +RZ GRHV IXHO VXOIXU DIIHFW HQJLQH0RXW HPLVVLRQV DQG SRVW0'3) HPLVVLRQV"

• 'RHV '3) SHUIRUPDQFH GHJUDGH RYHU WLPH"

• 7R ZKDW GHJUHH GRHV VXOIXU LQ WKH IXHO DIIHFW WKH EDODQFH SRLQW +UHJHQHUDWLRQ, WHPSHUDWXUH +%37,
RI WKH '3) +DW YDULRXV HQJLQH VSHHGV,"

• 'RHV WKH '3) SHUIRUPDQFH YDU\ DV D IXQFWLRQ RI HQJLQH RSHUDWLQJ FRQGLWLRQV +H[KDXVW0JDV IORZ
UDWH DQG WHPSHUDWXUH,"

• +RZ GRHV WKH UHODWLRQVKLS EHWZHHQ HPLVVLRQV DQG RSHUDWLQJ FRQGLWLRQV FKDQJH DV D IXQFWLRQ RI
IXHO VXOIXU OHYHO"

7KLV LQWHULP UHSRUW SUHVHQWV UHVXOWV UHODWHG WR WKH ILUVW WKUHH VWXG\ TXHVWLRQV1
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Figure 2.2-1.  Schematic diagram of DPF system configurations
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Oxidation Catalyst
400 cpsi

B)  CR-DPF
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Table 2.2-1.  Experimental Design for the DECSE DPF Test Program
Fuel Sulfur Level (ppm)Test

3 30 150 350 30
Baseline
Engine
Performance

EO (x1)

Baseline Filter
Pressure Drop CDPF, CR-

DPF (x1)

OICA
Emissions

EO (x3)
CDPF, CR-
DPF (x3)

EO (x3)
CDPF, CR-DPF
(x3)

EO (x3)
CDPF, CR-
DPF (x3)

EO (x3)
CDPF, CR-DPF
(x3)

EO (x3)
CDPF, CR-
DPF (x3)

Peak Torque
Emissions

EO (x2)
CDPF, CR-
DPF (x2)

EO (x2)
CDPF, CR-DPF
(x2)

EO (x2)
CDPF, CR-
DPF (x2)

EO (x2)
CDPF, CR-DPF
(x2)

EO (x2)
CDPF, CR-
DPF (x2)

Road-Load
Emissions

EO (x2)
CDPF, CR-
DPF (x2)

EO (x2)
CDPF, CR-DPF
(x2)

EO (x2)
CDPF, CR-
DPF (x2)

EO (x2)
CDPF, CR-DPF
(x2)

EO (x2)
CDPF, CR-
DPF (x2)

BPT Test
5 temperatures,
3 speeds (x3)

5 temperatures,
3 speeds (x3)

5 temperatures,
3 speeds (x3)

5 temperatures,
3 speeds (x3)

Temperature
Test T1, T2, T3, T4 T1* and T2* T1* and T2* T1* and T2*
Re-Test OICA
Emissions

CDPF, CR-DPF
(x3)

(PLVVLRQV SDUDPHWHUV= 30/ 627/ 62)/ 126/ OXEULFDQW/ +&/ &2/ 12[/ DQG &25 LQ J2EKS0KU DQG EUDNH0VSHFLILF IXHO FRQVXPSWLRQ
+%6)&, LQ OE2EKS0KU1
(2  HQJLQH0RXW HPLVVLRQV
&'3) DQG &50'3) DUH SRVW0'3) VDPSOHV1
3RVW0'3) 30 FROOHFWHG RQ RQH ILOWHU DFURVV GXSOLFDWH RU WULSOLFDWH UXQV1

7HPSHUDWXUH WHVWV ZHUH SHUIRUPHG IRU 43 KRXUV ZLWK DOWHUQDWLQJ VSHHGV +4/773> 4/:33> 5/333 USP, DQG PDWFKLQJ WRUTXHV WR DFKLHYH
IL[HG VWDUWLQJ LQOHW WHPSHUDWXUHV/ 7L +L 407,
+&50'3) WHPSHUDWXUHV 7L  558/ 5:8/ 658/ 6:8,
+&'3) WHPSHUDWXUHV 7L  5:8/ 658/ 6:8/ 758,
74-  5:8(& DQG 75-  6:8(&

1XPEHU RI UHSOLFDWH WHVWV LQGLFDWHG LQ SDUHQWKHVHV1

2.2.3 Experimental

$ &DWHUSLOODU 6459 HQJLQH UDWHG DW 538 N: +5:8 KRUVHSRZHU, DQG HTXLSSHG ZLWK HOHFWURQLF FRQWUROV
ZDV XVHG IRU WKH WHVWV1 7KH 6459 HQJLQHV DUH W\SLFDOO\ XVHG IRU DSSOLFDWLRQV WKDW UHVXOW LQ UHODWLYHO\
ORZ WHPSHUDWXUH HQJLQH H[KDXVW +H1J1/ EHORZ 633(&,1 )RU VXFK DSSOLFDWLRQV/ UHJHQHUDWLRQ RI WKH
'3) DW ORZ WHPSHUDWXUHV LV FULWLFDO WR SURSHU RSHUDWLRQ RI WKH HPLVVLRQV FRQWURO V\VWHP DQG KHQFH
WKH HQJLQH RSHUDWLRQ +PDLQWDLQLQJ D ORZ EDFN SUHVVXUH E\ QRW DOORZLQJ FROOHFWHG 30 WR EXLOG XS
FRQWLQXRXVO\ RQ WKH ILOWHU,1 %HFDXVH IXHO VXOIXU LV H[SHFWHG WR DIIHFW WKH ILOWHU UHJHQHUDWLRQ
WHPSHUDWXUH/ WKHVH ORZ WHPSHUDWXUH DSSOLFDWLRQV DUH DQ H[FHOOHQW WHVW RI WKH HIIHFWV RI IXHO0VXOIXU1

7KH &50'3) DQG &'3) UHSUHVHQW WZR JHQHUDO DSSURDFKHV WR SDVVLYH UHJHQHUDWLRQ RI '3)V1
3DVVLYH UHJHQHUDWLRQ LV SUHIHUUHG/ DV RSSRVHG WR DFWLYH UHJHQHUDWLRQ/ EHFDXVH SDVVLYH UHJHQHUDWLRQ
RIIHUV VLJQLILFDQW IXHO FRQVXPSWLRQ VDYLQJV DQG LV OHVV FRPSOH[1 &DWHUSLOODU DQG WKH HPLVVLRQV FRQWURO
PDQXIDFWXUHUV SURYLGHG WHFKQLFDO VXSSRUW WR HQVXUH WKDW WKHVH KDUGZDUH V\VWHPV ZHUH PDWFKHG IRU
WKH WHVWLQJ1
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)RXU IXHOV RI GLIIHUHQW VXOIXU OHYHOV ZHUH2ZLOO EH WHVWHG1 7KH VXOIXU OHYHOV ZHUH 6/ 63/ 483/ DQG 683
SSP1

2.2.4 Test Procedures

7KH ODERUDWRU\ XVHG IRU WKLV WHVWLQJ LV (QJLQHHULQJ 7HVW 6HUYLFHV +(76, LQ &KDUOHVWRQ/ 6RXWK
&DUROLQD1

(QJLQH DQG '3) %UHDN0,Q1 7R EUHDN LQ WKH HQJLQH DQG WKH '3)/ WKH HQJLQH ZDV RSHUDWHG DW
)/56 IRU 63 PLQXWHV/ DQG WKHQ IRU 63 PLQXWHV DW UDWHG VSHHG DQG D WRUTXH VHWWLQJ DV UHTXLUHG WR JLYH
DQ H[KDXVW WHPSHUDWXUH RI 558(&1 7KH F\FOH FRQWLQXHG IRU 53 KRXUV1 7KH SUHVVXUH GURS DFURVV WKH
'3) ZDV PRQLWRUHG WKURXJKRXW WKH EUHDN0LQ SHULRG1

%DVHOLQH (QJLQH 3HUIRUPDQFH 7HVWV1 $IWHU WKH HQJLQH ZDV EURNHQ LQ/ LW ZDV RSHUDWHG DW IXOO0ORDG/
UDWHG VSHHG +)/56,/ DQG WKH EDVHOLQH SUHVVXUH GURS DFURVV WKH '3) ZDV GHWHUPLQHG1 7KH EDVHOLQH
SHUIRUPDQFH FXUYH ZLWKRXW WKH '3) FRQVLVWHG RI RSHUDWLQJ WKH HQJLQH DW PD[LPXP ORDG DQG YDU\LQJ
WKH VSHHG IURP UDWHG WR 4/333 USP LQ 4330USP LQFUHPHQWV1 7KLV WHVW HQVXUHG WKDW WKH HQJLQH PHW WKH
PDQXIDFWXUHU·V VSHFLILFDWLRQV1 $Q ;0USP0SHU0VHFRQG/ IXOO0ORDG SHUIRUPDQFH FXUYH ZDV UXQ WR
GHWHUPLQH WKH 460PRGH 2,&$ WHVW F\FOH PHDVXUHPHQW SRLQWV1

(PLVVLRQ 7HVWV1 7KH 2,&$ WHVW ZDV FRQGXFWHG E\ VWDELOL]LQJ WKH HQJLQH V\VWHP IRU ILYH PLQXWHV DW
HDFK 2,&$ PRGH SULRU WR VDPSOLQJ1 $ VLQJOH ILOWHU ZDV XVHG WR FROOHFW 30 RYHU WKH HQWLUH 2,&$
WHVW F\FOH1

$OO HPLVVLRQ WHVWV LQFOXGHG PHDVXUHPHQW RI +&/ &2/ 12[/ &25/ DQG 30 +LQFOXGLQJ VROXEOH RUJDQLF
IUDFWLRQ >62)@,/ DQG VXOIDWH1 %HFDXVH RI WKH KLJK WUDSSLQJ HIILFLHQF\ RI WKH '3) GHYLFHV/ WKH 30
ORDGLQJ RQ WKH ILOWHU ZDV W\SLFDOO\ RQO\ DERXW 315 PJ RYHU DQ 2,&$ F\FOH1 7R LPSURYH PHDVXUHPHQW
DFFXUDF\/ 30 ZDV FROOHFWHG RQ WKH VDPH ILOWHU RYHU WKUHH FRQVHFXWLYH 2,&$ F\FOHV1

6WHDG\0VWDWH HPLVVLRQV PHDVXUHPHQWV ZHUH DOVR WDNHQ DW PRGHV 5 DQG 7 RI WKH 2,&$ F\FOH1 0RGH 5
+437: 1P # 4/773 USP, LV WKH SHDN WRUTXH FRQGLWLRQ DW ZKLFK WKH HQJLQH0H[KDXVW WHPSHUDWXUH
UHDFKHV WKH PD[LPXP YDOXH1 0D[LPXP VXOIDWH FRQYHUVLRQ RFFXUV DW WKLV HQJLQH RSHUDWLQJ FRQGLWLRQ1
0RGH 7 +:66 1P # 4/:;6 USP, FRUUHVSRQGV WR WKH URDG0ORDG FRQGLWLRQ RI D W\SLFDO RQ0KLJKZD\
KHDY\0GXW\ GLHVHO WUXFN HQJLQH1 %HFDXVH D WUXFN VSHQGV PXFK RI LWV RSHUDWLQJ WLPH XQGHU WKH URDG0
ORDG FRQGLWLRQ/ WKH HPLVVLRQV DW WKLV FRQGLWLRQ ZRXOG LQGLFDWH WKH HPLVVLRQV OHYHO IURP WKLV W\SH RI
RSHUDWLRQ1

%37 7HVW1 7KH 80PRGH EDODQFH SRLQW WHPSHUDWXUH WHVW ZDV WKH SULPDU\ PHWKRG IRU FKDUDFWHUL]LQJ
WKH HIIHFW RI IXHO VXOIXU OHYHO RQ WKH UHJHQHUDWLRQ +VRRW FRPEXVWLRQ, WHPSHUDWXUH RI WKH ILOWHU1 7R
SUHSDUH WKH '3) GHYLFH IRU WKH WHVW/ WKH GHYLFH ZDV FRPSOHWHO\ UHJHQHUDWHG E\ RSHUDWLQJ WKH HQJLQH
DW SHDN WRUTXH FRQGLWLRQ IRU 63 PLQXWHV1 7KH GHYLFH ZDV WKHQ UHORDGHG ZLWK 30 E\ RSHUDWLQJ WKH
HQJLQH DW 547 1P DQG 5/333 USP IRU DERXW ILYH KRXUV XQWLO WKH SUHVVXUH GURS DFURVV WKH '3)
UHDFKHG D UHIHUHQFH YDOXH1 )RU WKH 80PRGH WHVW/ WKH HQJLQH ZDV RSHUDWHG DW D IL[HG VSHHG DV WRUTXH LV
LQFUHDVHG WR DFKLHYH WKH VSHFLILHG ILOWHU LQOHW WHPSHUDWXUHV1 7KH WRWDO GXUDWLRQ IRU WKH ILQDO WHVW
SURWRFRO ZDV 443 PLQXWHV/ ZLWK WHPSHUDWXUH VWHSV RI 73/ 58/ 48/ 48/ DQG 48 PLQXWHV1 7KH FKDQJH LQ
SUHVVXUH DFURVV WKH ILOWHU ZDV FRQWLQXRXVO\ UHFRUGHG1
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7HPSHUDWXUH 7HVW1 ,Q WKH H[KDXVW WHPSHUDWXUH WHVWV/ WKH HQJLQH ZDV RSHUDWHG DW 4/773> 4/:33> DQG
5/333 USP IURP ORZHU WR KLJKHU HQJLQH VSHHGV IRU 53 PLQXWHV DW HDFK VSHHG GXULQJ D 430KRXU F\FOH1
7KH HQJLQH ORDG IRU HDFK VSHHG ZDV GHWHUPLQHG EHIRUH HDFK WHVW WR REWDLQ WKH GHVLUHG H[KDXVW
WHPSHUDWXUH DW HDFK VSHHG FRQGLWLRQ1 7KH WHPSHUDWXUH DQG SUHVVXUH GURS DFURVV WKH '3) GHYLFH
ZHUH PRQLWRUHG FRQWLQXRXVO\ IRU XS WR 43 KRXUV IRU HDFK IXHO1 $W HDFK WHPSHUDWXUH DQG IXHO VXOIXU
OHYHO/ WKH SUHVVXUH GURS WUDFH +DV D IXQFWLRQ RI WLPH, ZDV H[SHFWHG WR HLWKHU= +4, FRQWLQXRXVO\ LQFUHDVH
+30 GHSRVLWV RQ WKH ILOWHU IDVWHU WKDQ LW FDQ EH R[LGL]HG,/ +5, UHPDLQ UHODWLYHO\ VWDEOH +30 GHSRVLWLQJ
RQ WKH ILOWHU HTXDOV WKH DPRXQW EHLQJ R[LGL]HG,/ RU +6, FRQWLQXRXVO\ GHFUHDVH +30 GHSRVLWLQJ RQ WKH
ILOWHU DW D UDWH VORZHU WKDQ LW LV EHLQJ R[LGL]HG,1 7KLV WHVW LV LQWHQGHG WR SURYLGH DQRWKHU PHDQV WR
GHWHUPLQH %37 ZKHQ WKH HQJLQH VSHHG LV YDU\LQJ1

,Q EHWZHHQ HDFK H[KDXVW WHPSHUDWXUH WHVW/ WKH HQJLQH ZDV RSHUDWHG DW )/56 IRU 5 KRXUV
+VWDELOL]DWLRQ, WR HQVXUH WKDW WKH '3) ZDV ´FOHDQµ DQG WKDW LWV SUHVVXUH GURS UHWXUQHG WR QHDU
EDVHOLQH FRQGLWLRQV1

2.2.5 Analysis of Emissions Data

$V VKRZQ LQ 7DEOH 61504/ WULSOLFDWH 2,&$ 460PRGH HPLVVLRQV WHVWV DQG GXSOLFDWH VWHDG\0VWDWH
HPLVVLRQV WHVWV +DW SHDN0WRUTXH DQG URDG0ORDG PRGHV, ZHUH FRQGXFWHG VHSDUDWHO\ RQ HQJLQH0RXW
+ZLWKRXW &50'3) RU &'3) GHYLFHV, DQG SRVW0ILOWHU +ZLWK &50'3) RU &'3), H[KDXVW VWUHDPV1
$IWHU WKH LQLWLDO VHULHV RI WHVWV ZLWK 60SSP IXHO VXOIXU/ WKH WHFKQLFDO FRPPLWWHH GHFLGHG WKDW 30
ORDGLQJV RQ WKH ILOWHUV XVHG LQ WKH SRVW0'3) HPLVVLRQV WHVWV ZHUH LQVXIILFLHQW IRU 30 DQDO\VLV1 )RU
WKDW UHDVRQ/ WKH VDPH ILOWHU ZDV XVHG RQ HDFK RI WKH WZR RU WKUHH UHSOLFDWH WHVWV1 7KH FRQWLQXRXV
HPLVVLRQV SDUDPHWHUV LQFOXGHG +&/ &2/ 12[/ DQG &25/ LQ J2EKS0KU DQG %6)& LQ OE2EKS0KU1 )LOWHU
DQDO\VLV LQFOXGHG 30/ 627/ 62)/ 126/ DQG OXEH0UHODWHG 62) +OXEH 62), LQ J2EKS0KU1 5HVXOWV RI
WKLV DQDO\VLV ZHUH XVHG WR GHWHUPLQH WKH VXOIDWH FRQYHUVLRQ UDWH1 +RZHYHU/ ILOWHU DQDO\VLV UHVXOWV ZHUH
QRW DYDLODEOH LQ WLPH IRU LQFOXVLRQ LQ WKLV LQWHULP UHSRUW1

7KH HIIHFW RI WKH '3) GHYLFH RQ HPLVVLRQV +VWXG\ TXHVWLRQ 4, ZDV GHWHUPLQHG LQ WHUPV RI HPLVVLRQV
UHGXFWLRQ HIILFLHQF\=

)RU HDFK IXHO W\SH +60 DQG 630SSP VXOIXU,/ WKH VWDWLVWLFDO VLJQLILFDQFH RI WKH UDWLR·V GLIIHUHQFH IURP
3( +LQGLFDWLQJ QR '3) HIIHFW, ZDV GHWHUPLQHG XVLQJ D VWDQGDUG WZR0VDPSOH W0WHVW RQ WKH ORJ0
WUDQVIRUPHG GDWD1 $V LV RIWHQ WKH FDVH ZLWK HPLVVLRQV GDWD/ WKH ORJ WUDQVIRUPDWLRQ \LHOGV
PHDVXUHPHQW HUURUV WKDW DUH QRUPDOO\ GLVWULEXWHG ZLWK FRPPRQ VWDQGDUG GHYLDWLRQ1 7KLV FRPPRQ
VWDQGDUG GHYLDWLRQ ZDV HVWLPDWHG E\ SRROLQJ WKH LQGLYLGXDO VWDQGDUG GHYLDWLRQV RI HPLVVLRQV
PHDVXUHPHQWV IURP WKH 2,&$/ SHDN WRUTXH/ DQG URDG0ORDG WHVWV DW HQJLQH0RXW DQG SRVW0ILOWHU WHVWV1

7KH HIIHFWV RI IXHO VXOIXU RQ WKH HQJLQH0RXW DQG SRVW0'3) HPLVVLRQV +VWXG\ TXHVWLRQ 5, ZHUH DOVR
HYDOXDWHG1 7KH SHUFHQW FKDQJH LQ HQJLQH0RXW HPLVVLRQV LV WKH PHDVXUH RI VXOIXU·V HIIHFW RQ HQJLQH0
RXW HPLVVLRQV1 7KH HIIHFW RI VXOIXU RQ '3) HIILFLHQF\ ZDV FDOFXODWHG DV WKH GLIIHUHQFH LQ UHGXFWLRQ
HIILFLHQF\1 7KH VWDWLVWLFDO VLJQLILFDQFH RI WKHVH HIIHFWV +L1H1/ ZKHWKHU RU QRW WKH PHDVXUHV ZHUH
GLIIHUHQW IURP 3(, ZDV GHWHUPLQHG XVLQJ WZR0VDPSOH W0WHVWV RQ WKH ORJ0WUDQVIRUPHG GDWD1

'HJUDGDWLRQ RI WKH '3) SHUIRUPDQFH RYHU WLPH +VWXG\ TXHVWLRQ 7, ZLOO EH DGGUHVVHG E\ FRPSDULQJ
UHGXFWLRQ HIILFLHQFLHV ZLWK 630SSP IXHO DW WZR GLIIHUHQW WLPHV DQG WUDFNLQJ WKH GHJUDGDWLRQ RI WKH
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UHJHQHUDWHG '3) GHOWD0S RYHU WLPH1 7KH VHFRQG HPLVVLRQV WHVWV ZLWK 630SSP IXHO ZLOO EH FRQGXFWHG
DIWHU WKH 4830 DQG 6830SSP IXHO VXOIXU WHVWV DUH SHUIRUPHG1

7KH UHODWLRQVKLS EHWZHHQ HQJLQH RSHUDWLQJ FRQGLWLRQV +VSHHG/ WRUTXH/ DQG WHPSHUDWXUH, DQG HQJLQH0
RXW HPLVVLRQV RU ILOWHU EUHDNWKURXJK +VWXG\ TXHVWLRQV 8 DQG 9, ZLOO EH DGGUHVVHG LQ WKH ILQDO UHSRUW/
IROORZLQJ GHWDLOHG DQDO\VLV RI WKH 2,&$ 460PRGH GDWD1

2.2.6  Analysis of Balance Point Temperature Data

7KH 80PRGH %37 WHVW LV XVHG WR PHDVXUH WKH HIIHFW RI IXHO VXOIXU RQ WKH UHJHQHUDWLRQ +SDUWLFXODWH
FRPEXVWLRQ, WHPSHUDWXUH RI WKH '3) +VWXG\ TXHVWLRQ 6,1 7KH %37 LV GHILQHG DV WKH '3) LQOHW
WHPSHUDWXUH DW ZKLFK WKH SUHVVXUH GURS DFURVV WKH ILOWHU EHJLQV WR GHFUHDVH +L1H1/ WKH VORSH RI FKDQJH
LQ SUHVVXUH >GHOWD²S@ DFURVV WKH '3) EHFRPHV QHJDWLYH,1 (DFK %37 WHVW SURGXFHV D VLQJOH HVWLPDWH
RI %371 7KH WHVWV FRQGXFWHG DUH OLVWHG EHORZ1

• 7 IXHO VXOIXU OHYHOV +6/ 63/ 483/ DQG 683 SSP,
• 5 '3) W\SHV +&50'3)/ &'3),
• 6 HQJLQH VSHHGV +4/773/ 4/:33/ DQG 5/333 USP,
• 6 UHSOLFDWHV

(DFK RI WKH :5 +7[5[6[6, WHVWV LQFOXGH PHDVXUHPHQWV DW ILYH '3) LQOHW WHPSHUDWXUHV1 $Q H[DPSOH
RI %37 WHVW UHVXOWV LV SURYLGHG LQ )LJXUH 515051

Figure 2.2-2. Example test results from the 5-mode BPT test

7KH ILUVW VWHS LQ WKH GDWD DQDO\VLV LQYROYHV FDOFXODWLQJ WKH OHDVW0VTXDUHV VORSH RI WKH GHOWD0S YHUVXV
WLPH +N3D2PLQ, FXUYH/ IROORZLQJ VWDELOL]DWLRQ DW HDFK LQOHW WHPSHUDWXUH1 'DWD DUH ILUVW UHGXFHG E\
VHOHFWLQJ D OLQHDU SRUWLRQ RI WKH GHOWD0S YHUVXV WLPH FXUYH1 *HQHUDOO\/ WKLV ZLOO EH WKH 430PLQXWH
SHULRG EHJLQQLQJ 8 PLQXWHV DIWHU WKH FKDQJH LQ HQJLQH WHPSHUDWXUH1 $ ODFN0RI0ILW SURFHGXUH LV XVHG
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WR GHWHUPLQH LI D VWUDLJKW0OLQH ILW LV DSSURSULDWH1 ,I QRW/ D VXEVHW RI GDWD LV VHOHFWHG DFFRUGLQJ WR D
GHILQHG SURFHGXUH1

1H[W/ D UHJUHVVLRQ PRGHO LV ILW WR HVWDEOLVK WKH UHODWLRQVKLS EHWZHHQ GHOWD0S VORSH DQG WUDS LQOHW
WHPSHUDWXUH1 7KH JHQHUDO IRUP RI WKH UHJUHVVLRQ PRGHO LV
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Figure 2.2-3.  Calculation of BPT

7R DFFRXQW IRU SRVVLEOH UXQ0WR0UXQ YDULDELOLW\/ D VHSDUDWH UHJUHVVLRQ HTXDWLRQ ZDV ILW IRU HDFK UXQ1
$OVR/ D VLQJOH HTXDWLRQ LV ILW WR WKH +SRROHG, GDWD IURP DOO WKUHH UXQV FRPELQHG1 7KLV GXDO DSSURDFK
LV XVHIXO IRU LQWHUSUHWLQJ UHVXOWV ZKHQ WKHUH DUH UXQ0WR0UXQ GLIIHUHQFHV1 )RU HDFK UHJUHVVLRQ PRGHO/
WKH %373 LV FDOFXODWHG1 ,I WKHUH DUH UXQ0WR0UXQ GLIIHUHQFHV LQ WKH WHVW SURFHGXUHV/ WKH DSSURSULDWH
HVWLPDWH RI %373 LV WKH DYHUDJH RI WKH YDOXHV REWDLQHG IURP GLIIHUHQW UXQV1 7KLV LV LOOXVWUDWHG LQ
)LJXUH 515071 $Q DSSUR[LPDWH <8( FRQILGHQFH LQWHUYDO IRU WKH PHDQ %373 DFURVV UXQV LV WKHQ
FDOFXODWHG ZLWK WKH DVVXPSWLRQV WKDW WKHVH DUH WKUHH LQGHSHQGHQW PHDVXUHPHQWV RI %373 DQG WKDW
WKH HUURUV DUH QRUPDOO\ GLVWULEXWHG1 7KH %373 LV DOVR FDOFXODWHG IURP GDWD SRROHG DFURVV WKH WKUHH
WHVW UXQV/ DQG WKH <8( FRQILGHQFH LQWHUYDO IRU %373 LV GHWHUPLQHG E\ FDOFXODWLQJ WKH LQWHUFHSWV RI WKH
FRQILGHQFH ERXQGV IRU WKH UHJUHVVLRQ PRGHO1 ,Q VRPH FDVHV WKLV DSSURDFK SURGXFHV RQO\ D
FRQILGHQFH ERXQG1 )RU H[DPSOH/ DV VKRZQ LQ )LJXUH 51508/ WKH HVWLPDWH RI %373 LV DSSUR[LPDWHO\
648(& ZLWK D <8( XSSHU FRQILGHQFH ERXQG DW DSSUR[LPDWHO\ 678(&1
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Figure 2.2-4.  Estimated delta-p slope versus DPF inlet temperature – by test run

Figure 2.2-5. Estimated delta-p slope versus DPF inlet temperature with 95% confidence limits –
pooled model (all runs combined)
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%37V IRU HDFK IXHO VXOIXU OHYHO DUH FRPSDUHG IRU WKUHH HQJLQH VSHHGV= 4/773> 4/:33> DQG 5/333 USP1
$SSUR[LPDWH <8( FRQILGHQFH LQWHUYDOV IRU WKH GLIIHUHQFH LQ %37V DUH FDOFXODWHG IRU ERWK PHWKRGV
RI DQDO\VLV +DYHUDJH %37 DQG SRROHG %37,1 ,I D <8( FRQILGHQFH LQWHUYDO GRHV QRW FRQWDLQ WKH YDOXH
]HUR/ RQH FDQ FRQFOXGH ZLWK <8( FRQILGHQFH WKDW WKH %37V DUH GLIIHUHQW DPRQJ IXHO OHYHOV1 ,W LV
SRVVLEOH/ KRZHYHU/ WKDW WKH WZR PHWKRGV RI DQDO\VLV ZLOO SURGXFH GLIIHUHQW FRQFOXVLRQV1 *LYHQ WKH
XQFHUWDLQWLHV LQ WKH PRGHOLQJ DVVXPSWLRQV/ LW LV DSSURSULDWH WR DFFHSW WKH PRUH FRQVHUYDWLYH UHVXOW
+L1H1/ WKH RQH ZLWK WKH ODUJHU FRQILGHQFH LQWHUYDO,1 7KLV ZLOO XVXDOO\ EH WKH UHVXOW EDVHG RQ WKH DYHUDJH
RI WKUHH WHVW UXQV1

2.3 Lean-NOx Catalysts

2.3.1 Program Overview

/HDQ012[ FDWDO\VW WHFKQRORJ\ LQFOXGHV RQH W\SH RI FDWDO\VW WKDW FDQ EH XVHG WR UHGXFH GLHVHO 12[
HPLVVLRQV ZLWK WKH DVVLVWDQFH RI D VXSSOHPHQWDO +& UHGXFLQJ DJHQW +VXFK DV GLHVHO IXHO, XQGHU WKH
OHDQ +R[\JHQ0ULFK, H[KDXVW FRQGLWLRQ1 /HDQ012[ FDWDO\VWV FDQ EH GLYLGHG LQWR WZR GLIIHUHQW JURXSV=
ORZ0WHPSHUDWXUH +4:3(%633(&, DQG KLJK0WHPSHUDWXUH +683(%933(&,1 /RZ0WHPSHUDWXUH FDWDO\VWV DUH
SULPDULO\ FRPSRVHG RI SUHFLRXV PHWDOV/ VXFK DV SODWLQXP +3W,> KLJK0WHPSHUDWXUH FDWDO\VWV DUH PDLQO\
FRPSRVHG RI EDVH PHWDO FRPSRQHQWV/ VXFK DV PHWDO2]HROLWH +&X0=60, FDWDO\VWV1 )RU OHDQ012[
FDWDO\VWV/ WZR PDMRU FRPSHWLQJ UHDFWLRQV DUH DV IROORZV=

+4, +& . 12[ Æ 15 . &25 . +52 +. 152,
+5, +& . 25 Æ &25 . +52

'HSHQGLQJ RQ WKH FDWDO\VW FRPSRVLWLRQ/ D FDWDO\VW FDQ HLWKHU IDYRU ORZ0WHPSHUDWXUH RU KLJK0
WHPSHUDWXUH 12[ UHGXFWLRQ DV PHQWLRQHG DERYH1 )RU WKH ORZ0WHPSHUDWXUH FDWDO\VW/ 152 PD\ EH D
E\0SURGXFW1 ,Q DGGLWLRQ WR WKH WHPSHUDWXUH HIIHFW/ RWKHU SDUDPHWHUV DOVR DIIHFW FDWDO\VW SHUIRUPDQFH=
+& DQG 12[ FRQFHQWUDWLRQ +DQG +&212[ UDWLR,/ VSDFH YHORFLW\/ SUHFLRXV0PHWDO +RU EDVH0PHWDO,
ORDGLQJ/ IXHO VXOIXU OHYHO/ +& VSHFLDWLRQ/ DQG IORZ GLVWULEXWLRQ1 ,I GLHVHO IXHO LV XVHG DV WKH UHGXFWDQW/
WKH W\SH RI VXOIXU FRPSRQHQWV DQG WKH OHYHO RI IXHO YDSRUL]DWLRQ DOVR DIIHFW WKH FDWDO\VW SHUIRUPDQFH1

/HDQ012[ FDWDO\VW WHFKQRORJ\ KDV EHHQ GHYHORSHG RYHU VHYHUDO \HDUV1 +RZHYHU/ WKHUH KDV EHHQ QR
V\VWHPDWLF LQYHVWLJDWLRQ RI WKH HIIHFW RI IXHO VXOIXU OHYHO RQ WKH SHUIRUPDQFH RI OHDQ012[ FDWDO\VWV1
7KH OHDQ012[ FDWDO\VW H[SHULPHQWV DUH SURYLGLQJ GDWD WR DGGUHVV WKH IROORZLQJ VWXG\ TXHVWLRQV=

:KDW LV WKH HIIHFW RI GLHVHO VXOIXU OHYHO RQ=
• /HDQ012[ FDWDO\VW SHUIRUPDQFH LQ WHUPV RI 12[ UHGXFWLRQ HIILFLHQF\
• 6XOIDWH +30, IRUPDWLRQ E\ WKH FDWDO\VW
• &DWDO\VW GHDFWLYDWLRQ UDWH
• &DWDO\VW UHFRYHUDELOLW\ IURP 625 +RU 626, SRLVRQLQJ"

7R HIIHFWLYHO\ FDUU\ RXW WKH OHDQ012[ FDWDO\VW HYDOXDWLRQ/ 3KDVH 4 RI WKH '(&6( SURJUDP ZDV
GLYLGHG LQWR WKUHH SURJUHVVLYH SDUWV=

4, +LJK07HPSHUDWXUH /HDQ012[ &DWDO\VW&&&&)UHVK 3HUIRUPDQFH1 7KLV SDUW ZLOO HVWDEOLVK WKH
IUHVK SHUIRUPDQFH RI WKH KLJK0WHPSHUDWXUH OHDQ012[ FDWDO\VW ZLWK GLIIHUHQW IXHO VXOIXU OHYHOV +6/
63/ 483/ DQG 683 SSP,1 7KH HIIHFW RI IXHO VXOIXU RQ ERWK FDWDO\VW LPSDLUPHQW DQG VXOIDWH +30,
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IRUPDWLRQ ZLOO EH H[DPLQHG1 $ &XPPLQV ,60 HQJLQH +44// << 0<, LV EHLQJ HPSOR\HG IRU WKLV
VWXG\1

5, /RZ07HPSHUDWXUH /HDQ012[ &DWDO\VW&&&&)UHVK 3HUIRUPDQFH1 7KLV SDUW ZLOO HVWDEOLVK WKH
IUHVK SHUIRUPDQFH RI WKH ORZ0WHPSHUDWXUH OHDQ012[ FDWDO\VW ZLWK GLIIHUHQW IXHO VXOIXU OHYHOV +6/
63/ 483/ DQG 683 SSP,1 7KH HIIHFW RI IXHO VXOIXU RQ ERWK FDWDO\VW LPSDLUPHQW DQG VXOIDWH +30,
IRUPDWLRQ ZLOO EH H[DPLQHG1 $ 1DYLVWDU 7777( HQJLQH +:16// << 0<, LV EHLQJ HPSOR\HG IRU WKLV
VWXG\1

6, /HDQ012[ &DWDO\VW $JLQJ DQG (YDOXDWLRQ1 7KLV SDUW ZLOO VWXG\ WKH HIIHFW RI IXHO VXOIXU OHYHOV
+6/ 63/ 483/ DQG 683 SSP, RQ FDWDO\VW GHDFWLYDWLRQ1 %RWK KLJK0WHPSHUDWXUH DQG ORZ0WHPSHUDWXUH
OHDQ012[ FDWDO\VWV ZLOO EH HYDOXDWHG DIWHU EHLQJ DJHG IRU 83/ 483/ DQG 583 KRXUV1

,Q WKLV LQWHULP UHSRUW/ WKH KLJK0WHPSHUDWXUH OHDQ012[ FDWDO\VW SHUIRUPDQFH +SDUW 4, LV VXPPDUL]HG
DQG GLVFXVVHG1

2.3.2 Experimental

7HVWLQJ LV EHLQJ FRQGXFWHG DW :HVW 9LUJLQLD 8QLYHUVLW\ +:98,1 7ZR 1DYLVWDU 7777( +:16// 9;/ <<
0<, HQJLQHV DQG WZR &XPPLQV ,60 6:3 +44// << 0<, HQJLQHV DUH EHLQJ XVHG IRU WKLV WHVW SURJUDP1
2QH HQJLQH RI HDFK W\SH LV EHLQJ XVHG IRU WKH FDWDO\VW DJLQJ SURFHVV/ DQG WKH RWKHU WZR DUH EHLQJ
XVHG IRU WKH FDWDO\VW HYDOXDWLRQ1 7KH 7777( HQJLQH LV JHQHUDWLQJ H[KDXVW IRU HYDOXDWLQJ WKH ORZ0
WHPSHUDWXUH OHDQ012[ FDWDO\VW1 /LNHZLVH/ WKH ,60 6:3 HQJLQH LV JHQHUDWLQJ H[KDXVW IRU HYDOXDWLQJ WKH
KLJK0WHPSHUDWXUH OHDQ012[ FDWDO\VW1 %RWK 1DYLVWDU DQG &XPPLQV SURYLGHG WKH HOHFWURQLF FRQWURO
ER[/ HQJLQH FDOLEUDWLRQ VRIWZDUH/ DQG WHVW FHOO DFFHVVRULHV1 7KH HQJLQHV ZHUH EURNHQ LQ IRU 83 KRXUV/
DFFRUGLQJ WR WKH UHFRPPHQGDWLRQV RI WKH HQJLQH PDQXIDFWXUHUV1

:LWK UHJDUG WR WKH UHGXFWDQW IXHO LQMHFWLRQ +IXHO LQMHFWHG LQWR WKH H[KDXVW WR SURYLGH D UHGXFWDQW,/
WZR VHWV RI IXHO0LQMHFWLRQ V\VWHPV +ZLWK D IOXLG0PHWHULQJ SXPS DQG DQ DLU0DWRPL]HG LQMHFWLRQ QR]]OH,
ZHUH DVVHPEOHG= RQH IRU WKH DJLQJ HQJLQH/ DQG RQH IRU WKH HYDOXDWLRQ HQJLQH1 7KH IXHO0LQMHFWLRQ
QR]]OH LV ORFDWHG 53 WR 57 LQFKHV IURP WKH FDWDO\VW LQOHW1 7KH UHGXFWDQW IXHOLQJ UDWH +IRU D JLYHQ
PRGH, ZDV RSWLPL]HG IRU 12[ UHGXFWLRQ ZKLOH +& DQG 30 VOLSSDJH ZHUH FRQWUROOHG1

&DWDO\VW PDQXIDFWXUHUV SURYLGHG WKH ORZ0WHPSHUDWXUH OHDQ012[ FDWDO\WLF FRQYHUWHUV +SUHFLRXV0PHWDO
FDWDO\VW, DQG KLJK0WHPSHUDWXUH OHDQ012[ FDWDO\WLF FRQYHUWHUV +EDVH0PHWDO FDWDO\VW,1 7KH FULWHULD XVHG
IRU FDWDO\VW VHOHFWLRQ ZHUH=

• 7\SLFDO FKHPLFDO FRPSRVLWLRQ DQG FRQYHQWLRQDO FDWDO\VW ZDVK0FRDWLQJ DQG VWUXFWXUH
• 7KH VWDWH0RI0WKH0DUW OHDQ012[ WHFKQRORJ\1

$FFRUGLQJ WR LQIRUPDWLRQ SURYLGHG E\ 0(&$/ VSHFLILFDWLRQV IRU WKH OHDQ012[ FDWDO\VWV DUH
SUHVHQWHG LQ 7DEOH 516041
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Table 2.3-1.  Lean-NO x Catalyst Specification

Catalyst
Type

Form-
ulation

Substrate
Size

OD x Length
(cm)

# of
Substrates

Volume
(liters)

Cell
Density

(cpsi)

Converter
Size

OD x Length
(cm)

High-
temperature

Base metal/
Zeolite 26.7 x 15.2 1 8.5 400 27.3 x 51.4

Low-
temperature

Precious
metal 17.8 x 12.7 2 6.4 400 19.1 x 55.9

1RWH= &DWDO\VWV ZHUH VL]HG WR KDQGOH KDOI RI WKH HQJLQH·V H[KDXVW IORZ1

$OO WKH FDWDO\VWV ZHUH GHJUHHQHG E\ DSSO\LQJ D VXLWDEOH FDWDO\VW DJLQJ F\FOH +LOOXVWUDWHG LQ 7DEOHV 51605
DQG 51606, IRU 43 KRXUV ZLWK 60SSP VXOIXU IXHO1 7KHUH ZDV QR UHGXFWDQW IXHO LQMHFWLRQ GXULQJ WKH
FDWDO\VW GHJUHHQLQJ SURFHVV1

Table 2.3-2. Low-Temperature Lean-NO x Catalyst Aging Cycle (Four Nav-9 Modes, 60 Minutes)

Nav-9
Mode Description

Minutes
per Cycle

Weighting Factor
(percent)

9 High rpm, high torque, high temperature 24 40
7 High rpm and low torque, low temperature 12 20
3 Low rpm and high torque, low temperature 12 20
2 Low rpm, torque, temperature 12 20

Table 2.3-3.   High-Temperature Lean-NO x Catalyst Aging Cycle (Four  OICA Modes, 60 Minutes)

OICA
Mode Description

Minutes
per Cycle

Weighting Factor
(percent)

2 High torque, temperature 24 40
10 Rated condition 24 40
3 Road load 6 10
11 Low temperature operation 6 10

:98 KDV VHW XS VSOLW0H[KDXVW V\VWHPV IRU ERWK FDWDO\VW DJLQJ DQG FDWDO\VW HYDOXDWLRQ1 7KH SXUSRVH
RI VHWWLQJ XS VSOLW0H[KDXVW V\VWHPV LV WR DJH ERWK D OHDQ012[ FRQYHUWHU DQG D '2& FRQYHUWHU
VLPXOWDQHRXVO\1 $V D UHVXOW/ ERWK ORZ0VXOIXU IXHO XVDJH DQG H[SHULPHQW WLPH FDQ EH VDYHG1 :LWK WKH
VSOLW0H[KDXVW V\VWHP DW WKH HYDOXDWLRQ FHOO/ WKH SDUWLDO0H[KDXVW IORZ UDWH +SDVVLQJ WKURXJK D OHDQ012[
FRQYHUWHU, LV PRQLWRUHG E\ ERWK D &25 DQDO\]HU DQG D IORZ PHWHU +ZLWK GHOWD0S DQG WHPSHUDWXUH
PHDVXUHPHQWV,1 0RUH GHWDLOHG LQIRUPDWLRQ UHJDUGLQJ WKH VSOLW0H[KDXVW V\VWHPV ZLOO EH GLVFXVVHG LQ
WKH '(&6( ILQDO UHSRUW1

:98 LV UXQQLQJ ERWK KHDY\0GXW\ DQG OLJKW0GXW\ )73 WUDQVLHQW F\FOHV1 12[/ WRWDO K\GURFDUERQV
+7+&,/ &2/ &25/ 625/ DQG 30 HPLVVLRQV DUH EHLQJ PRQLWRUHG IRU D JLYHQ VWHDG\0VWDWH RU WUDQVLHQW
WHVW F\FOH1 251/ LV FRQGXFWLQJ WKH 30 FKHPLFDO DQDO\VLV1 $V D UHVXOW/ WKH 627 HPLVVLRQ GDWD DUH
EHLQJ UHSRUWHG DV ZHOO1
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'LHVHO IXHOV ZLWK IRXU GLIIHUHQW VXOIXU OHYHOV +6/ 63/ 483/ DQG 683 SSP, DUH EHLQJ XVHG WR HYDOXDWH WKH
IUHVK OHDQ012[ FDWDO\VWV1 'XULQJ WKH H[SHULPHQWV/ VDPSOHV RI OXEULFDWLQJ RLO +6KHOO 5RWHOOD 7 48:73,
DUH EHLQJ WDNHQ SHULRGLFDOO\ IRU FKHPLFDO DQDO\VLV1

2.3.3 Test Cycles for Catalyst Evaluation

7R HYDOXDWH WKH KLJK0WHPSHUDWXUH OHDQ012[ FDWDO\VW/ IRXU WHVW PRGHV +5/ 43/ 6/ DQG 44, ZHUH VHOHFWHG
IURP WKH 2,&$ WHVW F\FOH WR FRPSULVH D VSHFLDO 70PRGH WHVW F\FOH1 6LPLODUO\/ IRXU WHVW PRGHV +5/ 6/ :/
DQG <, ZHUH FKRVHQ IURP WKH 1DY0< WHVW F\FOH IRU HYDOXDWLQJ WKH ORZ0WHPSHUDWXUH OHDQ012[ FDWDO\VW1
7R PDLQWDLQ FRQVLVWHQF\/ DOO HYDOXDWLRQ PRGHV DUH WKH VDPH DV WKH FRUUHVSRQGLQJ FDWDO\VW DJLQJ
PRGHV1 ,Q RUGHU WR REWDLQ FRPSDUDEOH GDWD ZLWK WKH UHGXFWDQW IXHO LQMHFWLRQ/ D SUH0VWDELOL]DWLRQ WLPH
ZDV DVVLJQHG WR D JLYHQ WHVW PRGH EHIRUH WKH HPLVVLRQV GDWD ZHUH FROOHFWHG1 7R UHGXFH WKLV SUH0
VWDELOL]DWLRQ WLPH/ WKH PRGH0UXQQLQJ VHTXHQFH ZDV GHVLJQHG WR UXQ IURP WKH ORZHVW WHPSHUDWXUH
PRGH WR WKH KLJKHVW WHPSHUDWXUH PRGH +44Ù6Ù43Ù5,1 7KH WRWDO PRGH WLPH ZDV IL[HG DW 53
PLQXWHV IRU HDFK VHOHFWHG WHVW PRGH1 6DPSOLQJ WLPH ZDV DVVLJQHG WR HDFK WHVW PRGH DFFRUGLQJ WR WKH
PRGH0ZHLJKWLQJ IDFWRU1 7R EHWWHU HVWLPDWH WKH HIIHFW RI IXHO VXOIXU OHYHO RQ VXOIDWH +30 IRUPDWLRQ,/
PRGH 5 +WKH KLJKHVW WHPSHUDWXUH PRGH RI WKH 2,&$ WHVW F\FOH, ZDV VHOHFWHG IRU WHVWLQJ1

7R SURSHUO\ FRQWURO WKH 7+& DQG &2 VOLSSDJH UDWH/ WKH VHFRQGDU\ IXHOLQJ UDWH IRU D JLYHQ HYDOXDWLRQ
PRGH ZDV RSWLPL]HG1 7KH FRPSURPLVH ZDV PDGH EHWZHHQ WKH 12[ UHGXFWLRQ HIILFLHQF\ DQG WKH
7+& DQG &2 VOLSSDJH UDWH1 $ PRGHUQ '2& FDQ DOZD\V EH DSSOLHG WR FOHDQ XS WKH DGGLWLRQDO 7+&
DQG &2 HPLVVLRQV1 $V GHVLJQHG/ WKH RYHUDOO VHFRQGDU\ IXHOLQJ UDWH LV DERXW 7( RI WKH WRWDO HQJLQH
IXHO FRQVXPSWLRQ1

2QO\ RQH VLQJOH 30 ILOWHU VHW +SULPDU\ DQG VHFRQGDU\, LV EHLQJ XVHG IRU WKH VSHFLDO 70PRGH WHVW F\FOH1
$FFRUGLQJ WR WKH GHILQLWLRQ RI WKH 2,&$ +RU 1DY0<, WHVW F\FOH/ WKH ZHLJKWLQJ IDFWRUV ZHUH DSSOLHG WR
GHWHUPLQH WKH VDPSOLQJ WLPH IRU D JLYHQ PRGH1 7KH FDWDO\VW HYDOXDWLRQ FRQGLWLRQV DUH VXPPDUL]HG
LQ 7DEOHV 51607 DQG 516081

Table 2.3-4.  Low-Temperature Lean-NO x Catalyst Evaluation Modes (Four Nav-9 Modes)

Nav-9
Mode #

Engine
Speed
(rpm)

Engine Torque
(Nm)

Catalyst
Inlet

Temp. ((C)

NOx

(g/bhp-
hr)

Mode Time
(seconds)

Sampling
Time

Reductant
Fueling

(%)
2 1000 110 135 5.56 1200 Proprietary 1.9
3 1250 165 207 5.53 1200 Proprietary 6.2
7 2000 165 247 4.63 1200 Proprietary 4.7
9 2200 550 405 3.09 1200 Proprietary 1.0

Table 2.3-5.   High-Temperature Lean-NO x Catalyst Evaluation Modes (Four OICA Modes)

OICA
Mode #

Engine
Speed
(rpm)

Engine Torque
(Nm)

Catalyst
Inlet

Temp. ((C)

NOx

(g/bhp-
hr)

Mode Time
(seconds)

Sampling
Time

(seconds)

Reductant
Fueling

(%)
11 1884 339 273 6.53 1200 100 0
3 1573 815 380 6.37 1200 100 0
10 1884 1353 448 6.12 1200 200 3.3
2 1261 1692 528 6.09 1200 150 7.5
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,Q DGGLWLRQ WR WKH VSHFLDO 70PRGH WHVW F\FOHV/ WZR KLJK0WHPSHUDWXUH PRGHV +PRGH 5 RI WKH 2,&$ WHVW
F\FOH DQG PRGH < RI WKH 1DY0< WHVW F\FOH, ZHUH VSHFLILFDOO\ VHOHFWHG IRU H[DPLQLQJ WKH HIIHFW RI IXHO
VXOIXU OHYHO RQ VXOIDWH +30, IRUPDWLRQ E\ WKH FDWDO\VW1 ,QGLYLGXDO 30 VDPSOHV DUH EHLQJ FROOHFWHG +43
PLQXWHV, GXULQJ WKH LQGLYLGXDO PRGH WHVWV1

2.4 Diesel Oxidation Catalysts

2.4.1 Program Overview

7KLV SRUWLRQ WKH '(&6( SURJUDP H[DPLQHV WKH LPSDFW RI GLHVHO IXHO VXOIXU RQ WKH SHUIRUPDQFH DQG
VKRUW0WHUP GXUDELOLW\ RI '2&V1 :KHQ WKH SURJUDP LV FRPSOHWH/ LW ZLOO KDYH DGGUHVVHG WKH IROORZLQJ
VWXG\ TXHVWLRQV=

• :KDW LV WKH LPSDFW RI GLHVHO IXHO VXOIXU OHYHO RQ 30 JHQHUDWLRQ IURP '2&0HTXLSSHG HQJLQHV"
• +RZ GRHV IXHO VXOIXU DIIHFW '2& IXQFWLRQDOLW\ LQ VKRUW0WHUP DJLQJ HYDOXDWLRQV" +RZ GRHV WKLV

GLIIHU IURP WKHUPDO VWUHVVLQJ"
• &DQ EHQHILWV +VKRXOG WKH\ H[LVW, RI XOWUD0ORZ VXOIXU IXHO EH UHFRYHUHG DIWHU HQJLQH2FDWDO\VW

RSHUDWLRQ RQ KLJKHU VXOIXU IXHOV"

7KLV LQWHULP UHSRUW FRYHUV RQO\ WKH ILUVW VWXG\ TXHVWLRQ1

2.4.2 Principle of DOC Operation

'2&V UHGXFH +&/ &2/ DQG 30 HPLVVLRQV LQ HQJLQH H[KDXVW E\ R[LGDWLRQ RYHU SUHFLRXV PHWDO
FDWDO\VWV1 30 LV ORZHUHG E\ R[LGDWLRQ RI WKH 62) RI GLHVHO 301 &DWDO\VW VHOHFWLRQ LV EDVHG RQ WKH
H[KDXVW WHPSHUDWXUH UHTXLUHPHQW1 &DWDO\VWV KLJKO\ ORDGHG ZLWK SUHFLRXV PHWDO DUH DFWLYH DW ORZHU
WHPSHUDWXUHV DQG FDQ SURYLGH LQFUHDVHG UHGXFWLRQV1 +RZHYHU/ DW KLJKHU H[KDXVW WHPSHUDWXUHV/ WKH
KLJKHU WKH ORDGLQJ/ WKH PRUH YXOQHUDEOH WKH FDWDO\VW LV WR VXOIDWH SURGXFWLRQ +DV D UHVXOW RI WKH
R[LGDWLRQ RI 625 WR 626,1 7KHUHIRUH/ ORZHU SUHFLRXV PHWDO ORDGLQJV PD\ EH GHVLUDEOH1

2.4.3 Experimental

:98 FRQGXFWHG DJLQJ DQG HYDOXDWLRQ RI WKH '2&1 (QJLQHV XVHG LQ WKLV SURJUDP ZHUH VHOHFWHG WR
UHSUHVHQW UHDVRQDEOH H[WUHPHV LQ RSHUDWLRQ1 7KH &XPPLQV ,606:3 UHSUHVHQWV D W\SLFDO KHDY\0GXW\
OLQH0KDXO WUXFN HQJLQH WKDW PHHWV 4<<< FHUWLILFDWLRQ UHTXLUHPHQWV1 7KH 1DYLVWDU 7777( +:16// 9;,
HQJLQH UHSUHVHQWV OLJKWHU0GXW\ +DQG WKXV ORZHU0H[KDXVW WHPSHUDWXUH, RSHUDWLRQ1 $JLQJ VHTXHQFHV
ZHUH FRQGXFWHG XVLQJ IXHOV ZLWK HDFK RI WKH IROORZLQJ IXHO VXOIXU OHYHOV= 6/ 63/ 483/ DQG 683 SSP1
6KHOO 5RWHOOD 7 48:73/ D ZLGHO\ XVHG FRPPHUFLDOO\ DYDLODEOH OXEULFDWLQJ RLO/ ZDV XVHG LQ DOO SKDVHV RI
WKH '(&6( SURJUDP1

7KH WHVW EHGV ZHUH HTXLSSHG ZLWK D GXDO H[KDXVW DUUDQJHPHQW ZLWK D IORZ GLYLGHU FDSDEOH RI VSOLWWLQJ
WKH H[KDXVW IORZ HTXDOO\ EHWZHHQ WKH WZR EUDQFKHV1 7KLV DOORZV WKH '2&V DQG OHDQ012[ FDWDO\VWV
WR EH DJHG RQ WKH VDPH HQJLQH +RQH RQ HDFK OHJ,1 6SHFLDO QRQ0FDWDO\]HG VXEVWUDWHV ZHUH FDQQHG
+LQVWDOOHG LQ PHWDO KRXVLQJV, IRU LQVWDOODWLRQ LQ RQH OHJ RI WKH IORZ WR PDLQWDLQ WKH IORZ EDODQFH ZKLOH
WKH RWKHU WHFKQRORJ\ LV EHLQJ HYDOXDWHG LQ WKH RSSRVLWH EUDQFK1 7DEOH 51704 GHVFULEHV HDFK RI WKH
'2&V XQGHU VWXG\1
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Table 2.4-1.  DOC Specification

Catalyst
Type

Pt Loading
(g Pt / ft3)

Substrate Size
OD x Length (cm)

Volume
Length
(cm)

# of
Substrates

Cell
Density

(cpsi)

Converter Size
OD x Length

(cm)
High-
Temperature 2 19.1 x 15.9 4.50 1 400 20.3 x 66.0
Low-
Temperature >50 17.8 x 11.8 2.92 1 400 19.1 x 40.6

1RWH= &DWDO\VWV ZHUH VL]HG WR KDQGOH KDOI RI WKH HQJLQH·V H[KDXVW IORZ1

2.4.4. Test Procedures

(YDOXDWLRQV ZHUH FRQGXFWHG RQ WKH ,606:3 HQJLQH HTXLSSHG ZLWK IUHVK +XQDJHG, GLHVHO R[LGDWLRQ
FDWDO\VWV1 %RWK HQJLQH0RXW DQG FDWDO\VW0RXW HYDOXDWLRQV ZHUH FRPSOHWHG1 3HUIRUPDQFH ZDV HYDOXDWHG
E\ PHDVXULQJ 30/ &2/ DQG +& HPLVVLRQV RYHU WKH KHDY\0GXW\ )73 DQG 7 PRGHV +PRGHV 5/ 6/ 43/
DQG 44, VHOHFWHG IURP WKH 2,&$ PRGH F\FOH +LOOXVWUDWHG LQ )LJXUH 51704,1 $ VLQJOH 30 ILOWHU ZDV
FROOHFWHG DFURVV WKH 7 PRGHV1 7KH PRGHV ZHUH LGHQWLFDO WR WKRVH XVHG LQ WKH OHDQ012[ FDWDO\VW DJLQJ
DQG HYDOXDWLRQ VHTXHQFHV +VHH 7DEOHV 51606 DQG 51607,1

Figure 2.4-1.  Test points utilized from the OICA 13-mode test cycle

3UHYLRXV WHVWLQJ E\ LQGXVWU\ KDV VKRZQ WKDW DW KLJK0ORDG/ ORZ0VSHHG FRQGLWLRQV/ WKH FRQYHUVLRQ RI
625 WR 626 LV DFFHQWXDWHG/ UHVXOWLQJ LQ DQ LQFUHDVH LQ 30 EHFDXVH RI WKH KLJKHU VXOIDWH FRQWHQW1 7R
H[SORUH WKLV HIIHFW LQ WKH '(&6( SURJUDP/ D VHSDUDWH HYDOXDWLRQ ZDV FRQGXFWHG RQ PRGH 5 RI WKH
2,&$ WHVW F\FOH1

7HVW HQJLQHV ZHUH EURNHQ LQ SHU PDQXIDFWXUHU VSHFLILFDWLRQV1 &DWDO\VWV ZHUH ´GHJUHHQHGµ IRU 43
KRXUV RI RSHUDWLRQ RQ WKH 70PRGH DJLQJ VHTXHQFH1 &DWDO\VW SHUIRUPDQFH ZDV HYDOXDWHG DQG
FRPSDUHG ZLWK HQJLQH0RXW +(2, HPLVVLRQV OHYHOV ZLWK HDFK RI WKH 7 IXHOV +60/ 630/ 4830/ 6830SSP
VXOIXU,1 (PLVVLRQV PHDVXUHPHQW +7+&/ &2/ 12[/ &25/ 625/ DQG 30, WHVWV ZHUH FRQGXFWHG1 30
ZDV FROOHFWHG RQ :30PP0GLDPHWHU 7;73+,53 3DOOIOH[ ILOWHUV1 30 ZDV GHWHUPLQHG JUDYLPHWULFDOO\ DW
:981 251/ FRQGXFWHG VXEVHTXHQW FKHPLFDO DQDO\VLV RI WKH FROOHFWHG 30 +62)/ VXOIDWH/ DQG
QLWUDWH,1

4333 4533 4733 4933 4;33 5333
3

5

(QJLQH 6SHHG 530
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5333

4833

4333

43

6

44
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Section 3

Interim Results

3.1 NOx Adsorber

5HVXOWV IURP WKH 12[ DGVRUEHU H[SHULPHQWV DUH FXUUHQWO\ EHLQJ DQDO\]HG1 ,W LV DQWLFLSDWHG WKDW WKHVH
UHVXOWV ZLOO EH UHSRUWHG LQ D VHFRQG ,QWHULP 5HSRUW/ WR EH SXEOLVKHG E\ 2FWREHU 4/ 4<<<1

3.2 Continuously Regenerating Diesel Particulate Filters and Catalyzed Diesel
Particulate Filters

3.2.1 Emissions Results

7DEOH 61504 FRQWDLQV D VXPPDU\ RI WKH HPLVVLRQV UHVXOWV ZLWK WKH 60SSP DQG 630SSP IXHO IRU WKH
'3)V1 7KH UHVXOWV DUH DOVR SUHVHQWHG LQ JUDSKLFDO IRUP LQ )LJXUHV 61504 WKURXJK 615061 (DFK ILJXUH
SORWV WKH DYHUDJH HPLVVLRQV +J2EKS0KU, ZLWK <8( FRQILGHQFH OLPLWV IRU VHOHFWHG HPLVVLRQ
FRPSRQHQWV1 (VWLPDWHG 30 UHGXFWLRQ HIILFLHQFLHV ZLWK <8( FRQILGHQFH OLPLWV DUH DOVR SURYLGHG1
7DEOH 61504 LV RUJDQL]HG E\ WHVW YDULDEOH +HPLVVLRQV/ IXHO FRQVXPSWLRQ/ DQG HQJLQH SHUIRUPDQFH,/
'3) W\SH +&'3) DQG &50'3),/ DQG WHVW W\SH +2,&$/ SHDN0WRUTXH/ DQG URDG0ORDG,1 )RU HDFK IXHO
W\SH/ DYHUDJH HPLVVLRQV +J2EKS0KU, IURP HQJLQH0RXW DQG SRVW0'3) HPLVVLRQV WHVWV DUH UHSRUWHG/ DV
ZHOO DV WKH '3) HPLVVLRQV UHGXFWLRQ HIILFLHQF\ DV D SHUFHQWDJH RI HQJLQH0RXW HPLVVLRQV1 5HVXOWV RI
WKH VWDWLVWLFDO WHVW FRPSDULQJ WKH UHGXFWLRQ HIILFLHQF\ ZLWK 3( DUH DOVR UHSRUWHG1 )RU H[DPSOH/
DYHUDJH 30 HPLVVLRQV WKURXJK WKH &'3) ZHUH 313364 J2EKS0KU/ ZKLFK LV <8( OHVV WKDQ WKH DYHUDJH
RI 313946 J2EKS0KU IURP WKH HQJLQH0RXW HPLVVLRQV WHVWV1 7KH GLIIHUHQFH LQ HPLVVLRQV +RU WKH
UHGXFWLRQ HIILFLHQF\·V GLIIHUHQFH IURP 3(, ZDV VLJQLILFDQW DW WKH 3138 OHYHO RI VWDWLVWLFDO VLJQLILFDQFH1
:LWK WKH 630SSP VXOIXU IXHO/ WKH DYHUDJH EDVHOLQH HQJLQH0RXW 30 HPLVVLRQ ZDV 313963 J2EKS0KU/
ZKLFK ZDV 6( KLJKHU WKDQ WKDW VHHQ ZLWK 60SSP VXOIXU IXHO1 +RZHYHU/ WKLV GLIIHUHQFH ZDV QRW
VWDWLVWLFDOO\ VLJQLILFDQW1 2Q WKH RWKHU KDQG/ WKH 30 UHGXFWLRQ HIILFLHQF\ GURSSHG IURP <8( WR :7(
+D 54 SHUFHQWDJH0SRLQW GHFUHDVH, ZLWK KLJKHU VXOIXU IXHO1

,Q JHQHUDO/ 30 UHGXFWLRQ HIILFLHQFLHV EDVHG RQ 2,&$/ SHDN0WRUTXH/ DQG URDG0ORDG HPLVVLRQ WHVWV
XVLQJ 60SSP VXOIXU IXHO UDQJHG IURP <4( WR <:(1 +RZHYHU/ ZLWK 630SSP IXHO/ 30 UHGXFWLRQ
HIILFLHQFLHV +5(, ZHUH UHGXFHG WR OHYHOV RI :5( WR ;4(1 7KH GLIIHUHQFHV +5(6305(6, ZHUH DOO
VWDWLVWLFDOO\ VLJQLILFDQW1 )RU SHDN0WRUTXH HPLVVLRQV/ D SRUWLRQ RI WKLV VXOIXU HIIHFW LV FDXVHG E\ WKH 46
SHUFHQWDJH0SRLQW LQFUHDVH LQ HQJLQH0RXW SHDN0WRUTXH HPLVVLRQV ZLWK 630SSP VXOIXU IXHO1 7KLV
LQFUHDVH ZDV VWDWLVWLFDOO\ VLJQLILFDQW1 7KH 2,&$ DQG URDG0ORDG WHVWV ZLWK 630SSP VXOIXU IXHO ZHUH
DERXW WKH VDPH DV ZKHQ WHVWLQJ ZLWK 60SSP VXOIXU IXHO1 7KXV/ LW DSSHDUV WKDW IXHO VXOIXU GLUHFWO\
DIIHFWV WKH 30 UHGXFWLRQ SHUIRUPDQFH RI WKH '3)1

,W KDV EHHQ REVHUYHG LQ SDVW HQJLQH WHVWV +ZLWKRXW FDWDO\VWV, WKDW W\SLFDOO\ 4( WR 6( RI WKH IXHO VXOIXU
LV FRQYHUWHG WR VXOIDWH WKURXJK WKH GLHVHO FRPEXVWLRQ SURFHVV1 +RZHYHU/ LQ WKH SUHVHQFH RI D
SUHFLRXV PHWDO FDWDO\VW/ WKH FRQYHUVLRQ RI VXOIXU LV LQFUHDVHG1 7KH GDWD REWDLQHG LQ WKLV VWXG\/
DOWKRXJK QRW \HW FRQILUPHG E\ SDUWLFXODWH IUDFWLRQ DQDO\VLV/ DSSHDU WR GHPRQVWUDWH WKLV1 )RU
H[DPSOH/ ZKHQ FRPSDULQJ WRWDO 30 HPLVVLRQV GXULQJ RSHUDWLRQ ZLWK 60SSP DQG 630SSP VXOIXU IXHOV
DW WKH SHDN WRUTXH WHVW FRQGLWLRQ/ HQJLQH0RXW 30 HPLVVLRQV LQFUHDVHG IURP 313765 WR 3137;< J2EKS0
KU/ DQ LQFUHDVH RI 46(1 5HVXOWV IURP WKH '3) GHYLFHV ZKHQ WHVWHG DW WKHVH VDPH FRQGLWLRQV VKRZHG
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Table 3.2-1.  Interim Emission Results for DPFs

Fuel Sulfur Level

3 ppm 30 ppm

Variable Filter
Type

Test Type Baseline Engine
Out Test

Post DPF
Test

Reduction
Efficiency (%)

Baseline Engine
Out Test

Post DPF
Test

Reduction
Efficiency (%)

Sulfur EO
Effect (%)

RE30-RE3
(%)

OICA 0.0613 0.0031     95** 0.0630 0.0166     74** 3  -21**

CDPF Peak Torque 0.0432 0.0031     93** 0.0489 0.0137     72**   13**  -21**

PM Road Load 0.0410 0.0026     94** 0.0414 0.0082     80** 1  -14**

(g/bhp-hr) OICA 0.0613 0.0032     95** 0.0630 0.0176     72** 3  -23**

CR-DPF Peak Torque 0.0432 0.0039     91** 0.0489 0.0133     73**   13**  -18**

Road Load 0.0410 0.0012     97** 0.0414 0.0088     81** 1  -17**

OICA 0.0542 0.0228 58 0.0560 0.0182     68** 3 10

CDPF Peak Torque 0.0220 0.0064     71** 0.0194 0.0041     79** -12 8

HC Road Load 0.0344 0.0093     73** 0.0352 0.0067     81** 2 8

(g/bhp-hr) OICA 0.0542 0.0136     75** 0.0560 0.0052     91** 3   16*

CR-DPF Peak Torque 0.0220 0.0040     82** 0.0194 0.0030     85** -12 3

Road Load 0.0344 0.0040     88** 0.0352 0.0031     91** 2 3

OICA 0.98 0.06     94** 0.96 0.02     98** -2    4*

CDPF Peak Torque 1.36 0.02     99** 1.36 0.01     99** 0 1

CO Road Load 0.66 0.02     98** 0.68 0.03     96** 3 -1

(g/bhp-hr) OICA 0.98 0.10     90** 0.96 0.06     94** -2 4

CR-DPF Peak Torque 1.36 0.05     97** 1.36 0.04     97** 0 0

Road Load 0.66 0.02     97** 0.68 0.03     96** 3 -1

OICA 4.94 4.92      0* 4.98 4.80      4* 1    3**

CDPF Peak Torque 4.45 4.42      1* 4.45 4.32      3* 0    2**

NOx Road Load 4.26 4.22      1* 4.36 4.25      3*    2**    2**

(g/bhp-hr) OICA 4.94 4.96 0 4.98 4.84      3* 1    3**

CR-DPF Peak Torque 4.45 4.41      1* 4.45 4.28      4* 0    3**

Road Load 4.26 4.29     -1* 4.36 4.15      5*    2**    6**

OICA 0.355 0.359     -1** 0.359 0.360 0    1**    1**

CDPF Peak Torque 0.341 0.344     -1** 0.342 0.346     -1**    0*   -0*

BSFC Road Load 0.344 0.347     -1** 0.346 0.347 0    1**    1**

(lbs/bhp-hr) OICA 0.355 0.362     -2** 0.359 0.363     -1**    1**    1**

CR-DPF Peak Torque 0.341 0.347     -2** 0.342 0.346     -1**    0*    1**

Road Load 0.344 0.350     -2** 0.346 0.352     -2**    1** 0

*Different from 0% at 0.10 level of statistical significance.
**Different from 0% at 0.05 level of statistical significance.
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Figure 3.2-1.  Effect of fuel sulfur level on PM emissions
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Figure 3.2-2.  Effect on fuel sulfur level on PM reduction efficiency
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Figure 3.2-3.  Effect of fuel sulfur level on OICA cycle emissions (HC, CO, NO x, and BSFC)
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VLJQLILFDQWO\ ODUJHU LQFUHDVHV1 7RWDO 30 HPLVVLRQV IURP WKH &50'3)/ IRU H[DPSOH/ LQFUHDVHG IURP
31336< WR 313466 J2EKS0KU/ DQ LQFUHDVH RI 574(1

+HUH DUH VRPH REVHUYDWLRQV UHODWHG WR JDVHRXV HPLVVLRQV DQG IXHO FRQVXPSWLRQ ZLWK 60SSP DQG 630
SSP VXOIXU IXHO=

• %RWK '3)V UHGXFH HPLVVLRQV RI +& DQG &2/ EXW E\ GLIIHUHQW DPRXQWV1 )RU H[DPSOH/ WKH
&'3) +& UHGXFWLRQ HIILFLHQF\ LV 8;( WR :6(/ ZKLOH WKH &50'3) GHYLFH KDV +& UHGXFWLRQ
HIILFLHQF\ RI :8( WR <3(1 7KHUH LV QR FRQVLVWHQW VWDWLVWLFDO HYLGHQFH WKDW WKH UHGXFWLRQ
HIILFLHQFLHV DUH DIIHFWHG E\ WKH GLIIHUHQFH LQ VXOIXU OHYHOV1

• 7KH 12[ UHGXFWLRQ ZLWK WKH FRQWURO GHYLFHV YDULHG IURP 4( WR 8(/ SUREDEO\ GXH WR WKH LQFUHDVH
LQ EDFN0SUHVVXUH WKDW WKH FRQWURO GHYLFHV DSSO\ WR WKH HQJLQH1

• 7KHUH ZDV QR HYLGHQFH RI GLIIHUHQFHV LQ HQJLQH SHUIRUPDQFH DFURVV WKH WHVWV ZLWK WKH H[FHSWLRQ
WKDW IXHO FRQVXPSWLRQ LQFUHDVHG E\ 405( ZKHQ XVLQJ WKH &50'3) DQG &'3)1 7KLV LV FDXVHG E\
WKH LQFUHDVHG H[KDXVW EDFN0SUHVVXUH FUHDWHG E\ WKH &50'3) DQG &'3)1

7KH ILQDO UHSRUW ZLOO FRQWDLQ VLPLODU DQDO\VHV RI HPLVVLRQV GDWD ZLWK 4830SSP DQG 6830SSP VXOIXU
IXHO1 ,W ZLOO DOVR DGGUHVV WKH UHODWLRQVKLSV EHWZHHQ HQJLQH RSHUDWLQJ FRQGLWLRQV/ IXHO VXOIXU OHYHO/ DQG
DJH RI WKH ILOWHU1

3.2.2 Results from Balance Point Temperature Tests

7KLV LQWHULP UHSRUW SUHVHQWV WKH UHVXOWV RI %37 WHVWV ZLWK &'3) DQG &50'3) GHYLFHV RSHUDWLQJ DW
WKUHH HQJLQH VSHHGV +4/773> 4:33> DQG 5/333 USP, ZLWK 60SSP DQG 630SSP VXOIXU IXHO1 ,QLWLDOO\/ WKUHH
WHVWV ZHUH SHUIRUPHG IRU HDFK FRPELQDWLRQ RI '3) W\SH/ HQJLQH VSHHG/ DQG IXHO W\SH1 )ROORZLQJ
FRPSOHWLRQ RI WKH WKUHH WHVW UXQV ZLWK WKH &50'3) DQG WKH ILUVW WHVW UXQ ZLWK &'3) XVLQJ 60SSP
VXOIXU IXHO/ WKH WHVW SURWRFRO ZDV PRGLILHG WR LPSURYH WKH UHSHDWDELOLW\ RI WHVW UHVXOWV1 7KH PRVW
VLJQLILFDQW FKDQJH ZDV WR VSHFLI\ WKDW WKH WHVW WHPSHUDWXUHV EH QHDUO\ WKH VDPH IRU DOO WHVWV1 $OO WKH
630SSP WHVWV ZHUH SHUIRUPHG XQGHU WKH QHZ SURWRFRO1

7DEOHV 61505 DQG 61506 FRQWDLQ WKH HVWLPDWHG %37V DQG FRQILGHQFH LQWHUYDOV IRU HDFK WHVW UXQ ZLWK
WKH &'3) DQG &50'3) WHFKQRORJLHV/ UHVSHFWLYHO\1 )RU H[DPSOH/ WKH HVWLPDWHG %37V IRU &'3) DW
4/773 USP ZLWK 630SSP IXHO YDU\ EHWZHHQ 673(& WR 687(&/ ZLWK DQ DYHUDJH RI 67:(&1 7KH
HVWLPDWHG %37 EDVHG RQ WKH FRPELQHG GDWD VHW LV 67<(&1 1LQHW\0ILYH SHUFHQW FRQILGHQFH LQWHUYDOV
DUH SURYLGHG IRU HDFK HVWLPDWH DV ZHOO DV IRU WKH GLIIHUHQFH LQ HVWLPDWHV DFURVV IXHO W\SHV1 8VLQJ WKH
´DYHUDJLQJµ PHWKRG/ ZH FDQQRW FRQFOXGH WKDW WKH GLIIHUHQFH +67:(& YHUVXV 656(&, LV VWDWLVWLFDOO\
VLJQLILFDQW +EHFDXVH WKH FRQILGHQFH LQWHUYDO FRQWDLQV WKH YDOXH ]HUR,1 2Q WKH RWKHU KDQG/ XVLQJ WKH
´SRROLQJµ PHWKRG/ LW DSSHDUV WKDW WKH GLIIHUHQFH LV VLJQLILFDQW1 ,Q WKLV FDVH/ WKH PRUH FRQVHUYDWLYH
´DYHUDJLQJµ PHWKRG VKRXOG EH XVHG EHFDXVH WKHUH LV HYLGHQFH RI UXQ0WR0UXQ YDULDELOLW\1

)LJXUHV 61507 DQG 61508 VKRZ WKH UDZ GDWD DQG WKH ´SRROHGµ HVWLPDWHG %37 IRU HDFK IXHO OHYHO1 ,Q
JHQHUDO ZH VHH WKDW %37V DUH VOLJKWO\ KLJKHU ZLWK WKH 630SSP IXHO FRPSDUHG WR WKH 60SSP IXHO1
+RZHYHU/ PRVW RI WKH GLIIHUHQFHV DUH QRW VWDWLVWLFDOO\ VLJQLILFDQW1 *LYHQ VRPH RI WKH XQFHUWDLQWLHV LQ
WKH GDWD/ LW LV WRR HDUO\ WR UHDFK GHILQLWLYH FRQFOXVLRQV DERXW WKH HIIHFWV RI IXHO VXOIXU RQ WKH
UHJHQHUDWLRQ SHUIRUPDQFH RI WKHVH '3)V1 $GGLWLRQDO WHVWV DUH SODQQHG ZLWK 4830SSP DQG 6830SSP
IXHOV1
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Table 3.2-2 CDPF Balance Point Temperature Estimates with 95% Confidence Limits

Fuel Type

3 ppm 30 ppmEngine Speed
(rpm) Run No.

n BPT in °°°°C n BPT in °°°°C Difference

1

��������������������������������������������������
��������������������������������������������������

������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������ 5 340 (336, 344)

����������������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������ ��������������������������������������������������

2 5 335 (<350) 5 349 (344, 354)

����������������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������

3 5 311 (<326) 5 354 (347, 360)

�����������������������������������������������
����������������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������

Average

��������������������������������������������������
�������������������������������������������������� 323 (171, 476)

����������������������������������������������
���������������������������������������������� 347 (330, 365) 24 (-80, 128)

1440

Pooled 10 323 (<344) 15 349 (340, 357) 25 ( 2, 58)

1

��������������������������������������������������
��������������������������������������������������

������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������ 5 335 (327, 342)

����������������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������ ��������������������������������������������������

2 5 326 (305, 341) 5 377 (<394)

����������������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������
�����������������������������������������������

3 5 343 (322, 357) 5 356 (350, 361)
����������������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������

Average

��������������������������������������������������
�������������������������������������������������� 335 (225, 444)

����������������������������������������������
���������������������������������������������� 356 (304, 408) 21 (-26, 69)

1700

Pooled 10 337 (324, 348) 15 344 (<367) 7 (-19, 33)

1

��������������������������������������������������
��������������������������������������������������

������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������ 5 381 (362, 428)

����������������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������ ��������������������������������������������������

2 5 377 (367, 394) 5 391 (365, 551)

�����������������������������������������������
���������������������������������������������������������������������������������������������������������������������������������������������
�����������������������������������������������

3 5 381 (367, 408) 5 397 (382, 425)

����������������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������

4

��������������������������������������������������
��������������������������������������������������

������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������

7 437 (425, 447)

����������������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������

2000

Average

�������������������������
��������������������������������������������������
�������������������������������������������������� 379 (357, 401)

�����������������������
����������������������������������������������
���������������������������������������������� 401 (362, 441) 23 (-16, 62)

Pooled 10 380 (>351) 22 437 (428, 446) 58 (27, 89)

1RWH= 6ORSHV RI WKH GHOWD0S +YHUVXV WLPH, JHQHUDWHG IURP 6SSP UXQ 4 GDWD ZHUH H[FOXGHG IURP WKH DQDO\VLV1

Table 3.2-3.  CR-DPF Balance Point Temperature Estimates with 95% Confidence Limits

Fuel Type

3 ppm 30 ppmEngine Speed
(rpm)

Run No.
n BPT in °°°°C n BPT in °°°°C Difference

1 5 256 (<266) 5 312 (303, 319)
������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������
�����������������������������������������������

2 5 296 (<312) 5 312 (<325)

������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������

3

��������������������������
������������������������������������������������������������������������������
��������������������������

������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������ 5 290 (<323)

���������������������������������������������
���������������������������������������������������������������������������������������������������������������������������������������
���������������������������������������������

Average

����������������������������������������������������
���������������������������������������������������� 276 (22, 530)

����������������������������������������������
���������������������������������������������� 304 (273, 335) 29 (-138, 196)

1440

Pooled 10 262 (<293) 15 302 (<313) 41 ( 8, 74)

1 5 320 (<347) 5 302 (<310)

������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������
�����������������������������������������������

2 5 268 (264, 272) 5 NA

������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������

3 5 271 (<288) 5 NA

���������������������������������������������
������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������

Average

����������������������������������������������������
���������������������������������������������������� 287 (214, 359)

����������������������������������������������
���������������������������������������������� 302 (-) 15 (-57, 88)

1700

Pooled 15 256 (<295) 15 NA NA

1 4 324 (323, 325) 5 339 (<356)

������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������
�����������������������������������������������

2 5 306 (298, 314) 5 324 (319, 328)

������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������
���������������������������������������������

3 5 305 (296, 313) 5 349 (<361)
������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������

Average

����������������������������������������������������
���������������������������������������������������� 312 (286, 338)

����������������������������������������������
���������������������������������������������� 337 (306, 368) 25 (-1, 52)

2000

Pooled 14 313 (308, 318) 15 336 (321, 347) 23 (9, 37)

-- 'DWD IURP WHVW DW 758°& DW 5333 USP IRU 5XQ 4 ZDV H[FOXGHG IURP WKH DQDO\VLV1
1$  %37 HVWLPDWH QRW DYDLODEOH
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Figure 3.2-4.  BPT test results for CDPF at three engine speeds
(test results from run #1 with 3-ppm sulfur fuel are not included)
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Figure 3.2-5.  BPT test results with CR-DPF at three engine speeds
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7ZR LPSRUWDQW GHFLVLRQV ZHUH PDGH FRQFHUQLQJ WKH LQFOXVLRQ DQG H[FOXVLRQ RI GDWD1 )LUVW/ WKH LQLWLDO
WHVWV RQ &'3) ZLWK 60SSP IXHO ZHUH HOLPLQDWHG/ EHFDXVH DOO WKH UHPDLQLQJ WHVW UXQV ZHUH SHUIRUPHG
XQGHU WKH QHZ SURWRFRO1 ,W ZDV QRW SRVVLEOH WR GR WKLV IRU &50'3) ZLWKRXW ORVLQJ DOO WKH 60SSP
WHVWV UHVXOWV1 $QRWKHU GHFLVLRQ H[FOXGHG RQH GDWD SRLQW IURP D 60SSP WHVW DW 5/333 USP ZLWK WKH
&50'3) GHYLFH1 7KH GHOWD0S VORSH DW WKH KLJKHVW WHPSHUDWXUH +758(&, LQFUHDVHG VLJQLILFDQWO\1
$OWKRXJK QR FDXVH ZDV IRXQG IRU WKLV UHVXOW/ WKH SRLQW ZDV HOLPLQDWHG EHFDXVH WKH WHPSHUDWXUH ZDV
EH\RQG WKH UDQJH RI WHPSHUDWXUHV IRU RWKHU WHVWV DQG LW KDG D ODUJH LQIOXHQFH RQ WKH ILWWHG PRGHO1
7KLV LV VKRZQ LQ )LJXUH 615081

,Q VRPH FDVHV +VSHFLILFDOO\ &50'3) DW 4/:33 USP ZLWK 630SSP IXHO,/ LW ZDV QRW SRVVLEOH WR FDOFXODWH
D %37 EHFDXVH WKH VORSH RI GHOWD0S LV HVWLPDWHG WR EH OHVV WKDQ ]HUR DW QHDUO\ DOO HQJLQH VSHHGV WHVWHG1
)RU WKLV LQWHULP UHSRUW/ WKH GDWD DUH HOLPLQDWHG1 +RZHYHU/ WKH ILQDO UHSRUW ZLOO FRQWDLQ D PRUH
FRPSUHKHQVLYH DQDO\VLV RI WKHVH GDWD1

7KHVH LQWHULP UHVXOWV LQGLFDWH WKDW IXHO VXOIXU PD\ WHQG WR LQFUHDVH WKH %37 RI WKH '3)1 +RZHYHU/
ILUP FRQFOXVLRQV FDQ QRW EH UHDFKHG DW WKLV WLPH1 7KH ILQDO UHSRUW/ ZKLFK ZLOO FRQWDLQ UHVXOWV IURP
WKH 4830SSP DQG 6830SSP %37 WHVWV/ DV ZHOO DV UHVXOWV IURP WKH FRQILUPDWRU\ WHVWV XVLQJ WKH
´WHPSHUDWXUHµ WHVW SURWRFRO/ ZLOO \LHOG PRUH GHILQLWLYH FRQFOXVLRQV1

3.3 Lean-NOx Catalysts

7KLV LQWHULP UHSRUW LV DLPHG DW HYDOXDWLQJ WKH KLJK0WHPSHUDWXUH OHDQ012[ FDWDO\VW EDVHOLQH1 7KH
SXUSRVH RI FRQGXFWLQJ WKH FDWDO\VW EDVHOLQH WHVW LV WR HYDOXDWH WKH HIIHFW RI IXHO VXOIXU OHYHOV RQ IUHVK
FDWDO\VW SHUIRUPDQFH1

7KH UHVXOWV RI WKH KLJK0WHPSHUDWXUH OHDQ012[ FDWDO\VW EDVHOLQH WHVWV DUH VXPPDUL]HG LQ 7DEOH 616041
,I D JLYHQ WHVW ZDV UHSHDWHG/ WKH HPLVVLRQV DQG %6)& YDOXHV SUHVHQWHG LQ WKH WDEOH DUH DYHUDJH YDOXHV
RI WKH WZR WHVWV1 ([FHSW IRU 625 GDWD/ DOO FULWLFDO JDVHRXV HPLVVLRQV UHGXFWLRQ GDWD KDYH D <8(
FRQILGHQFH OHYHO DFFRUGLQJ WR D VWDWLVWLFDO DQDO\VLV1

*HQHUDOO\/ OHDQ012[ FDWDO\VWV DUH WHPSHUDWXUH VHQVLWLYH1 7KH RSHUDWLQJ WHPSHUDWXUH RI WKH KLJK0
WHPSHUDWXUH OHDQ012[ FDWDO\VW UDQJHG EHWZHHQ 693°& DQG 933°& DV H[SHFWHG1 :LWK UHJDUG WR WKH
IRXU VHOHFWHG 2,&$ PRGHV +44/ 6/ 43 DQG 5,/ PRGH 44 LV RXW RI WKH WHPSHUDWXUH ZLQGRZ RI WKH KLJK0
WHPSHUDWXUH OHDQ012[ FDWDO\VW> PRGH 6 LV DW WKH ORZ HGJH RI WKH ZLQGRZ> DQG PRGHV 43 DQG 5 DUH
ZLWKLQ WKH ZLQGRZ +DV VKRZQ LQ 7DEOH 51608,1 $W PRGH 6/ WKH GHYHORSPHQW ZRUN VKRZHG WKDW WKH
VPDOO DPRXQW RI VHFRQGDU\ IXHO LQMHFWLRQ KDG OLWWOH HIIHFW RQ 12[ UHGXFWLRQ/ EXW FUHDWHG 7+& DQG
&2 VOLSSDJH1 7KHUHIRUH/ ERWK PRGHV 44 DQG 6 +5:6( DQG 6;3(& LQ )LJXUH 61604, ZHUH NHSW DV SDVVLYH
PRGHV ZLWKRXW LQMHFWLQJ DQ\ VHFRQGDU\ IXHO1 &RQVLGHULQJ WKH VHFRQGDU\ IXHO LQMHFWLRQ DW PRGHV 43
DQG 5/ D FRPSURPLVH ZDV PDGH EHWZHHQ 12[ UHGXFWLRQ HIILFLHQF\ DQG E\0SURGXFWV HPLVVLRQV1 7KH
RSWLPDO VHFRQGDU\ IXHOLQJ UDWHV ZHUH 616( DQG :18(/ UHVSHFWLYHO\1 )LJXUH 61604 VKRZV WKH HIIHFW RI
GLHVHO VXOIXU OHYHO RQ 12[ UHGXFWLRQ HIILFLHQF\1
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Table 3.3-1.  Fresh Performance of the High-Temperature Lean-NO x Catalyst

Mode
NOx

(g/bhp-hr)
PM

(g/bhp-hr)
HC

(g/bhp-hr)

Definition
Fuel Sulfur Level

(ppm) 3 30 150 350 3 30 150 350 3 30 150 350
Converter-Out  4-Mode Weighted 5.21 5.51 4.93 5.37 0.0570 0.0701 0.0717 0.0740 0.55 0.49 0.34 0.46

Engine-Out  4-Mode Weighted 6.19 6.53 5.57 6.20 0.0681 0.0677 0.0568 0.0780 0.16 0.18 0.16 0.17

Efficiency, %  4-Mode Weighted 15.95 15.58 11.50 13.30 16.32 -3.44 -26.20 5.20 -246 -173 -112 -169

Converter-Out 11 6.47 6.58 6.12 6.26 . . . . 0.00 0.00 0.00 0.00

Engine-Out 11 6.53 6.65 6.16 6.51 . . . . 0.42 0.47 0.41 0.47

Efficiency, % 11 0.83 0.99 0.59 3.89 . . . . 100 100 100 100

Converter-Out 3 6.11 6.36 5.75 6.11 . . . . 0.00 0.00 0.00 0.00

Engine-Out 3 6.37 6.53 5.66 6.28 . . . . 0.18 0.21 0.17 0.20

Efficiency, % 3 4.05 2.59 -1.55 2.57 . . . . 100 100 100 100

Converter-Out 10 5.29 5.63 5.05 5.55 . . . . 0.90 0.88 0.63 0.77

Engine-Out 10 6.12 6.48 5.54 6.25 . . . . 0.16 0.18 0.17 0.17

Efficiency, % 10 13.42 13.03 8.74 11.24 . . . . -469 -397 -274 -353

Converter-Out 2 4.15 4.49 3.91 4.40 . . . . 0.73 0.61 0.39 0.59

Engine-Out 2 6.09 6.58 5.45 6.03 . . . . 0.11 0.12 0.12 0.11

Efficiency, % 2 31.91 31.69 28.26 27.09 . . . . -565 -409 -233 -436

Converter-Out OICA-2 4.32 4.63 4.03 4.17 0.0125 0.0148 0.0180 0.0170 0.81 0.77 0.48 0.59

Engine-Out OICA-2 6.12 6.49 5.56 5.96 0.0117 0.0133 0.0116 0.0128 0.10 0.11 0.11 0.11

Efficiency, % OICA-2 29.36 28.67 27.65 30.02 -6.40 -11.66 -54.21 -32.61 -691 -605 -348 -451

Mode
CO

(g/bhp-hr)
CO2

(g/bhp-hr)
BSFC

(lb/bhp-hr)

Definition
Fuel Sulfur Level

(ppm) 3 30 150 350 3 30 150 350 3 30 150 350
Converter-Out  4-Mode Weighted 1.93 1.60 1.64 1.99 489 479 451 479 0.345 0.337 0.318 0.339

Engine-Out  4-Mode Weighted 0.23 0.21 0.25 0.27 489 479 451 479 0.342 0.335 0.316 0.336

Efficiency, %  4-Mode Weighted -725 -652 -569 -641 0.00 0.00 0.00 0.00 -0.79 -0.61 -0.65 -0.83

Converter- Out 11 1.06 1.04 0.91 0.96 590 575 551 571 0.412 0.401 0.385 0.398

Engine-Out 11 0.82 0.81 0.93 0.95 590 575 551 571 0.412 0.402 0.386 0.400

Efficiency, % 11 -28.2 -28.7 2.5 -1.4 0.00 0.00 0.00 0.00 0.00 0.25 0.26 0.50

Converter- Out 3 0.30 0.41 0.37 0.42 489 478 446 477 0.340 0.333 0.311 0.333

Engine-Out 3 0.24 0.21 0.26 0.29 489 478 446 477 0.341 0.333 0.311 0.333

Efficiency, % 3 -27.7 -90.2 -40.3 -45.5 0.00 0.00 0.00 0.00 0.29 0.00 0.00 0.00

Converter- Out 10 1.64 1.87 2.02 2.00 484 473 442 475 0.340 0.333 0.311 0.335

Engine-Out 10 0.18 0.16 0.17 0.19 484 473 442 475 0.337 0.330 0.308 0.331

Efficiency, % 10 -837 -1074 -1080 -950 0.00 0.00 0.00 0.00 -0.89 -0.91 -0.97 -1.06

Converter- Out 2 3.82 2.42 2.42 3.54 484 475 453 476 0.343 0.334 0.319 0.337

Engine-Out 2 0.23 0.21 0.24 0.26 484 475 453 476 0.337 0.331 0.316 0.332

Efficiency, % 2 -1541 -1075 -928 -1242 0.00 0.00 0.00 0.00 -1.63 -0.91 -0.95 -1.51

Converter- Out OICA-2 4.05 2.69 2.88 3.60 484 475 453 476 0.343 0.335 0.320 0.337

Engine-Out OICA-2 0.23 0.24 0.23 0.25 484 475 453 476 0.337 0.331 0.316 0.332

Efficiency, % OICA-2 -1675 -1005 -1162 -1365 0.00 0.00 0.00 0.00 -1.78 -1.21 -1.27 -1.51
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Figure 3.3-1. Effect of diesel sulfur level on the fresh high-temperature
lean-NO x catalyst performance (Cummins ISM engine)

$V LQGLFDWHG/ WKH FDWDO\VW LQOHW WHPSHUDWXUH SOD\V D NH\ UROH LQ OHDQ012[ FDWDO\VW SHUIRUPDQFH1 $V IDU
DV WKH IXHO VXOIXU HIIHFW LV FRQFHUQHG/ WKH 630SSP VXOIXU IXHO VKRZHG OLWWOH HIIHFW RQ WKH 12[
UHGXFWLRQ HIILFLHQF\1 5HODWLYH WR WKH V\VWHP SHUIRUPDQFH ZKHQ RSHUDWLQJ RQ 60SSP VXOIXU/ ZKHQ
LQFUHDVLQJ WKH GLHVHO VXOIXU OHYHO WR 483 SSP/ WKH 12[ UHGXFWLRQ HIILFLHQF\ GURSSHG FRQVLGHUDEO\ IRU
VHYHUDO PRGHV1 )XUWKHU LQFUHDVLQJ WKH GLHVHO VXOIXU OHYHO WR 683 SSP/ WKH FDWDO\VW SHUIRUPHG EHWWHU
WKDQ ZLWK WKH 4830SSP VXOIXU IXHO1 7KH UHDVRQ IRU WKLV LV XQFOHDU1 %HDU LQ PLQG WKDW WKLV VWXG\ ZDV
EDVHG RQ WKH IUHVK FDWDO\VW SHUIRUPDQFH +EDVHOLQH,1 7KH HIIHFW RI GLHVHO VXOIXU OHYHO RQ FDWDO\VW
GHDFWLYDWLRQ ZLOO EH H[DPLQHG ODWHU LQ WKH SURJUDP1

Figure 3.3-2.  Effect of diesel sulfur level on NO x reduction efficiency of the fresh high-
temperature lean-NO x catalyst (Cummins ISM engine, 4-mode composite and OICA mode 2)

7KH HIIHFW RI GLHVHO VXOIXU OHYHO RQ 12[ UHGXFWLRQ HIILFLHQF\ LV IXUWKHU GHSLFWHG LQ )LJXUH 616051 %RWK
70PRGH ZHLJKWHG FRPSRVLWH UHVXOWV DQG PRGH 5 UHVXOWV DUH FRPSDUHG1 :LWK 4830SSP VXOIXU IXHO/ WKH
12[ UHGXFWLRQ HIILFLHQF\ +70PRGH FRPSRVLWH, GURSSHG E\ 718 SHUFHQWDJH SRLQWV FRPSDUHG ZLWK WKDW
RI WKH 60SSP VXOIXU IXHO1 $W KLJK WHPSHUDWXUH +85;°&, DQG ZLWK KLJK VHFRQGDU\ IXHOLQJ UDWH +:18(,/
WKH VXOIXU OHYHO DSSHDUV WR KDYH OHVV HIIHFW RQ WKH 12[ UHGXFWLRQ HIILFLHQF\ DW PRGH 51
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2QH RI WKH PDLQ FRQFHUQV LV WKH HIIHFW RI GLHVHO VXOIXU OHYHO RQ 30 HPLVVLRQV WKDW UHVXOWV IURP VXOIDWH
IRUPDWLRQ E\ D OHDQ012[ FDWDO\VW1 )LJXUH 61606 GHPRQVWUDWHV WKDW WKH LQFUHDVH LQ GLHVHO VXOIXU OHYHO
FDQ GUDVWLFDOO\ LQFUHDVH WKH 30 HPLVVLRQV XQGHU ERWK WKH 70PRGH WHVW F\FOH FRQGLWLRQ DQG WKH 2,&$
PRGH 5 FRQGLWLRQ1 .LQHWLFDOO\/ WKH KLJKHU WKH FDWDO\VW WHPSHUDWXUH/ WKH KLJKHU WKH VXOIDWH0PDNLQJ UDWH
RI D FDWDO\VW1 7KH ORZHU 30 UHGXFWLRQ +RU KLJKHU 30 HPLVVLRQ, DW WKH 2,&$ PRGH 5 FRUUHVSRQGV
ZLWK WKLV SULQFLSOH1 7KH HPLVVLRQ UHGXFWLRQ IRU WKH 6830SSP VXOIXU IXHO LV JUHDWHU WKDQ WKDW IRU WKH
4830SSP IXHO1 7KLV DSSDUHQWO\ DQRPDORXV UHVXOW ZLOO EH LQYHVWLJDWHG DV WKH DJLQJ WHVWV DUH FRQGXFWHG1

Figure 3.3-3.  Effect of diesel sulfur level on PM reduction with the fresh high-temperature
lean-NO x catalyst (Cummins ISM engine, 4-mode composite and OICA mode 2)

:KHQ DSSO\LQJ D FDWDO\WLF FRQYHUWHU/ E\0SURGXFW HPLVVLRQV DUH D SRWHQWLDO LVVXH1 %HFDXVH WKH
VHFRQGDU\ IXHO PXVW EH DGGHG +DV D UHGXFWDQW, WR UHGXFH 12[ XQGHU D OHDQ HQYLURQPHQW/ WKH E\0
SURGXFW LVVXH ZLWK D OHDQ012[ FDWDO\VW LV PRUH VHYHUH1 $OWKRXJK WKH 7+& DQG &2 HPLVVLRQV ZHUH
FRPSURPLVHG E\ UHGXFLQJ 12[ UHGXFWLRQ HIILFLHQF\ LQ WKLV VWXG\/ FRQVLGHUDEOH DPRXQWV RI 7+&
DQG &2 ZHUH VWLOO DEOH WR EUHDN WKURXJK WKH KLJK0WHPSHUDWXUH OHDQ012[ FRQYHUWHU ZKHQ LQMHFWLQJ
VHFRQGDU\ IXHO +PRGHV 43 DQG 5/ DV VKRZQ LQ 7DEOH 51608,1 7R VXPPDUL]H/ WKH E\0SURGXFW HPLVVLRQV
DFURVV WKH 70PRGH WHVW F\FOH DUH GLVSOD\HG LQ )LJXUH 616071 (YLGHQWO\/ WKH KLJK0WHPSHUDWXUH OHDQ0
12[ FDWDO\VW KDG GLIILFXOW\ LQ HIIHFWLYHO\ FOHDQLQJ XS WKH 7+& HPLVVLRQV ZLWK VHFRQGDU\ IXHOLQJ1
0RUH LPSRUWDQWO\/ WKH FDWDO\VW DSSDUHQWO\ KDV SRRU R[LGDWLRQ SRZHU IRU +&1 7KH KLJK &2
HPLVVLRQV DIWHU WKH FRQYHUWHU LQGLFDWH WKDW WKH SDUWLDO R[LGDWLRQ RI +& ZDV RQH RI WKH PDLQ FDWDO\WLF
UHDFWLRQV1 )RU WKH '(&6( SURJUDP/ WKH OHDQ012[ FDWDO\VW ZDV QRW VL]HG WR FOHDQ XS 7+& DQG &2
HPLVVLRQV1 $ PRGHUQ '2& FDQ EH XVHG WR FOHDQ XS WKH 7+& DQG &2 HPLVVLRQV GRZQVWUHDP RI D
OHDQ012[ FDWDO\VW LQ SUDFWLFDO DSSOLFDWLRQV1
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Figure 3.3-4.  A  comparison of by-product emissions between the converter-out and engine-out
with the high-temperature lean-NO x catalyst

(Cummins ISM engine, 3-ppm fuel, 4-mode composite)

7KH KLJK0WHPSHUDWXUH OHDQ012[ FDWDO\VW KDV WKH SRWHQWLDO WR PDNH 627 RU 30 LI WKH GLHVHO VXOIXU
OHYHO LV KLJK HQRXJK WR SURYLGH D VXLWDEOH 625 FRQFHQWUDWLRQ1 $FFRUGLQJ WR WKH FKHPLFDO EUHDNGRZQ
DQDO\VLV FRQGXFWHG E\ 251// WKH 627 HPLVVLRQ GDWD DUH SUHVHQWHG LQ )LJXUHV 61608 DQG 616091 2QO\
WKH SULPDU\ SDUWLFXODWH ILOWHUV ZHUH DQDO\]HG IRU WKH SXUSRVHV RI WKLV UHSRUW1 $V GHPRQVWUDWHG/ WKH
KLJK0WHPSHUDWXUH OHDQ012[ FDWDO\VW VXOIDWH HPLVVLRQV +FDWDO\VW0RXW, ZHUH KLJKHU WKDQ WKDW RI WKH
HQJLQH EDVHOLQH +IRU ERWK WKH 70PRGH FRPSRVLWH DQG 2,&$ PRGH 5 WHVWV, ZLWK WKH 4830 DQG 6830
SSP VXOIXU IXHOV1 7KH KLJKHU WKH GLHVHO VXOIXU OHYHO/ WKH KLJKHU WKH 627 HPLVVLRQ OHYHO1 7KLV UHVXOW
LPSOLHV WKDW WKH KLJK0WHPSHUDWXUH OHDQ012[ SURPRWHV 627 IRUPDWLRQ1

Figure 3.3-5.  Comparison of SO 4 emissions between converter-out and engine-out with the fresh
high-temperature lean-NO x catalyst (Cummins ISM engine, 4-mode composite)
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Figure 3.3-6.  Comparison of SO 4 emissions between the converter-out and engine-out with the
fresh high-temperature lean-NO x catalyst (Cummins ISM engine, OICA mode 2)

3.4 Diesel Oxidation Catalysts

7KLV LQWHULP UHSRUW FRYHUV SHUIRUPDQFH HYDOXDWLRQV RI WKH '2& RQ D &XPPLQV ,606:3 HQJLQH DW
IRXU VWHDG\0VWDWH RSHUDWLQJ PRGHV DQG RYHU WKH KHDY\ GXW\ )HGHUDO 7HVW 3URFHGXUH +)73,1 3RVW0
FDWDO\VW HPLVVLRQ PHDVXUHPHQWV DUH FRPSDUHG WR HQJLQH0RXW PHDVXUHPHQWV +ZLWK WKH VDPH IXHO DQG
RSHUDWLQJ FRQGLWLRQV, WR GHWHUPLQH WKH +&/ &2/ DQG 30 UHGXFWLRQ HIILFLHQFLHV1

3.4.1 Engine-Out Emissions

7DEOH 61704 VXPPDUL]HV HQJLQH0RXW HPLVVLRQV IURP WKH ,606:3 ZLWK HDFK RI WKH IRXU IXHOV1 7KH
UHVXOWV LQFOXGH WKH 70PRGH FRPSRVLWH DYHUDJH/ WKH PRGDO EUHDNGRZQ/ VHSDUDWH PRGH 5 +KLJK WRUTXH,
GDWD/ DQG )73 UHVXOWV1 %HFDXVH 30 IURP WKH 70PRGH WHVWLQJ ZDV FROOHFWHG RQ D VLQJOH ILOWHU/ D PRGDO
EUHDNGRZQ FRXOG QRW EH GHWHUPLQHG1

,Q JHQHUDO/ HQJLQH0RXW +& DQG &2 HPLVVLRQV GLG QRW YDU\ ZLWK IXHO VXOIXU1 7KH GDWD GR QRW VXJJHVW D
FRUUHODWLRQ EHWZHHQ 30 HPLVVLRQV DQG IXHO VXOIXU OHYHO/ DV PLJKW KDYH EHHQ H[SHFWHG1 30 HPLVVLRQV
ZLWK WKH 4830SSP VXOIXU IXHO RYHU WKH )73 DUH XQH[SODLQDEO\ KLJKHU WKDQ WKRVH GHPRQVWUDWHG ZLWK
60/ 630/ DQG 6830SSP VXOIXU IXHO> KRZHYHU/ WKH 62) H[WUDFWHG IURP WKLV 30 ZDV UHODWLYHO\ KLJK
+313457 J2EKS0KU,1 30 HPLVVLRQV YDU\ LQVLJQLILFDQWO\ ZLWK IXHO VXOIXU RYHU WKH 70PRGH DQG SHDN0
WRUTXH HYDOXDWLRQV1
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Table 3.4-1  Engine-Out Emissions &&&&Cummins ISM370

Total Hydrocarbon (THC) Emissions (g/bhp hr)
3 ppm 30 ppm 150 ppm 350 ppm

4 MODE - Weighted 0.16 0.18 0.16 0.17
Mode 11 0.42 0.47 0.41 0.47
Mode   3 0.18 0.21 0.17 0.20
Mode 10 0.16 0.18 0.17 0.17
Mode   2 0.11 0.12 0.12 0.11

Mode 2 0.10 0.11 0.11 0.11
FTP 0.26 0.25 0.31 0.33

Carbon Monoxide (CO) Emissions (g/bhp hr)
3 ppm 30 ppm 150 ppm 350 ppm

4 MODE - Weighted 0.23 0.21 0.25 0.27
Mode 11 0.82 0.81 0.93 0.95
Mode   3 0.24 0.21 0.26 0.29
Mode 10 0.18 0.16 0.17 0.19
Mode   2 0.23 0.21 0.24 0.26

Mode 2 0.23 0.24 0.23 0.25
FTP 0.93 1.03 0.97 1.08

Particulate Matter (PM) Emissions (g/bhp hr)
3 ppm 30 ppm 150 ppm 350 ppm

4 MODE - Weighted 0.0681 0.0677 0.0568 0.0780
Mode 2 0.0117 0.0133 0.0116 0.0128
FTP 0.0559 0.0646 0.0919 0.0572

3.4.2 Baseline Diesel Oxidation Catalyst Evaluations

7RWDO +\GURFDUERQ DQG &DUERQ 0RQR[LGH (PLVVLRQV1 )LJXUHV 61704 WKURXJK 61707 LOOXVWUDWH
7+& DQG &2 HPLVVLRQV RYHU WKH 70PRGH 2,&$ WHVWV DQG WKH KHDY\0GXW\ )73 IRU HDFK RI WKH IRXU
IXHO VXOIXU OHYHOV VWXGLHG1 %RWK HQJLQH0RXW DQG FDWDO\VW0RXW GDWD DUH SUHVHQWHG1 7+& UHGXFWLRQ
HIILFLHQF\ H[FHHGV <3( RQ WKH 2,&$ 70PRGH WHVW ZLWK HDFK RI WKH IXHOV DQG GRHV QRW FRUUHODWH ZLWK
IXHO VXOIXU OHYHO +)LJXUH 61704,1 7KH '2& UHGXFHV 7+& HPLVVLRQV EHORZ GHWHFWDEOH OHYHOV IRU WKH
60 DQG 630SSP VXOIXU IXHOV DQG UHGXFHV 7+& E\ PRUH WKDQ <3( IRU WKH 4830 DQG 6830SSP IXHOV
ZKHQ WHVWHG RQ WKH )73 F\FOH +)LJXUH 61705,1

7KH '2& UHGXFHV &2 HPLVVLRQV E\ DSSUR[LPDWHO\ ;3( RYHU WKH 70PRGH 2,&$ F\FOH/ LQGHSHQGHQW
RI IXHO VXOIXU OHYHO +)LJXUH 61706,1 7KH '2& LV OHVV HIILFLHQW RYHU WKH )73 +73( WR 7;(, EXW/
VLPLODUO\/ WKH UHGXFWLRQ HIILFLHQF\ LV QRW DIIHFWHG E\ VXOIXU OHYHO1

%DVHG RQ WKH RSHUDWLQJ SULQFLSOH RI '2&V/ QR GHSHQGHQFH RI SHUIRUPDQFH RQ IXHO VXOIXU OHYHO ZDV
H[SHFWHG IRU WKH XQDJHG '2&V1 7KH UHPDLQGHU RI WKH WHVWLQJ LQ WKH '(&6( SURJUDP ZLOO HYDOXDWH
LI VXOIXU LQ GLHVHO IXHO DIIHFWV WKH SHUIRUPDQFH RI DJHG FDWDO\VWV1 7KH FDWDO\VWV ZLOO EH SHULRGLFDOO\
HYDOXDWHG DIWHU 83/ 483/ DQG 583 KRXUV RQ WKH HQJLQH WR GHWHUPLQH LI IXHO VXOIXU DFFHOHUDWHV FDWDO\VW
DFWLYLW\ VXSSUHVVLRQ1
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Figure 3.4-1.  4-mode OICA THC emissions &&&&fresh DOC &&&&ISM370

Figure 3.4-2.  FTP THC emissions &&&&fresh DOC &&&&ISM370
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Figure 3.4-3.  4-mode OICA CO emissions &&&&fresh DOC &&&&ISM 370

Figure 3.4-4.  FTP CO emissions &&&&fresh DOC &&&&ISM370

30 (PLVVLRQV1 2I LQWHUHVW LQ WKLV SKDVH RI WKH VWXG\ LV WKH LPSDFW RI IXHO VXOIXU RQ 30 HPLVVLRQV/
DQG VSHFLILFDOO\ WKH UHVSRQVH RI '2&0HTXLSSHG HQJLQHV WR IXHO VXOIXU1 )LJXUHV 61708 DQG 61709
LOOXVWUDWH 30 HPLVVLRQV +HQJLQH0RXW2FDWDO\VW0RXW, IURP WKH 2,&$ 70PRGH DQG )73 IRU HDFK RI WKH
IRXU IXHOV VWXGLHG1 30 UHGXFWLRQ RYHU WKH 2,&$ LV QHJOLJLEOH +?8(, DQG LV QRW LQIOXHQFHG E\ IXHO
VXOIXU OHYHO1 '2& 30 UHGXFWLRQ HIILFLHQF\ LV KLJKHU RYHU WKH )73 +;(%49(,1 7KH 78( UHGXFWLRQ
REVHUYHG ZLWK WKH 4830SSP IXHO FRXOG EH DWWULEXWHG WR DQ DQRPDORXV HQJLQH0RXW UHVXOW1 7KLV UHVXOW
ZLOO EH LQYHVWLJDWHG EHIRUH WKH ILQDO UHSRUW LV LVVXHG1
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Figure 3.4-5.  4-mode OICA TPM &&&&DOC&&&&ISM370

Figure 3.4-6.  FTP TPM &&&&DOC&&&&ISM370

$ VHSDUDWH HYDOXDWLRQ RI PRGH 5 ZDV FRQGXFWHG ZLWK 30 FROOHFWHG RQ D VHSDUDWH ILOWHU1 0RGH 5 ZDV
VHOHFWHG EHFDXVH WKLV KLJK WRUTXH SRLQW JHQHUDWHV KLJK FDWDO\VW WHPSHUDWXUHV DW ZKLFK FRQYHUVLRQ RI
625 WR 626 LV OLNHO\ WR EH DFFHOHUDWHG1 )LJXUH 6170: VKRZV PRGH 5 730 DV D IXQFWLRQ RI IXHO VXOIXU
OHYHO1 $OWKRXJK HQJLQH0RXW 30 HPLVVLRQV IRU PRGH 5 YDU\ LQGHSHQGHQWO\/ WKH FDWDO\VW0RXW HPLVVLRQV
LQFUHDVH VLJQLILFDQWO\ ZLWK IXHO VXOIXU OHYHO1 $V VKRZQ LQ )LJXUH 6170;/ VXOIDWH 30 HPLVVLRQV DIWHU WKH
'2& DUH DV KLJK DV VL[ WLPHV WKRVH PHDVXUHG HQJLQH0RXW1 7KH FDWDO\VW IDFLOLWDWHV WKH R[LGDWLRQ RI
625 WR 626/ ZKLFK FRQGHQVHV DV VXOIDWH WR IRUP 301 0XFK RI WKH GLIIHUHQFH EHWZHHQ HQJLQH0RXW
DQG FDWDO\VW0RXW 30 HPLVVLRQV +)LJXUH 6170:, LV OLNHO\ FDXVHG E\ WKH LQFUHDVH LQ VXOIDWH DQG WKH
DVVRFLDWHG ERXQG ZDWHU1
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Figure 3.4-7.  OICA mode 2 TPM &&&&fresh DOC &&&&ISM370

Figure 3.4-8.  OICA mode 2 sulfate in PM &&&&fresh DOC &&&&ISM370
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Section 4

Interim Conclusions

4.1 NOx  Adsorber

&RQFOXVLRQV FDQQRW EH GUDZQ XQWLO WKH GDWD DQDO\VLV RI WKH 12[ DGVRUEHU H[SHULPHQWV LV FRPSOHWHG1
,W LV DQWLFLSDWHG WKDW UHVXOWV DQG FRQFOXVLRQV ZLOO EH UHSRUWHG LQ D VHFRQG ,QWHULP 5HSRUW/ WR EH
SXEOLVKHG E\ 2FWREHU 4/ 4<<<1

4.2 Continuously Regenerating Diesel Particulate Filters and Catalyzed Diesel
Particulate Filters

7KH WZR '3) WHFKQRORJLHV FKRVHQ IRU WKH SURJUDP/ &50'3) DQG &'3)/ XQGHUZHQW +4, HPLVVLRQV
WHVWV IRU 30 DQG VHOHFWHG JDVHV/ DQG +5, H[SHULPHQWV WR PHDVXUH WKH HIIHFW RI IXHO VXOIXU OHYHO RQ WKH
UHJHQHUDWLRQ WHPSHUDWXUH RI ILOWHU GHYLFHV1 7KH WHVWV UHVXOWHG LQ WKH IROORZLQJ FRQFOXVLRQV=

• )XHO VXOIXU KDV VLJQLILFDQW HIIHFWV RQ 30 HPLVVLRQV1 %RWK '3)V ZHUH HIIHFWLYH LQ UHGXFLQJ 30
HPLVVLRQV +<8( RYHU 2,&$ F\FOH, ZKHQ XVHG ZLWK 60SSP VXOIXU IXHO1 :LWK 630SSP VXOIXU IXHO/
WKH 30 UHGXFWLRQ HIILFLHQFLHV GURSSHG WR :5( WR :7(1

• $OWKRXJK GHVLJQHG DV 30 UHGXFWLRQ GHYLFHV/ WKH '3)V UHGXFHG 7+& DQG &2 HPLVVLRQV1 7KHVH
UHGXFWLRQV ZHUH QRW DIIHFWHG WR DQ\ VLJQLILFDQW GHJUHH E\ IXHO VXOIXU OHYHO1

• 5HVXOWV WR GDWH VKRZ WKDW WKH '3) UHJHQHUDWLRQ WHPSHUDWXUHV +DW ZKLFK WKH FROOHFWHG 30 LV
R[LGL]HG WR SUHYHQW SOXJJLQJ, DUH VOLJKWO\ KLJKHU ZKHQ WHVWLQJ ZLWK WKH 630SSP IXHO FRPSDUHG WR
UHVXOWV IURP WHVWLQJ ZLWK WKH 60SSP IXHO1 +RZHYHU/ LW LV WRR HDUO\ WR UHDFK GHILQLWLYH FRQFOXVLRQV1
$GGLWLRQDO WHVWLQJ LV SODQQHG ZLWK WKH 4830SSP DQG 6830SSP IXHOV1

4.3 Lean-NOx Catalysts

/HDQ012[ FDWDO\VWV XVH D EDVH RU SUHFLRXV PHWDO FDWDO\VW DQG D UHGXFWDQW LQ WKH H[KDXVW VWUHDP WR
UHGXFH 12[ HPLVVLRQV1 7HVW UHVXOWV VXSSRUW WKH IROORZLQJ FRQFOXVLRQV=
• :LWKLQ WKH RSHUDWLQJ WHPSHUDWXUH UDQJH RI 693(& WR 933(&/ WKH 12[ FRQYHUVLRQ YDULHV IURP
3( WR 63(1 7KH IXHO VXOIXU WUHQGV LQGLFDWH WKDW WKH 12[ UHGXFWLRQ LV ORZHU ZLWK WKH KLJKHU IXHO
VXOIXU OHYHOV/ EXW WKH FKDQJHV ZHUH QRW VWDWLVWLFDOO\ VLJQLILFDQW1 'DWD RQ VXOIXU DJLQJ HIIHFWV +DW
583 KRXUV, DUH QRW \HW DYDLODEOH1

• 'LHVHO VXOIXU OHYHO PD\ KDYH DQ HIIHFW RQ 30 HPLVVLRQV IURP WKH KLJK0WHPSHUDWXUH OHDQ012[
FDWDO\VW1 :LWK 60SSP VXOIXU IXHO/ 30 UHGXFWLRQ HIILFLHQF\ +EDVHG RQ WKH 70PRGH FRPSRVLWH WHVW,
ZDV VWDWLVWLFDOO\ VLJQLILFDQW DW 49(1 +RZHYHU/ ZLWK KLJK VXOIXU IXHOV/ WKHUH ZDV DQ LQFUHDVH LQ 30
+FRPSDUHG WR HQJLQH0RXW HPLVVLRQV,/ RU WKH UHGXFWLRQ HIILFLHQF\ ZDV QRW VWDWLVWLFDOO\ VLJQLILFDQW1
7KLV VXJJHVWV WKH IRUPDWLRQ RI 30 E\ WKH OHDQ012[ FDWDO\WLF FRQYHUWHU ZLWK KLJK VXOIXU IXHOV1

• :LWK 4830 DQG 6830SSP VXOIXU IXHOV/ WKH HQJLQH0RXW VXOIDWH HPLVVLRQV LQFUHDVHG E\ D IDFWRU RI 5
WR8 FRPSDUHG WR OHYHOV REVHUYHG ZLWK 60SSP VXOIXU IXHO1 :LWK WKH KLJK0WHPSHUDWXUH OHDQ012[
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FDWDO\VW/ WKH SRVW0FDWDO\VW VXOIDWH HPLVVLRQV LQFUHDVHG E\ D IDFWRU RI 43 WR 531 +LJKHU VXOIDWH
HPLVVLRQV LQFUHDVH WKH RYHUDOO 30 HPLVVLRQV1

• 7KH KLJK0WHPSHUDWXUH OHDQ012[ FDWDO\VW KDG GLIILFXOW\ HIIHFWLYHO\ FOHDQLQJ XS WKH 7+& HPLVVLRQV
UHVXOWLQJ IURP VHFRQGDU\ IXHO LQMHFWLRQ +IRU WKH 12[ UHGXFWDQW,1 7KH SRVW0FDWDO\VW HPLVVLRQV +70
PRGH FRPSRVLWH, RI +& LQFUHDVHG E\ D IDFWRU RI 5 WR 6 RYHU HQJLQH0RXW HPLVVLRQV/ DQG &2
LQFUHDVHG E\ D IDFWRU RI 9 WR :1 7KH FDWDO\VW DSSDUHQWO\ KDV SRRU R[LGDWLRQ SRZHU IRU +&1 7KH
&2 HPLVVLRQV SUHVHQW GRZQVWUHDP RI WKH OHDQ012[ FDWDO\VW LQGLFDWH WKDW W KH SDUWLDO R[LGDWLRQ RI
+& ZDV RQH RI WKH PDLQ FDWDO\WLF UHDFWLRQV1 ,Q SUDFWLFDO DSSOLFDWLRQV/ D '2& PLJKW EH UHTXLUHG
IRU WKLV W\SH RI KLJK0WHPSHUDWXUH OHDQ012[ FDWDO\VW1

• $ SURSHU VHFRQGDU\ IXHOLQJ VWUDWHJ\ ZLOO EH UHTXLUHG IRU GLHVHO DSSOLFDWLRQ RI WKLV W\SH RI KLJK0
WHPSHUDWXUH OHDQ012[ FDWDO\VW1

4.4 Diesel Oxidation Catalysts

'2&V DUH D WHFKQRORJ\ GHVLJQHG WR UHGXFH +&/ &2/ DQG WKH VROXEOH RUJDQLF FRPSRXQGV DVVRFLDWHG
ZLWK 30 HPLVVLRQV IRXQG LQ GLHVHO HQJLQH H[KDXVW1 7HVW UHVXOWV GHPRQVWUDWH WKH IROORZLQJ=
• )XHO VXOIXU OHYHO KDV D PRGHVW HIIHFW RQ +& UHGXFWLRQ HIILFLHQF\ +DSSUR[LPDWHO\ 7 WR ;

SHUFHQWDJH SRLQWV ORZHU ZLWK KLJK VXOIXU IXHO, DQG QR HIIHFW RQ &2 UHGXFWLRQ HIILFLHQF\1
+RZHYHU/ FDWDO\VW0RXW 30 HPLVVLRQV GXULQJ WKH KLJK0WRUTXH +KLJK0H[KDXVW WHPSHUDWXUH, VWHDG\0
VWDWH WHVWV +2,&$ PRGH 5, VKRZHG D VWURQJ IXHO VXOIXU LQIOXHQFH1 :LWK 60SSP VXOIXU IXHO/ WKH
30 UHGXFWLRQ HIILFLHQF\ ZDV VWDWLVWLFDOO\ VLJQLILFDQW DW 59(1 +RZHYHU/ ZLWK KLJKHU OHYHOV RI IXHO
VXOIXU/ WKHUH DUH VLJQLILFDQW LQFUHDVHV +QHJDWLYH UHGXFWLRQ HIILFLHQFLHV, LQ SRVW0FDWDO\VW 30
HPLVVLRQV1 &KHPLFDO DQDO\VLV RI WKLV 30 LV FRQVLVWHQW ZLWK 625 LQ WKH HQJLQH H[KDXVW EHLQJ
R[LGL]HG E\ WKH '2& DQG FRQGHQVLQJ DV VXOIDWH0ODGHQ 30 WKDW LV FROOHFWHG RQ WKH ILOWHU1
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Appendix A

DECSE Fuel Selection and Composition

7KLV DSSHQGL[ GLVFXVVHV LQIRUPDWLRQ UHODWHG WR WKH VHOHFWLRQ DQG FRPSRVLWLRQ RI WKH IXHO IRU WKH
'(&6( SURJUDP1

A.1 Introduction

$ PDMRU '(&6( SURJUDP JRDO LV WR LQYHVWLJDWH WKH VSHFLILF HIIHFWV RI GLHVHO IXHO VXOIXU OHYHOV RQ WKH
RSHUDWLRQ RI GLHVHO H[KDXVW HPLVVLRQ FRQWURO GHYLFHV1 7KH IXHO VHOHFWLRQ DQG VSHFLILFDWLRQ SURFHVV
ZDV GLUHFWHG WRZDUG DFKLHYLQJ WKLV RYHUDOO JRDO1

7R LVRODWH WKH HIIHFWV RI IXHO VXOIXU FRQWHQW IURP RWKHU IXHO SURSHUWLHV/ GLIIHUHQFHV LQ IXHO VXOIXU OHYHO
ZHUH REWDLQHG E\ GRSLQJ DQ XOWUD0ORZ VXOIXU EDVH IXHO ZLWK VXOIXU0FRQWDLQLQJ FRPSRXQGV1 ([FHSW
IRU WKH VXOIXU FRQWHQW/ WKH SURSHUWLHV RI WKLV EDVH IXHO ZHUH VHOHFWHG WR EH UHSUHVHQWDWLYH RI GLHVHO
IXHOV VROG DQG XVHG LQ WKH 8QLWHG 6WDWHV1 6XOIXU GRSLQJ OHYHOV RI 63/ 483/ DQG 683 SSP ZHUH VHOHFWHG1
6HOHFWHG WHVWV ZHUH DOVR UHSHDWHG ZLWK 490SSP IXHO WR SURYLGH DGGLWLRQDO GLIIHUHQWLDWLRQ DW ORZ VXOIXU
OHYHOV IRU WKH 12[ DGVRUEHU WHFKQRORJ\1

A.2 Base Fuel Properties

7KH EDVH IXHO LV DQ XOWUD0ORZ VXOIXU IXHO WKDW LV RWKHUZLVH UHSUHVHQWDWLYH RI GLHVHO IXHOV XVHG LQ WKH
8QLWHG 6WDWHV1 7DEOH $1504 VKRZV WKH VSHFLILFDWLRQV IRU WKLV IXHO/ DQG WKH SURSHUWLHV RI WKH EDVH IXHO
DV EOHQGHG1 7KLV IXHO KDV D VXOIXU FRQWHQW RI 6 SSP DQG LV WKHUHIRUH GHVLJQDWHG DV WKH 60SSP EDVH
IXHO1 7KH PHDVXUHG SURSHUW\ YDOXHV ZHUH DYHUDJHV RI DQDO\VHV E\ 3KLOOLSV &KHPLFDO/ 6RXWKZHVW
5HVHDUFK ,QVWLWXWH/ DQG &RUH /DERUDWRULHV.

A.3 Achieving Desired Fuel Sulfur Contents

'LHVHO IXHOV RI GLIIHULQJ VXOIXU OHYHOV FDQ EH REWDLQHG E\=
• 6HHNLQJ DYDLODEOH GLHVHO IXHOV WKDW KDYH GLIIHUHQW VXOIXU FRQWHQWV
• %OHQGLQJ YDU\LQJ DPRXQWV RI D ORZ0VXOIXU GLHVHO IXHO DQG D KLJK0VXOIXU GLHVHO IXHO WR SURGXFH

LQWHUPHGLDWH VXOIXU FRQFHQWUDWLRQV

• $GGLQJ YDU\LQJ DPRXQWV RI VXOIXU WR D ORZ0VXOIXU GLHVHO IXHO1

$OO WKUHH RSWLRQV ZHUH FRQVLGHUHG1 7KH ILUVW WZR RSWLRQV KDYH WKH DGYDQWDJH WKDW WKH VXOIXU ZLOO EH
LQ FKHPLFDO IRUPV WKDW H[KLELW DOO WKH QDWXUDO GLYHUVLW\ RI SHWUROHXP0EDVHG IXHOV1 $QRWKHU DGYDQWDJH
LV IXOO\ UHDOL]HG LPSDFWV IURP GLIIHUHQW UHILQLQJ SURFHVVHV IRU ORZHULQJ VXOIXU RQ WKH GLYHUVLW\ RI WKH
SHWUROHXP0EDVHG IXHOV1
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Table A.2-1.  Specifications and Measured Properties of 3-ppm Sulfur Base Fuel

ASTM DECSE DECSE
Fuel Property Test Goal Measured
Density, kg/m3 D1298/D40

52
820-850 826.1

Viscosity @ 40(C, mm 2/s D445 >2.0 2.42
Distillation                    IBP, (C D86 171-182 185

5% recovery, (C D86 198
10% recovery, (C D86 210-226 207
20% recovery, (C D86 222
30% recovery, (C D86 238
40% recovery, (C D86 251
50% recovery, (C D86 254-271 259
60% recovery, (C D86 266
70% recovery, (C D86 274
80% recovery, (C D86 287
90% recovery, (C D86 310-321 314
95% recovery, (C D86 338

FBP D86 326-360 350
Carbon, mass % D5291 86.3
Hydrogen, mass % D5291 13.4
Sulfur, ppm D5453** <10 3.1
Avg. molecular weight 196.5*
Saturates, vol % D1319 55-70 70.7
Olefins, vol % D1319 1-3 2.3
Aromatics, vol % D1319 25-32 27.0
Aromatics, mass % D5186 28.5
Polyaromatics, mass % D5186 3-10 9.6
Non-aromatics, mass % D5186 71.2
Sediment, water, vol % D1796 <.0.05 < 0.01
Ash, mass % D482 <0.001*
Ramsbottom carbon D524 0.01*
Copper corrosion D130 1A*
Heat Comb, net, MJ/kg D240 43.1*
Flash point, PMCC, (C D93 >52 71
Cetane number D613 42-48 44.8
Cetane index D976 53.6*
Cloud point, (C D2500 -21.0
Pour point, (C D97 -21.0
HFRR** lubricity, )m D6079 635/355* ****
Notes:     * Value based on intermediate scale-up of fuel blend
              ** Phillips used ASTM D4045 for sulfur determination
             *** HFRR = high-frequency reciprocating rig
            **** Values without/with 205 ppm Octel FOA 35a additive

+RZHYHU/ LI WKH VXOIXU FRQWHQW ZHUH YDULHG E\ FKDQJLQJ WKH IXHO/ RWKHU IXHO SURSHUWLHV ZRXOG FKDQJH
DV ZHOO1 7KXV/ DV WKH LGHQWLW\ RI WKH IXHO FKDQJHG/ WKH XQDYRLGDEOH FKDQJHV LQ VXFK IXHO SURSHUWLHV DV
GHQVLW\/ DURPDWLFV FRQWHQW/ SRO\DURPDWLFV FRQWHQW/ DQG2RU YRODWLOLW\ FRXOG OHDG WR TXHVWLRQV DERXW
ZKHWKHU FKDQJHV LQ WKHVH SURSHUWLHV/ DQG QRW FKDQJHV LQ WKH VXOIXU FRQWHQW RI WKH IXHO/ ZHUH
UHVSRQVLEOH IRU DQ\ REVHUYHG FKDQJHV LQ HPLVVLRQ FRQWURO GHYLFH HIIHFWLYHQHVV1

.HHSLQJ LQ PLQG WKH SURJUDP REMHFWLYH DQG WKH LVVXHV RXWOLQHG DERYH/ WKH '(&6( WHFKQLFDO
FRPPLWWHH FKRVH WKH WKLUG RSWLRQ +DGGLQJ YDU\LQJ DPRXQWV RI VXOIXU0FRQWDLQLQJ FRPSRXQGV WR D
ORZ0VXOIXU IXHO,1 7KLV SURFHVV LV JHQHUDOO\ UHIHUUHG WR DV ´GRSLQJµ WKH IXHO/ DQG WKH VXOIXU
FRPSRXQGV XVHG IRU WKLV SXUSRVH DUH VRPHWLPHV WHUPHG ´GRSDQWV1µ
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A.4 Selection of Fuel Sulfur Levels

7KH VXOIXU FRQWHQWV VHOHFWHG IRU WKH WHVW IXHOV ZHUH 6/ 63/ 483/ DQG 683 SSP1 6XOIXU FRQWHQW LV
GHILQHG DV WKH PDVV IUDFWLRQ RI HOHPHQWDO VXOIXU LQ WKH IXHO1 7KH 60SSP IXHO LV LQWHQGHG WR UHSUHVHQW
D IXHO WKDW LV HVVHQWLDOO\ VXOIXU0IUHH1 $ VXOIXU0GRSDQW PL[ ZDV XVHG WR LQFUHDVH WKH VXOIXU FRQWHQW RI
WKH 60SSP EDVH IXHO WR KLJKHU OHYHOV1 )RU VRPH WHVWV/ DQ LQWHUPHGLDWH 490SSP VXOIXU IXHO ZDV XVHG WR
REWDLQ D ILQHU GLIIHUHQWLDWLRQ EHWZHHQ WKH HVVHQWLDOO\ VXOIXU0IUHH 60SSP IXHO DQG WKH 630SSP IXHO1
7KH 630SSP IXHO LV LQWHQGHG WR UHSUHVHQW D IXHO WKDW PHHWV D SURSRVHG 630SSP GLHVHO IXHO VXOIXU
VWDQGDUG1 7KH 4830SSP IXHO LV LQWHQGHG WR UHSUHVHQW D IXHO RI LQWHUPHGLDWH VXOIXU FRQWHQW/ DQG ZDV
SDUW RI WKH RLO LQGXVWU\·V UHVSRQVH WR (3$1 7KLV ZDV D VXOIXU OHYHO WKDW WKH $PHULFDQ 3HWUROHXP
,QVWLWXWH LQGLFDWHG FRXOG EH PDGH DYDLODEOH LQ WKH VKRUW0WHUP1 7KH 6830SSP IXHO LV LQWHQGHG WR
UHSUHVHQW D IXHO RI VXOIXU FRQWHQW FRQVLVWHQW ZLWK WKH FXUUHQW 8161 DYHUDJH1

A.5 Selection of Sulfur Dopants

A.5.1 Technical Background

9LUWXDOO\ DOO WKH PDVV RI WKH IXHO LV R[LGL]HG LQ WKH HQJLQH= WKH FDUERQ LQ WKH IXHO LV R[LGL]HG WR
FDUERQ GLR[LGH/ WKH K\GURJHQ LQ WKH IXHO LV R[LGL]HG WR ZDWHU/ DQG WKH VXOIXU LQ WKH IXHO LV SULPDULO\
R[LGL]HG WR VXOIXU GLR[LGH1 7KH FRPSRVLWLRQ RI WKH HQJLQH0RXW H[KDXVW LV HVVHQWLDOO\ D IXQFWLRQ RQO\
RI WKH PDVV IUDFWLRQ RI HDFK RI WKHVH IXHO HOHPHQWV1 $FFRUGLQJ WR WKLV YLHZ/ WKH DPRXQW DQG
FKHPLFDO LGHQWLW\ RI VXOIXU LQ WKH HQJLQH0RXW H[KDXVW LV LQGHSHQGHQW RI WKH LGHQWLW\ RI WKH VXOIXU
FRPSRXQG+V, XVHG WR GRSH WKH IXHO/ DQG WKH HIIHFW RI YDU\LQJ VXOIXU OHYHOV LQ WKH IXHO FRXOG EH
GXSOLFDWHG E\ PHUHO\ DGGLQJ VXOIXU GLR[LGH WR WKH H[KDXVW LWVHOI1

+RZHYHU/ WR LQFUHDVH WKH UHDOLVP RI WKH WHVW DQG WR DOORZ IRU WKH SRVVLELOLW\ WKDW VRPH VPDOO DPRXQW
RI VXOIXU0FRQWDLQLQJ FRPSRXQGV PD\ UHPDLQ XQEXUQHG/ VXOIXU GRSDQWV ZHUH XVHG1 7KLV HQVXUHV WKDW
VXOIXU LV FRQWDLQHG LQ WKH WHVW IXHOV LQ D ZD\ WKDW LV VLPLODU WR WKH LQGLJHQRXV VXOIXU LQ GLHVHO IXHO1 ,Q
WKLV FRQWH[W/ ´VLPLODUµ LV GHILQHG E\ WKH IROORZLQJ VWDWHPHQWV=

• 7KH FKHPLFDO IRUPV RI WKH VXOIXU FRPSRXQGV XVHG WR GRSH WKH IXHO DUH VLPLODU WR WKH
FKHPLFDO IRUPV RI VXOIXU FRPSRXQGV WKDW DUH LQGLJHQRXV WR GLHVHO IXHO1

• 7KH YRODWLOLW\ RI WKH VXOIXU FRPSRXQG+V, XVHG WR GRSH WKH IXHO LV VLPLODU WR WKH YRODWLOLW\
RI GLHVHO IXHO1

A.5.2 Information on Sulfur Compounds in Diesel Fuels

,QIRUPDWLRQ RQ WKH H[DFW FKHPLFDO LGHQWLW\ RI QDWXUDOO\ RFFXUULQJ VXOIXU FRPSRXQGV LQ GLHVHO IXHO LV
VSDUVH1 $OWKRXJK WKHUH LV FRQVHQVXV FRQFHUQLQJ WKH JHQHUDO FODVVHV RI FKHPLFDO FRPSRXQGV WKDW DUH
SUHVHQW/ QR FRPSOHWH LQIRUPDWLRQ RQ WKH VSHFLDWLRQ RI VXOIXU FRPSRXQGV LQ GLHVHO IXHO FRXOG EH
ORFDWHG1 &RQYHUVDWLRQV ZLWK LQGXVWU\ VRXUFHV DQG UHYLHZ RI D FRPSUHKHQVLYH VWXG\ RI VXOIXU
FRPSRXQGV LQ FUXGH RLO SHUIRUPHG E\ WKH 8161 %XUHDX RI 0LQHV4 VKRZHG WKDW=

• 9DULRXV VXEVWLWXWHG GLEHQ]R>E@WKLRSKHQHV DQG EHQ]R>E@WKLRSKHQHV DUH WKH PRVW
FRPPRQ VXOIXU0FRQWDLQLQJ FRQVWLWXHQWV RI GLHVHO IXHO/ ZLWK WKH GLEHQ]R>E@WKLRSKHQHV
EHLQJ PRUH DEXQGDQW WKDQ WKH EHQ]R>E@WKLRSKHQHV1

                                                     
1 Sulfur Compounds in Crude Oil, U.S. Bureau of Mines Bulletin 659, (1972).
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• 2WKHU VXOIXU0FRQWDLQLQJ FRQVWLWXHQWV LQFOXGH GLVXOILGHV DQG VXOILGHV1 7KH VXOILGHV LQFOXGH
F\FOLF DQG DON\O DU\O VXOILGHV1

A.5.3 Logistical Criteria

%HFDXVH GRSDQWV PXVW EH FRPPHUFLDOO\ DYDLODEOH LQ WKH QHFHVVDU\ TXDQWLWLHV/ VHOHFWLRQ LV OLPLWHG LQ
SUDFWLFH WR WKRVH VXOIXU FRPSRXQGV RIIHUHG E\ FRPPHUFLDO FKHPLFDO YHQGRUV LQ PXOWL0NLORJUDP
TXDQWLWLHV DW UHDVRQDEOH FRVW1

A.6 Selection of Dopant Composition

$ GRSDQW FRPSRVLWLRQ ZDV GHYHORSHG WKDW UHSUHVHQWV HDFK RI WKHVH IRXU FODVVHV RI VXOIXU
FRPSRXQGV= GLEHQ]R>E@WKLRSKHQHV/ EHQ]R>E@WKLRSKHQHV/ GLVXOILGHV/ DQG VXOILGHV/ DQG ZKRVH
YRODWLOLWLHV ZHUH ZLWKLQ WKH GLHVHO IXHO UDQJH1 7DEOH $1904 GHVFULEHV WKLV GRSDQW FRPSRVLWLRQ/ DQG
SURSHUWLHV RI WKH GRSDQWV DUH VKRZQ LQ 7DEOH $19051

Table A.6-1. Dopant Composition

Constituent Dopant  Mass/ Sulfur
mass

Desired Mass Percent
Sulfur

Percent Dopant by
Weight

Dibenzo[b]thiophene 5.75 50 59.4
Benzo[b]thiophene 4.18 30 25.9
di-t-butyl disulfide 2.78 10 5.7
ethyl phenyl sulfide 4.31 10 8.9
Totals 100 100.0

Table A.6-2.  Properties of Proposed Dopants

Constituent CAS
Number

MW Sulfur
Atoms

Sulfur
(%)

Constituent mass/
sulfur mass

Boiling
Point (%)

Melting
Point (%)

Density
(kg/L)

Dibenzo[b]thiophene 132-65-0 184.26 1 17.40 5.75 332 99 *
Benzo[b]thiophene 95-15-8 134.20 1 23.90 4.18 221 29 1.149
Di-t-butyl disulfide 110-06-5 178.36 2 17.98 5.56 200 * 0.923
Ethyl phenyl sulfide 622-38-8 138.23 1 23.20 4.31 204 * 1.021
-'DWD QRW DYDLODEOH1

A.6.1 Sulfur Levels of Doped Fuels

7DEOH $1906 VKRZV WKH DQDO\VLV YDOXHV IRU WKH VXOIXU OHYHOV RI VHYHUDO VDPSOHV RI WKH YDULRXV GRSHG
IXHOV1

Table A.6-3.  Sulfur Levels of Doped Fuels

Nominal Sulfur Content (ppm)
Average Sulfur Content As

Analyzed (ppm)
15 16.6
30 30.2
150 130
350 308
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A.7 Selection of Fuel for Use as a Reductant

A.7.1 Background

,Q WKLV WHVW SURJUDP/ VRPH 12[ FRQWURO GHYLFHV UHTXLUHG WKH XVH RI D FKHPLFDO UHGXFWDQW/ ZKLFK LV
XVHG WR UHJHQHUDWH WKH 12[0UHGXFLQJ FDSDELOLW\1

A.7.2 Rationale for Reductant Selection

%HFDXVH XVLQJ D VHSDUDWH/ GHGLFDWHG UHGXFWDQW IXHO VXSSO\ LQFUHDVHV ORJLVWLFDO FRPSOH[LW\ +UHTXLULQJ
ERWK VHSDUDWH RQ0ERDUG VWRUDJH DQG D VHSDUDWH IXHO VXSSO\ LQIUDVWUXFWXUH,/ LW LV DQWLFLSDWHG WKDW WKH
HQJLQH IXHO LWVHOI ZRXOG EH XVHG IRU WKLV SXUSRVH1

,I WKH GRSDQW PL[WXUH XVHG IRU WKH HQJLQH IXHO VXSSO\ LV UHSUHVHQWDWLYH RI WKH VXOIXU0FRQWDLQLQJ
FRPSRXQGV QDWLYH WR GLHVHO IXHO/ LW VKRXOG DOVR EH UHSUHVHQWDWLYH RI GLHVHO IXHO XVHG DV D UHGXFWDQW1
7KXV/ WKH VDPH GRSHG IXHO ZDV XVHG DV D UHGXFWDQW/ ZKHUH QHHGHG1 ,I RWKHU GLHVHO IXHOV ZHUH XVHG DV
UHGXFWDQWV/ WKH\ FRXOG GLIIHU LQ WKH QDWXUH RI VXOIXU0FRQWDLQLQJ VSHFLHV SUHVHQW/ DQG ZRXOG LQHYLWDEO\
GLIIHU LQ RWKHU IXHO SURSHUWLHV1 )RU WKLV UHDVRQ/ LI DGGLWLRQDO H[SHULPHQWV ZHUH SHUIRUPHG WR
FRPSDUH WKH UHGXFWDQW SHUIRUPDQFH RI IXHOV ZLWK QDWLYH VXOIXU FRQWHQW RI GRSHG IXHOV/ LW ZRXOG EH
GLIILFXOW WR VROHO\ DWWULEXWH DQ\ REVHUYHG GLIIHUHQFH LQ HPLVVLRQ FRQWURO GHYLFH SHUIRUPDQFH WR WKH
W\SH RI VXOIXU FRPSRXQGV SUHVHQW LQ WKH UHGXFWDQW IXHO1

&RQVLVWHQW ZLWK WKH DERYH UDWLRQDOH/ WKH WHVW IXHOV XVHG DV UHGXFWDQWV DUH WKH VDPH DV WKRVH XVHG DV
HQJLQH IXHO1

A.8 Fuel Quality Control Procedures

4XDOLW\ FRQWURO SURFHGXUHV ZHUH LPSOHPHQWHG WR HQVXUH WKDW ERWK WKH EDVH DQG GRSHG IXHOV PHW
LQLWLDO VSHFLILFDWLRQV DQG PDLQWDLQHG WKHLU LQWHJULW\ DV WKH\ DUH WUDQVSRUWHG WR WKH SRLQW RI XVH1

7KH SURFHGXUHV LQFOXGHG=
• 3UH0FOHDQLQJ RI WDQNV WUXFNV/ GUXPV/ DQG RWKHU FRQWDLQHUV XVHG WR WUDQVSRUW IXHO1
• 1XPEHULQJ RI IXHO FRQWDLQHUV WR DOORZ HDFK WHVW WR EH DVVRFLDWHG ZLWK D VSHFLILF FRQWDLQHU

RI IXHO1
• 6DPSOLQJ DQG DQDO\VLV RI HDFK ORW RI IXHO SULRU WR VKLSPHQW WR YHULI\ WKDW WKH IXHO EHLQJ

VKLSSHG PHHWV SURMHFW VSHFLILFDWLRQV1

• 'UDZLQJ VDPSOHV IURP HDFK FRQWDLQHU RI IXHO1 7KHVH VDPSOHV ZLOO EH UHWDLQHG XQWLO WKH
SURMHFW LV RYHU1 >1RW DOO VDPSOHV ZLOO EH DQDO\]HG/ EXW WKH\ ZLOO EH DYDLODEOH/ LI QHHGHG1@

• 7KH VDPSOHV IURP WKH ILUVW/ PLGGOH/ DQG ODVW FRQWDLQHUV LQ HDFK VHSDUDWH GHOLYHU\ RI IXHO ZLOO
EH DQDO\]HG IRU VXOIXU DQG GHQVLW\1 ([DPLQLQJ WKHVH EDVLF IXHO SURSHUWLHV ZLOO KHOS YHULI\
WKDW WKH FRUUHFW IXHO ZDV XVHG1

• &RPSDULVRQ RI SUH0 DQG SRVW0VKLSPHQW IXHO DQDO\VLV UHVXOWV1



Publication Date - 11/15/99 56

Appendix B

DECSE Lubricating Oil Selection and Test Procedures

7KLV DSSHQGL[ FRYHUV WKH VHOHFWLRQ DQG XVH RI WKH HQJLQH OXEULFDWLQJ RLO IRU WKH '(&6( SURJUDP1

B.1 Objectives for Selection of Lubricating Oil

7KH VHOHFWLRQ RI WKH '(&6( OXEULFDWLQJ RLO ZDV LQWHQGHG WR PHHW WKH IROORZLQJ REMHFWLYHV=
• 2LOV PHHWLQJ WKH UHTXLUHPHQWV RI $GYDQFHG 3HWUROHXP ,QVWLWXWH +$3,, &+07 DUH

IRUPXODWHG WR SURYLGH DGHTXDWH OXEULFDWLRQ/ DQG WR KDYH WKH DQWL0ZHDU/ GLVSHUVDQW/ GHWHUJHQW
DQG RWKHU QHFHVVDU\ RSHUDWLRQDO TXDOLWLHV UHTXLUHG E\ KHDY\0GXW\ GLHVHO HQJLQHV GHVLJQHG WR
PHHW PRGHUQ HPLVVLRQV VWDQGDUGV1 7KHUHIRUH/ WKH OXEULFDWLQJ RLO VKRXOG EH D FRPPHUFLDO
SURGXFW PHHWLQJ &+07 VSHFLILFDWLRQV1

• 7KH YLVFRVLW\ JUDGH VKRXOG EH 48:73 DV GHILQHG E\ 6$( -6331 7KLV LV WKH SUHGRPLQDQW
YLVFRVLW\ UHFRPPHQGDWLRQ IRU KHDY\0GXW\ GLHVHO HQJLQHV LQ WKH 8QLWHG 6WDWHV1

• 7KH OXEULFDWLQJ RLO VKRXOG EH D SURGXFW ZLWK VLJQLILFDQW PDUNHW VKDUH/ WR EH UHSUHVHQWDWLYH
RI WKRVH RLOV XVHG LQ WKH PDUNHWSODFH1

• &RQVLVWHQW ZLWK WKH DERYH WKUHH REMHFWLYHV/ WKH VXOIXU FRQWHQW RI WKH OXEULFDWLQJ RLO VHOHFWHG
VKRXOG EH DW WKH ORZ HQG RI WKH REVHUYHG UDQJH1

• 7KH OXEULFDWLQJ RLO VKRXOG EH SXUFKDVHG DV D VLQJOH EDWFK WR HOLPLQDWH WKH SRVVLELOLW\ RI
IRUPXODWLRQ FKDQJHV GXULQJ WKH FRXUVH RI WKH VWXG\1

B.2 Results of Lubricating Oil Selection Process

%DVHG RQ WKLV LQIRUPDWLRQ DQG DQDO\VLV/ WKH (0$ UHFRPPHQGHG WKDW 6KHOO 5RWHOOD 7 48:73 RLO
ZRXOG PHHW FRPPHUFLDO VSHFLILFDWLRQV/ KDYH D VLJQLILFDQW PDUNHW VKDUH/ DQG KDYH D VXOIXU FRQWHQW RI
DERXW 7/333 SSP/ ZKLFK LV DW WKH ORZHU HQG RI WKH UDQJH IRU FRPPHUFLDO RLOV1 )RU WKHVH UHDVRQV/ DQG
EHFDXVH VXSSO\ RI WKLV RLO ZDV DYDLODEOH LQ D VLQJOH EDWFK/ WKH 6KHOO 5RWHOOD 7 48:73 OXEULFDWLQJ RLO
ZDV VHOHFWHG.

B.3 Procedures for Lubricating Oil Use

6HYHUDO SURFHGXUHV ZHUH GHYHORSHG IRU WKH XVH RI OXEULFDWLRQ RLO LQ WKH '(&6( SURMHFW1

B.3.1 Aging

7KH OXEULFDWLQJ RLO LV DJHG IRU DW OHDVW 43 KRXUV DIWHU HDFK RLO FKDQJH WR VWDELOL]H WKH RLO FRQVXPSWLRQ
DQG WR PLQLPL]H WKH FKDQFH WKDW VXOIXU UHOHDVH RU 30 IRUPDWLRQ UHODWHG WR WKH XVH RI QHZ RLO ZLOO
DIIHFW WKH YDULDELOLW\ RI H[SHULPHQWDO UHVXOWV1
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B.3.2 Oil Change Interval

7KH RLO FKDQJH LQWHUYDO ZLOO EH 583 KRXUV/ PD[LPXP1 7KH RLO ZLOO EH FKDQJHG DIWHU HDFK FKDQJH LQ
IXHO0VXOIXU OHYHO1 +RZHYHU/ D GRXEOH IOXVK RI RLO ZLOO QRW EH QHFHVVDU\1 7KH DPRXQW RI RLO OHIW LQ WKH
SXPS DQG SDVVDJHZD\V LV HVWLPDWHG WR EH QHJOLJLEOH1

B.4 Lubricating Oil Sampling and Analysis

/XEULFDWLQJ RLO VDPSOHV DUH FROOHFWHG DQG DQDO\]HG SHULRGLFDOO\ DFFRUGLQJ WR WKH IROORZLQJ
SURFHGXUHV1

B.4.1 Sample Collection Procedures

2LO VDPSOHV DUH FROOHFWHG IURP WKH HQJLQH DW ´ZDUPHG XSµ FRQGLWLRQV ZKLOH LGOLQJ1 6DPSOHV DUH
WDNHQ IURP WKH RLO JDOOHU\/ EXW PHWKRGV RI FROOHFWLRQ GHSHQG RQ WKH JLYHQ HQJLQH·V FRQILJXUDWLRQ1 $
5730PO VDPSOH LV DGHTXDWH WR FRPSOHWH DOO URXWLQH DQDO\VHV/ OHDYLQJ DGGLWLRQDO VDPSOHV DYDLODEOH IRU
FRQILUPDWRU\ RU DGGLWLRQDO DQDO\VHV1 $IWHU VDPSOLQJ/ DQ LGHQWLFDO DPRXQW RI IUHVK RLO LV DGGHG WR WKH
HQJLQH WR FRPSHQVDWH IRU WKH GUDLQHG VDPSOH1 +7KH VDPSOH OLQH LV IOXVKHG SULRU WR FROOHFWLQJ WKH
VDPSOH/ DQG WKH RLO GUDLQHG IURP WKH OLQH UHLQWURGXFHG WR WKH HQJLQH1, 6DPSOH ERWWOHV DUH ODEHOHG WR
LGHQWLI\ WKH WHVW ODERUDWRU\/ WHVW KRXUV +KRXUV VLQFH ODVW RLO FKDQJH,/ HQJLQH W\SH/ IXHO VXOIXU OHYHO/ GDWH
VDPSOHG/ DQG WKH FRUUHVSRQGLQJ FDWDO\VW1

)RU HDFK 5830KRXU DJLQJ VHTXHQFH/ RLO VDPSOHV DUH WDNHQ DW 3/ 83/ 433/ 483/ 533/ DQG 583 KRXUV1 7KH
LQLWLDO RLO VDPSOH +]HUR KRXU, IRU HDFK VHTXHQFH LV QRW FROOHFWHG XQWLO WKH HQJLQH KDV ZDUPHG XS DQG
KDV KDG DGHTXDWH WLPH WR FLUFXODWH +DERXW 63 PLQXWHV WR 4 KRXU,1

B.4.2 Oil Analysis Procedures

7DEOH %1704 RXWOLQHV WKH RLO DQDO\VLV SURFHGXUHV XVHG IRU HDFK RLO VDPSOH1

Table B.4-1.  Oil Sample Analyses
Property Test Method Significance

Kinematic Viscosity (at
40(C)

D 445 Low viscosity identifies fuel or coolant leaks.  High
viscosity indicates oxidation or soot thickening.

Total Base Number
(TBN)

D 4739 or
D 2896

A measure of the base reserve available for acid
neutralization; depletes as oil ages.  Rate of depletion may
be dependent on fuel sulfur level

Additive Metals
(Ca, Mg, Zn, P)

ICP Confirms additive concentration (QC).  Rise in Ca or Mg
level can indicate base oil volatility.

Wear Metals
(Fe, Pb, Cu, Cr)

ICP Characterizes wear rates; can indicate abnormal wear or
corrosion of certain components.

Contaminant Metals
(Si, Na)

ICP Indicative of coolant leaks

Soot IR or TGA High soot levels can thicken the oil and accelerate wear
rates.  IR methods are quicker and less expensive and are
typically calibrated to correlate with TGA results.

Sulfur X-ray Fluorescence
D 4927

Lends insight into the fate of crankcase sulfur; will help in
the interpretation of the test results.
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B.5 Consideration of Lubricating Oil Sulfur Content

6XOIXU IURP WKH OXEULFDWLQJ RLO FDQ FRQWULEXWH WR RYHUDOO HQJLQH0RXW VXOIXU HPLVVLRQV1 7KHUH LV VRPH
VXOIXU LQ WKH OXEULFDWLQJ RLO EDVH VWRFN1 +RZHYHU/ PXFK RI WKLV VXOIXU FRQWHQW LV DVVRFLDWHG ZLWK
GHWHUJHQWV DQG DQWL0ZHDU DGGLWLYHV LQ WKH DGGLWLYH SDFNDJHV RI FRPPHUFLDO &+07 OXEULFDWLQJ RLOV1
6SHFLILFDOO\/ WKH DQWL0ZHDU DGGLWLYHV W\SLFDOO\ FRQWDLQ VXOIXU DQG SKRVSKRUXV LQ WKH IRUP RI ]LQF
GLWKLRSKRVSKDWHV1 0DQ\ GHWHUJHQW SDFNDJHV FRQWDLQ DON\O VXOIRQDWHV DV ZHOO1

7KH QHW HIIHFW LV WKDW FRPPHUFLDO GLHVHO HQJLQH OXEULFDWLQJ RLOV FRQWDLQ IURP 7/3330 WR 43/3330SSP
VXOIXU1 3URYHQ VXEVWLWXWHV IRU WKH VXOIXU0EHDULQJ DGGLWLYHV DUH QRW DYDLODEOH DQG/ RYHUDOO/ OLWWOH
UHVHDUFK KDV EHHQ GRQH WR GDWH RQ WKH GHYHORSPHQW RI D ORZ0VXOIXU OXEULFDWLQJ RLO IRU GLHVHO HQJLQHV1
7KHUHIRUH/ WKH QHDU0WHUP SRVVLELOLW\ RI SURFXULQJ D ]HUR0VXOIXU OXEULFDWLQJ RLO HTXLYDOHQW WR FXUUHQW
FRPPHUFLDO &+07 RLOV ZDV QRW FRQVLGHUHG IDYRUDEOH1

7KH XVH RI D V\QWKHWLF RLO ZDV DOVR FRQVLGHUHG1 $OWKRXJK V\QWKHWLF RLOV GR QRW XVH D SHWUROHXP0
GHULYHG EDVH VWRFN DQG ZLOO QRW KDYH DQ\ VXOIXU IURP WKH EDVH VWRFN/ WKH\ VWLOO XVH VXOIXU0FRQWDLQLQJ
DGGLWLYHV1 0RUHRYHU/ EHFDXVH SHWUROHXP0GHULYHG EDVH VWRFNV DUH KLJKO\ UHILQHG DQG K\GURWUHDWHG/
ORZHULQJ WKH EDVH VWRFN FRQWULEXWLRQ WR WKH RYHUDOO VXOIXU FRQWHQW WKURXJK WKH XVH RI V\QWKHWLF RLOV
ZRXOG EH H[SHFWHG WR SURYLGH RQO\ D PLQRU DGYDQWDJH1

B.5.1 Oil Analysis Results

$Q DQDO\VLV RI WKUHH VDPSOHV RI IUHVK/ XQXVHG 6KHOO 5RWHOOD 7 48:73 RLO VKRZHG DQ DYHUDJH VXOIXU
FRQWHQW RI 6/853 SSP1


