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Evyaprotieg

2 OPKELD EKTOVIIONG TNG TAPOVCAG OO0KTOPIKNG otatpiPnig, m omoia Eexivnoe to 2000,
onuavtikdg  opliudg avBpomwv  cuvepydotnkov Kot mtpoéceepav T Ponbeld  Tovg
vrootnpilovtag t deoymyn ™ épevvag e d1dpopovg tpdmove. Eipon evyvouwv e dAovc.
210 onueio avtd Bewpd VIOYPEMSN LoV Vo amevBOVE TIg o Beppég EVYOPIOTIEG OV GTOVG
TOPOKATO:

— Tov emPAiémovia g mapovcag oTpirig Ap. AvacTtdclo XTOUOTEALO Yoo TNV
EUTIGTOCLVY| LLE TNV omola LE TEPLEPALE 1ON OO TO POLTNTIKG LOV YPOVIK KOl TV
QUEPIOTN EMOTNUOVIKY Kol ovOpdmv KaBodNynon 7ov LoV TPOGEPEPE GTNV
OVTILETOTION TOV TAONG PVCEMS (NTNUATOV TOL AVEKLYAY OTIC SAPOPES PAGELS TNG
apovoog datpPne. Tov elpot evyvodUmVY Yot SNUOVPYNGE TIC TPOVTOBESELS Yo TV
TPOYUOTOTOINGT TNG €PYOCIOG OVLTNG KOL ROV gUeOoNcE TS apyxés tov Epeuvntn
Mnyavikob og 1e(VOLOYIKG GUVOETEC TTEPLOYEG OO LT GTNV OTOlo EVTACGETAL 1)
TOPOVCO, EPEVLVITIKT OPACTNPLOTNTA.

—  Ta péin g ovpPovievtikng emrponng Ap. NucodAao BAGyo ywo v kabBodnynon ko
TIG AEMTOUEPEIC TOPATNPNGELS TOV KOTA TN UEAETN TOV QOIVOUEVOV PONG EVTOG TOV
oiAtpov, tov Ap. Baocileto Mmovtoloylov yio v avektiuntm ovuPoAn tov ot
HEAETT KOl KATAVONGT TOV QOIVOUEVMV TTOV avEKLY OV KaBOAa Ta 6TAd10 TG EpEVVAG,
TNV EVYEVI TOPOYDPNOT TNG CLOKELNG ToV Beppoluyod Yo To. OYETIKO TEPAUOTOL,
AL Kot TAoNG PUGEMG SIEVKOADVGELG e OAVEIGUO EPYOCTNPLOKOD £EOTAIGHOV, TOV
Ap. Eppiko Zramovviln yia Tic cUUPOVAEG TOL GTOV GYESOGUO TV daTdEemy Yo
HEAETT) TNG PONG KL TIC TALPOTNPNGELS TOV OTNV AVAALGN TOV ATOTEAECUATOV, TOV Ap.
I'pnyoplo XaidepevOmovAo Yo TV TOpOY®PNCN NS XPNONG TOV MAEKTPOVIKOD
UIKPOGKOTIOL GTNV TOPOTAPNOT TNG KATAVOUNG NG OBAANG Kot TS YPYOULES
TOPOTNPNCELS TOL 0T JEEAYWYN TNG EPELVAG.

—  Tovg xabnyntéc tov EMIT Ap. Nwodrao Kvptdto kot Ap. Anurtpio MaBiovddxkn yio
™V €VYeVN amodoyn Toug vo givor PEAN NG €EETOCTIKNG EMITPOTNG, TIG EKTEVELG
TOPOTNPNOELS TOVG KOt TIC TOAAATAG @@EALLEG cuinTnoelg Tov elya pali Tovg.

— Tov Ap. Tewpyo Iamamoivpépov, Kabnynt) oto TEI Adpicog ko mponv
dwdokovta Tov Tunuotdg pag, yio Tig XpNoUYLES GLENTNCELS KOl TAPUTNPNCELS KOTA T
deEaymyn tov epapdtov oto Bepprolvyd Kot Ty avOAVoT) TV OTOTEAEGUATMV.

—  Tovg pidovg kot cuvepydteg pov 010 E.0.0.M Yroy. Awdktopa ['edpyro Kovotavd
vy v avektipnm Pondeid Tov 610 CTNGIUO TOV TEPAUATIKOV OOTAEEDV Kol TN
LEAETT) TV QALVOUEV@OV TTOV AVEKLYOV KATA TIG SLAPOPES PACELS TNG EpEvVAG, TOV Ap.
I'edpylo [ovikdkm yu v kabodnynon kotd 1 @don deaymyng e eraindevong
TOV VTOAOYLIOTIKOV HovTEAV Tov Epyaotnpiov kot tig yprioyieg culntmoeis pog yo
™ Bertimon tovg, Tov Auth. Mnyavikd (MSc) Anuntpn Papiavo yia ) copfoin tov
ot deoymyn TOV TEWPAUATOV GTNV TEPLOYN NG PONG OTO OIATPO Kot TEAOG TO
voAOITo TPoc®TIKO Tov Epyoactnpiov: Audh. Mnyovikdé Olvumioc Zadyov Kot TOUG
TEAELOPOITOVG OToLOACTEG ABavacto Ziwopovion kot ZoTpo Zeiumékn yio v
GLVEPYOGIN TOVS OTIC OLAPOPES PAGELS TNG epyaciog avthg. Oa mpénel va onueumdel
OTL M €YKOPN KOL ETLTUYNG TEPALMGT TNG EPYACIAG EYIVE EPIKTT XAPT OTN GLVEIGPOPE
KOl TNV OHodIKN ovvepyacio vd v kabodnynon tov emPAETOVIOS TV VITOAOITWOV
perdv g Epgvvntikng opddog tov Epyactnpiov.
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—  Tnv vroymoeta Awdktopa tov Tunpatog ko EAévn Kapovton yuo tn copfoin kot tig
YPNOLES TAPUTNPNOELS TG OTN UEAETT) TOV QOIVOUEVOV TNG Katavoung palag 1e
YPNON NAEKTPOVIKNG LIKPOCKOTIOC.

— Tnv etapioc PSA Peugeot-Citroen yio v €vyevi] mpoc@opd Tov TEAELTOING
teyvoroyiag didtpov kivntipo Diesel o omoiog amotéleoe T0 KEVIPIKO epYareio otV
SteEaymyn TV TEWPAUATOV Kol £dMGE TN dVVATOTNTO TAL CLUTEPACLATO THG EPYUGIOGS
oG vo cupPadilovy pe To onueptvo eminedo TEXVOAOYiaG.

— Tnv etoupio IBIDEN Co. Ltd yia tqv guyeviy Tpoc@opd Tov KEPUMKOV GIATP@V OV
ypnoonomdnkay ot degaywyn tov petpnocov. Emmiéov tov Auth. Mnyavikd g
etapiog k. Sungtae Hong yw T cvvepyosio TOL Kol TNV TOPOYN TEPOLOTIKMOV
dedopévev katd T dtadikacio ETOANBEVLONG TOV VTOAOYIGTIKMOV LOVIEAMV.

— Tnv etopio Rhodia Electronics & Catalysis yw v mapoyny tov StoAVHOTOS TOV
KOTOALTIKOU TPOGHETOL.

—  Tnv etaupia Lion Hellas kot €181k tov vrevbovvo exmaidevong k. Totiplo AGurpov
Yo TV vmootnpiEn otV €yKatdotacn Tov Kwntipo péow tng o1dbeong oto
Epyootplo tov amottovpevav TeXVIKOV gYxEpdiov kob®S Kol oVTOALAKTIKOV LE
GNUOVTIKA LEWOUEVO KOGTOG.

— Tnv etopio Mercedes-Benz Hellas kot €dwéd tov dievbuvin ovioAlOKTIKOV K.
Kovotavtivo Ztavpdémovio 7y v evyevy mpooeopd oto Epyaocmpio tov
KOYALOQPOPOV GUUTIEGTN, O OTOI0G YPMNOIHLOTOMONKE oTNV dEaywYN TOV TEPAUATOV
YloL TN LEAETT TNG OVIGOKOTOVOUNG TS POT|G.

— Tov . Avactdoio Aagepépo (ETEIT tov Tunpatog) yio v avektipntn cvppoin tov
0TO GYEOOUO KO KOTOOKELT TOV TOAVTAOK®OV GE OPIGUEVEG TEPUTTAOCELS doTAEE®V
oL YpnooTomdnKav ota ddpopa mEPdpata, kabmg Kot Tov K. ABavacio Bépyo
(ETEII) o omoiog cuvepydoTNKE GE UNYOVOVPYIKES EPYOGIEG Kol PPOVTILE VO KpOTa
a&opayo tov drabéoipo eEomAiopo Tov Hiextpounyoavovpyeiov tov Tunpartoc.
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Abstract

In Europe and other regions where Diesel vehicles are common, the development of clean
diesel systems that reduce CO, levels in the atmosphere is attracting considerable attention.
However, the diesel exhaust aftertreatment presents significant challenges to the automotive
manufacturers, due to the difficulty to oxidize diesel particulate and reduce NOx. The diesel
filter is a workable device that can be employed to reduce particulate emissions about one
order of magnitude. However, although its first, unsuccessful, pilot series application by a big
European manufacturer in California dates back to 1985, it was necessary to continue
development for about 20 years until a workable model equipped with a diesel filter system
was series produced by another European manufacturer starting 2001. This system exploited
the additional potential of the modern diesel powertrain, with a common rail, high-pressure
injection system, to attain the required exhaust temperature levels for filter regeneration. The
assistance of the process by a catalyst seems to be unavoidable, and this first system
employed the catalyst as a fuel additive. Based on the extensive vehicular experience with this
pioneering system (more than 300,000 cars produced), which is now being followed by other
diesel vehicle manufacturers, it came out that our understanding of the process is not to the
level required for the design of reliable and durable systems. This PhD thesis examines certain
aspects of diesel filter regeneration by use of fuel additives that proved to need further
investigation.

These include the reaction scheme and kinetics parameters of the catalytic regeneration, the
role of the Volatile Organic Fraction (VOF) of the particulate, the study of soot and exhaust
flow maldistribution in the filter and the study of pressure drop parameters as the permeability
of the ceramic wall and the permeability — density of the particulate layer. All these studies
were based on specially designed experiments, on the engine bench and on purpose designed
test rigs.

The experimental results of this study confirmed the complexity of the process. As regards the
reaction scheme, the range of catalytic activity of Ceria with regard to the soot and VOF
oxidation, as well as the Ceria re-oxidation by exhaust gas oxygen was determined, along
with the respective apparent kinetics parameters (activation energy values). As regards the
VOF, the VOF content of soot produced by the specific engine was mapped in the operation
range of the engine. Also, the role of VOF in the low-temperature regeneration process was
demonstrated and explained. Early in this study, it was found that the exhaust gas flow
distribution between the filter channels was interacting with the soot loading distribution and
VOF adsorption — desorption. For this reason, specific series of experiments were designed
and conducted. The results demonstrated an unstable behaviour of soot maldistribution during
loading and regeneration. This behaviour was found responsible for a major part of the
significant discrepancies observed between 1D and 2D (axisymmetric) models and
experimental findings by numerous researchers. Moreover, the above-mentioned
maldistribution behaviour prohibits any valid correlation between pressure drop across the
filter and soot loading mass. This is a problem for the control system of the engine exhaust
treatment, because the filter pressure drop signal was traditionally an essential sensor input
signal for the engine management. In addition to the soot maldistribution between center and
periphery of the filter, it was found that the soot layer thickness in a single channel could also
present a certain degree of inhomogeneity. Another major objective of this study was to
support improved modeling of the process. This was partly succeeded as one may deduce
from the extensive validation results of 1D and 3D codes, which are now routinely being
applied as engineering design tools.
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IHewpopatikny Argpevvnon g Katarlvtikng
O&elomong XOUOTIOIOV Kol TOV
Xoapaxktnprotik®v IItoong Ilicong og
dirtpa A10dinc Kivnmipov Diesel

Evpetla Hepiinyn

H mopovca odaktopikry OTpiPny €VIAGGETOL GTNV TEPOYN TG OVIPPOTAVONG OTO
Kowoaéplo oynuatov pe kivntipa Diesel kot avtikeipevo g eivat 1 Tepapotiky diepevvnon
g ofeidmong ¢ aBdAng KobdG Kol TV QOVOUEVOV PONG GE KEPOKE QIATPO.
E&e1diketovtag oTig 000 anTéC KaTELBVVOELS £pevvog peleTnONKaV:

01 KvnTikég G Oepukng ko KatoAvTikng o&eidwong g obaang

01 KIVNTIKEG TNG KOTAAVTIKNG 0EEIOMONG TOV TPOSPOPNUEVAOV VIPOYOVOVOPAK®V

TO YOPOKTNPIOTIKA TNG TTMOTG TECTG

TO, QOVOUEVA TNG CVOUOLOHOPPIOG TNG PONG TOCO KOTA TN QOPTIGN OGO Kol KOTA TNV
avayévvnon

TOL POLVOLEVO TNG OVOLOLOHOPQIaG TG evamdBeong TG alfding

® 1 £QOPUOYN TOV ETUEPOVS EVPNUATMOV TNG TEPOUATIKNG EPELVOS GTNV HOVIELOTOINOT)
™G KOTOAVTIKNG avayévvnong He VToAoyloTikd poviéda 1D kot 3D ko m vmwodeEn
CLYKEKPLUEVOV HETP®V Y10 TN PedTion TG ikavdtnTag TPOPAEYNS TOV LOVTEAW®V.

O oyedaonds Kot 1 EKTEAECN TPOTOTVIIMOV TEPAUATOV Y0l TN LEAETY] TG GLUTEPLPOPAS TOV
QIATPOL Kot TNV KOTOAVONOT TOV QOVOUEVAOV TOL AAUBAvoLY Ydpo 6'anTd, 1010iTepa KATA T
Aertovpyio OTIG TEPLOYEG LE YOUNAY Kot HEST] TOPOYT KOLGAEPIOL OTTOV 01 Beppokpacieg eivat
oxetikd yoauniéc (ovvbnkec odnynong o€ mOAN), OmOTEAEL évov amO TOVG GTPOTNYIKOVG
GTOYOVG TNG TOPOVoAG STPIPNG. ATO TNV TPOGEKTIKY £pguva NG PipAoypapiag Tposkuye
OTL 1] LEAETY TOV TEPLOYDV OVTMOV EIvol EAMTNG GE 0,TL OPOPA TNV TEIPOLOTIKT SIEPEVVION
TOVG, L€ OMOTEAEGLOL VO UMV VTTOCTNPILETOL CWGTA 1 AVATTLEN LAONUATIKOV HOVTEA®DY KOODGS
TO POLVOLEVA TTOV AULUPAVOVY YDPO OE OVTEG TIC TEPLOYES OEV EYOVV YIVEL TANP®G KATOVONTA.

INUOVTIKO PEPOG O QVTNV TN OTpiPr] KaTaAApPAveEL 0 GYXEOIACUOG KO 1] KOTOOKELT
TEWPOUATIKOV SOTAEEDV OTOPAiTNTOV Yo TH JlEPEHVNON TOV QOIVOUEVOV GTIG EMUEPOVG
KatevBouvoelg g épevvag aAAd kot T pETpnon peyebav mov g topa dev elxe emyelpnOet
amo dArovg epevvnTéc. Kevipikd porho ot de&oywyn TV TEPALATOV ETOEE N £€YKATAGTAOT)
evog ovyypovov diktpov kwnripo diesel (PSA HDI-DW10 ATED, 110 HP max). O
OYEOGLOC TOL GLGTILATOG EEAYMYNG KOl TNG EYKOTAGTACNG TNG TAYidag £yvov [LE GKOTO 1)
oldtaln vo pnv am€yel CNUOVIIKA OO 0T GTO TPAYUATIKO OLTOKIVITO TGl OCTE TO
cuumepAoHATO TNG HEAETNG vo elvar peaiiotikd. EmmAéov m eykordotacn oavtOpotov
ovoTNUaTog cvAloyng kot emeepyooiag petpioewv (Data Acquisition System) édwoe ™)
SVVATOTNTO. KOTOYPOPNG TNG CLUTEPLPOPAS TOV GLGTNHLOTOS GE TPAYUATIKO ¥pOVO TOGO GE
puovipeg 660 ko petafotikeés ovvOnkeg Asttovpyioc. Extog and ta mepdpota pe tov peydao
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kwntipa g PSA mepdpota eniong de&nydnoav kot pe €va povokdiwvdpo kivnmpa 0.4 1,
(Ruggerini BRIO 91, 11 HP max), o omoiog &podidotnke pe pio mayido (dtarpovduevn
1310KATOCKELN) HiKpob 6yKkov. To péyebog g mayidog emétpeye ™ Hedpnon LovodlioToTnG
avélvong yopic vo  Aappavovtar vwoyn to 3-D povopevo  yeyovdg 10 omoio
YPNOLOTOMONKE GTNV HEAETN TNG KATAVOUNG TNG POPTIONG £VIOS Tov KavaAlo. [Iépav tawv
Bocik®V avTtdv O10TAEE®V GYENAOTNKAY KOl KOTOACKELAGTNKAY ETIONG:

® 510KOTOOKELT Y10 TOV LIOAOYIGUO TOV YWOUEVOL TuKvotNTa €mi dramepatomra (PK)p
TOV GTPOUATOC TG ABAANG € EMIONG KATOUOKEVUGUEVO GTO EPYOCTIPLO LOVOKAVOAL
QIATpa KO TN UETPNON TNG avicoKaTAvOUnG TG Malog g abdAng ota kavdAle Tov
TANPOLS GIATPOV.

o O1dtaln amotedobpevn amd GYESUGUEVOVS KOl KOTOGKELOCUEVOVG GTO EPYUGTIPLO
colveg Pitot tubes ywo ™ pétpnon TG AVIGOKOTOVOUNG TNG PONG OE TPOYLOTIKES
ovvOnkec Aertovpyiog (Bepud kavoaéplo) 160 Katd T EOpTIoN 060 KOl KOTO TNV
avoyévvnon.

e Juitaén amotelovpevn omd cvumiestn OETIKOD EKTOMICUATOC KOl OVTOUOTO GUGTILLOL
OleEaymyng Kot ANYNG UHETPNCEDV TOV TOYVTNTOV PONG Yo TNV  UEAETN TNG
OVIGOKOTOVOUNG TNG PONG GE KEVO Kol QPOPTIGUEVO QIATPO o€ GLVOTKES eAeYXOUEVNG
TOPOXNG.

®  1010KATOOKELY] OTOTEAOVIEV OO SLOPOVUEVO GUGTNHO TToyidag To TEUYLOL TNG OTolag
UTOpPOVV GTN GUVEXELN VO, ATOCLVAPLOAOYNO0VV Kot va tapatnpnBodv 6To NAEKTPOVIKO
LIKPOGKOMIO TPOKEWEVOL Vo, pedetnBel 1 katovopr] g aBdAng evidg tov KovoAdv
oAAG o va petpnBel 10 mOYOG TOL GTPMOUATOC TNG, OTOXEIO AmOPAITNTO Y10 TOV
aE10MOTO VTOAOYIGHO TG TVKVOTNTOG.

H mpotm o@don g épevvag mov mapovoidletor otn owtpPn avty meptropfdver tov
TEPOUATIKO TPOGOIOPIGUO TOV KIWNTIKAOV TNG OepIKNG KOl KOTOALTIKNG 0EEidmong g
afdAng kabdg Kol TOV TPOSPOPNUEVOY G avTiV LopoyovavBpdkmv. H mpwtotumio g
dladKaciog anTng Eykertonl 6To OTL 1| ANyn TV detypdtov aBdAng éywve anevbeiog and to
ECMTEPIKO TOV PIATPOL HE GTOYO TNV UEAETN TNG eMIdpaoNG TG UETAROAAOUEVNG TOOTNTOG
TOV GOUATIOION GE OTL APOPA TO TEPLEXOUEVO GE VOPOYOVAVOpaKa, To omoio EaptdToar Auesa
amd 10 onueio AETovpylag TOV KVNTHNPO KOl TO OVOTTUGCOUEVO BEPUOKPOUCIOKO TEdIO GTO
@iAtpo. MEpog TG EPELVNTIKNG OPAGTNPLOTNTAS KATA TN GPACT] OLTH £YIVE GE GUVEPYOGIO UE
10 Epyactpio ®uoikdv kot Xnukov Atepyasudv Tov Tunpatog, 6rov mporyatomotonkoy
0l aVOaAVGELS TV detypdTev 6to Beppoluyd to amoTEAEGHOTO TMV OTOI®VY (PN CILOTOONKaY
oV €€aymyn TOV KIVNTIKOV KOl TOV VTOAOYICUO TOV TEPIEXOUEVOVL TOL COUATIOION GE
TPOGpoPNUEVOLS vIpoyovavOpakes. Emiong, diepevvoviar o poOAOg TV TPOCPOPNUEVOV
vdpoyovovOpdkwv oty modtnta. TG avayévvnong Kabdg emiong kol To QovOUEVO
TPOGPOPNONG — EKPOPNONG KATA TN QOPTION AOY®D TV OEPUOKPACIOK®Y d0POop®V HETAED
TOV KEVIPIKAOV KOl TEPUPEPIKAOV KavaAldv Tov  ¢idtpov. Téhog, péow KoTtdAANAQ
OYEQWICUEVOV TIEPOUATOV OVOYEVVIICEDV UEAETATOL 1 EMIOPOCT TOV YOPOKTNPIOTIKMOV
AgrTovpyiog ToOv GLOTAKOTOG KIVNTAPAG-QIATPO-TPOGheTO (GLYKEVTIP®EN TPOGsHETO, TAPOYT-
Bepuoxpacio Kavcoepiov, TEPIEYOUEVO GE TPOGPOPNUEVOVS VOpOYOovAvOpakes kol péyeBog
QOPTIONG) OTA YOPAKTNPOTIKA NG avayévvnone (uéyioteg Beppokpacieg, mtoon mieong,
duapketo ko fadudc olokAnpmong g depyoociag).

Katd tv enduevn @don g épevvag delnydnoav meEPpALoTe Y100 TOV TPOGOOPIoUO TMOV
YOPOKTNPIOTIKAOV TNG TTOCNG TECNS KOl TNV KATOVON G TOV UNYOVICUOV TOL ETOPOVV GTA
(QOVOLEVO OVIGOKOTAVOUNG HALHG TG CLGGMPELUEVIG MBAANG Kol TG PONg TOGO KATd T
depyacio g poOpTiong 660 kot TG avayévvnong. [ tov tpocdiopiopd tov yvopévou (pk),
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TOV GTPMUOTOG OBAANG KOTOOKEVACTNKOV HOVOKAVaAd @iATpa, To omoio vIoPANOnKav og
@OpTION O€ OPOPETIKA onueia Agttovpyiog Tov kivntipo. H dadikacio Tov vTtoloyiopov
Baciletar otV VIWOAOYIGTIK] TPOGOUOIOTN TNG PONG OTO E0MTEPIKO TOL HOVOKAVOAOUL
QIATPOL KOTA TN OPKELD TNG EKTOVMONG 1O010GVOKEVNG TOV TEPAapPavel doyelo pe agpa
ovykekpiuévng mieong. H ypnom g 10106V0KEVNG aLTAG €meKTAONKE HE KOTAAANAN
TPOTOMOINGT GE TMEPAUATA GE PEYOAN TOAVKAVAAN PIATPA, TPOKEEVOL Vo, LEAETO0DV TO
QOVOLEVO TNG OVICOKOTOVOUNG MAlaG TG atBdANng e CUYKPION TOV KOUTVA®V EKTOVMOONG
oL eAMPONGOV GE SUPOPETIKA KAVAALQ. ZTOYOC TOV UETPNOCEMV OVTAOV £ivol N HEAETN TNG
avopolopopeiag oty Kotavoun palog ™ ofdAng petalld KEVIPIK®OV KOl TEPLPEPIKAOV
KOVOM®OV (OC GUVETELD TOV QUIVOUEVOV TNG OVIGOKOTOVOUNG TNG PONG KT TN pOPTIOT, TOV
ATELELDV OTNV OAOKANPMOOT TNG avayEvvnong g Alydtepo Bepung meplopépelag tov eiAtpov
OAAG Kol NG EmOpacNG OELTEPELOVIMV (QUIVOUEVOV ONMC OLTE TOV  GTOYUCTIKMV
OVOYEVVIICEMV KOl TNG TPOGPOPNONG-EKPOPNONG LOPOYOVOVOPAK®V.

H pelét tov eoawvopévev avicokatovounsg g pong éxet de&aybel og dvo pépn. Katd to
TPAOTO HEPOG O1 TAYVTNTEG PONG OE SLUPOPETIKA KAVAALL TOV KEVIPOL KO TNG TEPUPEPELNG TOV
eiktpov petprinkav pe yprion coinvev Pitot-Static ce npaypatikég cuvOnkeg Aettovpyiog
(poption kat avoyévvnon) HE 6TOXO TNV TOVTOTOINCT TV UNXAVIGU®V Tov exnpedlovy
pon kot oyetilovial He TIG TOPAUETPOVS AEITOVPYING TOV GLGTHUOATOG KVNTHPOG — QIATPO
Katavoun eoptione. Katd 1o devtepo pépog ot emdpacelc Tov Bopupfmoovg mepiPdAiovtog
mg e€aymyng amopovodnkav pécwm Oegoywyng HETPNOE®V HE CUOTNUO GAPOONG TNG
Statopng €£000V TOV PIATPOL GE EOIKA KATACKEVACUEVT] O1ATOEN LE KOYMOPOPO GULUTIESTY,
o€ Beppokpacio TePPAALOVTOG. ZTOHYOG TOV UETPNCEMV AVTAOV ival apevog 1 diepedvnon g
EMIOPACTC TOV YUPAKTNPLOTIKDOY GYESAGUOD TOV GUGTHLOTOS TOV GIATPov (VAIKO Kat TOTOG
eiktpov, unKog @iktpov, Vmapln KOTOAVTN UnpPOg amd TO PIATpo) oMV UETPOLUEVN
OVICOKOTAVOLT] TNG PONG KO OPETEPOL 1 GLOYETION HETAED TAPOYNG — POPTIONG.

Yt mloicw g mepoutépo  euPdbouvoncg otn  ovykekpuyévn  peAétn, Eekivnoe o
YOPOKTNPIOUOS TG evamdBeong ™ afdAng oto @iltpo, 0AAE Kol 0 TPOGIOPIGUOG TNG
TUKVOTNTOG TG aBdANG o8 d1apopeg Teputtmoelg evandbeong (onueia Asttovpyiag Kvntipo)
[e xpfHon TEYVIKGOV NAEKTPOVIKNG pikpookorioc. (SEM). H yprion dwapovpevov iktpov, 1o
omoio @optileTol ©TOV HIKPO KWVNTAPO KOU €V oLVEXElD TO EMUEPOLS TEUAYOL TOV
ATOGLVOELOVTOL KOl TOPATIPOVVTOL GTO WKPOCKOTIO, OMOTEAEL ONUAVTIKY TPOTOTVTIO GTHV
meployn  avt. MéEpog TG €PELVNTIKNG  dOPACTNPOTNTAG KATO TN  QACT 0T
npaypatonomOnke oe cuvepyosia pe 1o Epyactmplo Yawov tov Tuqpotog, 61o nAexktpoviko
UIKPOOKOMTIO TOL OTTOI0V £YIVE 1] TOPATIPNOT TOV POPTIGUEVOV TELOYI®V TOL GIATPOVL.

210 tEMKO otddlo avtig G OTpiprg eAlyyOnke m opbBotmra TtV poviéAwv 1D
(CATWALL) ka1 3D (ANSYS-CATWALL) mov ovamtdcooviol 6T0 €PYACTNPLO UE THV
anevBeiog EPApLOYN TOV TILAOV TOV TOPAUETPOV TNG TTOONG TECNS KOl TOV KIVITIK®OV TNG
o&eidmong g abdAng mov mpoodopicnkav mepopatikd. Méca amd tn dwdwacio avty
mpotdOnkav, Kot vAoromOnkav and dAla pEAn tov Epyactnpiov cuykekpipéveg PeAtuinoelg
YL TO GYNUO TOV OVTIOPACE®V Kol TNV HovteAomoinon tng mtdong mieong. EmmAdov, pe
eKTEVELG O1001KaGiEg EmaAnBevong pe fAon Ta TEPAUOTIKA dEdOUEVA, dlepeLVTONKAY Ta dpla
Kol T0 TESl0 EQPAPUOYNG TOV GUYKEKPUEVOV VTOAOYIGTIK®OV EPYOAEI®V GTO OYEOIAGUO
cvoTnuatev @iAtpov oBding. Xmv katevbovon avt) TpoypoTomo|OnKe SNUOVTIKOG
aplOUOC TEPUUATOV avayEVVIONG LE OTOXO TN UEAETN NG EMOPAONG TOV TOPAUETPMV
GYEOG OV KOl AELTOVPYiaG KIvTNPpa-GIATpoL 6TV Tplodtdotatn eEEMEN TG avayEvvnong.
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H 6éoun mepapdtov kot HeTpioe®Vv Tov vAomomONke oTo AL TNG GLYKEKPUEVNG
OAKTOPIKNG £pYaciag, amédel&e OTL GNUOVTIKES TOPAUETPOL TNG AELTOVPYING TOV PIATPOL dEV
gyouv KatavonBel kot afoloynfel emopkdg, mopd TN ONUAVTIKY OEBVH €pELVNTIKY
OpacTNPLOTOINGTN GTO €VPVTEPO aVTIKEIPEVO T TeEAevtaia 25 ypdvia. Extog amd avtiv ™
CLVIGTMOGO VITAPYOVV KOl YPNOIL0 CLUTEPACHATE OTNV KatevBuvon g PeAtimong g
HOVTEAOTTOINGNG TOV GLGTNHOTOC Kot TNG PEATIOTOTOINGMNG TOV GYESOGHOD TOL PIATPOL Kot
TOV GUVOAIKOU GUGTNHOTOC

210, KOPLO. GUUTEPAGLOTO OVTHG TNG OOUKTOPIKNG JATPIPNG EVIACCETOL 1 SOMIGTOON Kot
eMideln g MOALTAOKOTNTOG TMOV (QUIVOUEVOV TNG OVICOKATOVOUNG TNG PONG Kol TNG
QOPTIONG OAAG KO TOV POIVOUEVOV TMV TPOGPOPTGEMV-EKPOPTCEMV TMV VIPOYOVAVOPAK®V,
oL G€  &va OLVOIKO  TEPIPAAAOV  OTMOC aLTO TOLV GCLGTHUOTOS  KIVNTNPAG-IATPO
AAAMAETIOPOVY HETAED TOVG e amoTEAESHO VO, KaBioTaTot eEAIPETIKG SVGKOAN 1) ATOUOVOOT)
Kol M HEAETN Toug ywplotd. H moAvmlokdtmto Ko 1 0AANAETIOpOOT TOV QAVOUEVOV
nepropilel T duvaTOHTNTO TOV YPNGILOTOOVUEVOV HAOMUATIKOV HOVIEA®V VO TPOPAETOLY
TOTE TNV TEPOUOTIKY] COUTEPIPOPE, KOl GLVETMDS LITAYOPELOVY SLPOPETIKY PLLOCOPIn
xpNoNGg Kot meportépm e&EMENG TV povtéAwv. Av Béhape va e€eldikedhoovpe oTIg dVO
OLOLPOPETIKES KOTEVOVVGEIC OWTNG TNG TEPOUATIKNG EPELVAS, TO YEVIKA CLUUTEPAGHOTO ElvOl
T0 €ENG:

e H mapovoio Tov kataddtn vroPifaler ™ Oeppokpacio avaeAeing kor TIG evEPYELEg
gvepyomoinong g o&eidmong g abdaing.

e H evépyeia evepyomoinong g o&eldwong g abdAng vrofidleton emmAéov amd v
TAPOLGIO TOV TPOSPOPNLEV®V VIPOYOVAVOPAK®V, YEYOVOG TO 0moio emaAnBevdnke Kdtw
ond TPAYUATIKEG GUVONKEG HE GVUYKPLON OVOYEVVNCEWV OIATpOV To. omoia elyav
Tponyovprevo @opticlel pe younid Kol LYNAO TEPEYOUEVO GE TPOGPOPNUEVOLG
vOpoYOVAVOpOKES aVTIGTOLYO.

e H mowdmro ot to YOPOKINPIOTIKO TNG OVAYEVVIONG €lval  GLVAPTNGTN TOV
YOPUKTNPLOTIKOV GYEOAGHOD KO AEITOLPYIOS TOV GLGTIOTOG KIVNTHPOS-QIATPO.

e To yopaKTNPIoTIKA TNG TTOONG TEONS £QPTAOVTIOL OO TO YOPOKTINPIOTIKA GYEOLAGHOD
Kot Agttovpylog Tov cuoThpaTog Kivnthipos-eiktpo. H eEdptnon tov ywvopévou (pk), and
10 onpeio Asttovpyiog, 1o EniTEdO POPTIONS KO TOV TOTO TOL PIATPOV, depevvnONKE Ko
TAPOVGLAGTNKE GTN O TPPn] ALTY.

e H Yvmopén onUOVTIKGOV QAIVOUEVOV OVIGOKOTOVOUNG TNG PONG TOGO KATH TN GOPTIoN OGO
KOl KOTG TNV avayévvnorn Topousldotnke oty epyacia avt. To @awvopeva ovtd
OAANAETOpOVY e TO  QOVOpEVO ovicokatavouns pdloc Kabdg kot autd  Tng
TPOGPOPNONGC-EKPOPNONG  TOV  VIPOYOvVOVOpAK®V  HETABAALOVIOG OUVEXYDS  TO
YOPOKINPIOTIKE  Agttovpyiag Tov  @idtpov. EmmAiéov, Omwg oamodeiybnke, n
OVIGOKOTAVOUY] TNG PONg 0ev umopel vo tovtomombel mave otnv KaumOAN TG TTAOCGNG
nleons, Ue OMOTEAESUO 1 UETPNON VA OAAOUDVETOL KOl VO ONHOVPYEITOL EGQAALEVN
EVIVTTOGN YO TO EMIMEDO POPTIONG TOV PIATPOL YEYOVOS OV KOOIGTA TN GUYKEKPLUEVT
pebBodoroyia avaslomoT.
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List of Symbols

1. pre-exponential factor of reaction rate expression, [mol/(m>s)]

A 2. cross-sectional area of the soot layer , [m?]
Co discharge coefficient, [-]

Cp specific heat capacity, [J/(kg-K)]

dn hydraulic diameter of channel, [m]

Dm; mass discharged at iy, time step, [kg/sec]

E ceramic substrate thickness, [m]

E activation energy of reaction rate expression, [J]
H convection coefficient, [W/(m?s)]

K permeability, [m?]

K Arrhenius-type rate factor, [mol/(m>-s)]

L single channel filter length, [m]

1 single channel filter width, [m]

m

mass, [Kg]
M molecular mass, [kg/mol]
Ma Mach number, [-]
MF maldistribution factor
my mass of air present in the vessel, [kg]
m exhaust gas mass flow rate, [kg/s]

pressure [Pa]

heat flux, [W/m?]

heat , [J]

Universal gas constant, [8.3144 J/(mol-K)]
Reynolds Number

rate of reaction, [mol/m®s]

ideal gas constant for exhaust gas, (approx. equal to R,ir = 287 J/(kg-K))
time, [s]

temperature, [K]

mean filtration velocity, [m/sec]

gas velocity, [m/sec]

volume, [m®]

soot layer thickness, [m]

oxygen molar fraction, [-]

distance from the filter inlet, [m]

D

N< s <cCHTTxXOXS DXOXVLOL T

Greek Letters

Y specific heat ratio cy/cy, [-]

AH molar heat of reaction, [J/mol]

Ap pressure drop across filter, [Pa]

A thermal conductivity, [W/(m-K)]

A equivalence ratio of combustion, A=(A/F)/(A/F)s
u dynamic viscosity, [Pa:s]

P density, [kg/m’]

(PK)p soot layer density times permeability product, [kg/m]
4 fractional extent of the catalytic additive oxidation, [-]
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¢ total concentration of catalytic additive in the soot layer, [mol/m?]

Subscripts

atm Atmospheric

C Calculated

ch Channel

f Filter

G Guessed

g Gas

i time step

in gas flow through the inlet channel
out gas flow through the outlet channel
p particulate

real not ideal

S Ceramic

T Throat

% Vessel

W gas flow through the wall

0 Stagnation

Abbreviations

bmep  Break mean effective pressure

DI Direct Injection

DPF Diesel Particulate Filter

DPX9  Commercial name of Cerium fuel additive
EGR Exhaust Gas Recirculation

EN590 European Standard for diesel fuel

HC Hydrocarbons

HDI High pressure Direct Injection

LTTE  Laboratory of Thermodynamics and Thermal Engines
Mfr Exhaust gas Mass flow rate

PAH Polycyclic Aromatic Hydrocarbons

TF Temperature of filter

T/IC Thermocouple fitted on experimental layout

TGA Thermo-Gravimetric Analysis
VOF Volatile Organic Fraction
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1 Introduction

1.1 General

Since the invention of Diesel engine in 1893 its application has become very widespread
over the world. The main reasons for its popularity are the following:

e the combustion efficiency loss is reduced (higher fuel economy)

e the amount of expansion stroke extracted is greater, due to the high compression ratio

and the operation with lean fuel-air mixtures.

e the pumping work at partial load is essentially eliminated

¢ low maintenance requirements

e high durability

Although diesel engines do exhibit clear efficiency advantages, on a worldwide basis,
diesel vehicle emission standards in US and Europe are becoming increasingly stringent [1].
The first location of diesel filters on car was made in California by Mercedes-Benz in 1985
[2]. At that time, the diesel engine technology could not profit from the potential of
computerized engine management systems and advanced common rail injection systems.
However, the possibility of retrofitting diesel filters to existing diesel vehicles, especially
heavy-duty trucks and buses was promising and led to a significant number of pilot
applications [3]. For this reason, manually activated systems able to raise exhaust gas
temperature on-demand [4] were applied in combination with catalytic aids. During the
nineties, the significant advances in diesel engine technology, in combination with diesel
catalysts, were fully exploited in the direction of minimizing particulate emissions without the
use of diesel filters (due to the significant difficulties faced with diesel filter applications).

Starting in 2000, the interest in diesel filter systems by automotive manufacturers is re-
established and ever growing in the frame of the currently proposed EURO IV and Tier 2
(USA) emission standards that are expected to be effective from 2005. As regards particulate
emissions, the wall-flow diesel particulate filter (DPF) is today the most efficient after-
treatment device [5], attaining filtration efficiencies over 90% (for dry particulate) under
normal operating conditions. Since 2001, PSA Peugeot-Citroen produces in large numbers,
passenger cars with a particulate filter fitted as standard equipment. Recently, other car
producers start to introduce diesel filters in certain models. This leads to further enhancement
in the research in this field.

An overview of the operating conditions, requirements and limitations of the exhaust
treatment devices for automotive diesel engines is given in this chapter. Technologies in
series production or at an advanced pre-production stage will be briefly discussed.

1.2 Diesel Engine Emissions

Diesel engine emissions are highly complex mixtures. The composition of diesel exhaust
varies considerably depending on engine type and operating conditions, fuel, lubricating oil,
and whether an emissions control system is present. Various researchers (see for example
[6,7]), have studied the effects of fuel composition and properties on particle formation.

Diesel emissions consist of a wide range of organic and inorganic compounds distributed
among the gaseous and particulate phases: CO, CO,, NO, NO,, N,O, NHj3, Volatile organic
compounds and water vapor, Hydrocarbons (HC), Polynuclear aromatic hydrocarbons,
Carboxyl compounds, Organic acids, Halogenated organic compounds, Sulfur dioxide, and
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Dioxins. The majority of these pollutants are toxic at high concentrations and are suspected
for a series of adverse effects on human life, on the physiology of plants and the integrity of
building construction materials. Table 1.1 presents typical concentrations of the exhaust gas
components.

Nowadays the focus for the reduction of harmful diesel emissions is mainly on particulate
matter (PM) and NOx. Hydrocarbons and carbon monoxide can be removed by use of wall
flow oxidation catalysts. Furthermore the SOx concentration of the exhaust gas is directly
proportional to the sulfur content of the fuel and thus it could be removed with measures
during the distillation fuel process.

Component Concentration Component Concentration
CoO 100-10000 ppm Aldehydes 0 mg/mile
HC 50-500 ppm C; Ammonia 2 mg/mile
NO 30-1000 ppm Cyanide 1 mg/mile
SOy Proportional to fuel S content Benzene 6 mg/mile
PM 20-200 mg/m® Toluene 2 mg/mile
CO, 2-12 vol% PAH 0.3 mg/mile

Table 1.1 Typical exhaust gas components [8]

1.2.1 Diesel particulate matter

The term ‘particle’ generally applies to aerosols created by the dispersion in air of
atomised solids and liquids, powders or droplets, and hence includes the terms “fine dust,
soot, mist, fog and smog”. Their diameter is smaller than 10pum.

Inside an engine, the complete combustion of motor fuels composed exclusively of carbon
and hydrogen, would only generate CO, and H,0O, to the exclusion of any other harmful
product. However, the very short time allowed for chemical oxidation processes integration in
combustion chambers, the lack of homogeneity in the carburetted mixtures, and the
heterogeneity and rapid variations in temperature do not allow for the state of ideal
thermodynamic equilibrium to be reached.

Diesel exhaust particles consist mainly of highly agglomerated solid carbonaceous material
and ash, and volatile organic and sulfur compounds. Solid carbon is formed during
combustion in locally rich regions. Much of it is subsequently oxidized. The result is
exhausted in the form of solid agglomerates. A tiny fraction of the fuel as well as atomized
and evaporated lubrication oil escape oxidation and appearing as volatile or soluble organic
compounds (Soluble Organic Fraction, SOF) in the exhaust. Metal compounds in the fuel and
lubrication oil lead to a small amount of inorganic ash [9]. The US EPA defines diesel
particulate matter as the mass collected on a fiber filter from exhaust that has been diluted and
cooled to 52 °C or below [10]. The composition of exhaust particulates depends on where and
how they are collected. As the exhaust gas is diluted and cooled, nucleation, condensation and
adsorption transform volatile materials to solid and liquid particulate matter. In the tailpipe,
where temperatures are high, most of the volatile materials are of gaseous phase. The details
of the dilution and cooling processes determine the elative amounts of material that adsorb or
condense onto existing particles and nucleate to form new particles [11, 12]. The Soluble
Organic Fraction of the particulate is determined by chemical extraction (Soxlet method), and
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it is usually employed in the determination of adsorbed hydrocarbon speciation. If one is just
interested in the percentage of volatile compounds, it is preferable to determine, instead, the
Volatile Organic Fraction (VOF), by means of vacuum evaporation. The composition of PM
varies greatly depending on the engine technology, test conditions and, in the case of sulfate
particulates, the sulfur content in the fuel. An example of DPM composition from a post-1994
US heavy-duty engine is illustrated in Figure 1.1.

Ash
Fuel SOF ~ 13%
7% Carbon
41%
Lube SOF
0,
25% SO,
14%

Figure 1.1 Diesel particulate matter composition

Diesel particulates have a bimodal size distribution [9, 13]. They are a mixture of nuclei
mode and accumulation mode particles (Figure 1.2). The nuclei mode particles are very small
- their diameters are usually between 0.007 and 0.04 um (micron). These particles originate
from the primary carbon spherules, which are generated in the combustion chamber. As the
exhaust gases cool down after leaving the engine cylinder, nucleation of hydrated sulfuric
acid also produces nuclei mode particles, which are known as sulfate particulates. Under
certain conditions, nucleation of hydrocarbons may also occur. The nuclei mode typically
contains 1-20% of the particle mass and more than 90% of the particle number. The
accumulation mode particles are formed by agglomeration of carbonaceous, nuclei mode
particles. It’s about typical long chain or cluster of carbon particles that contain adsorbed
hydrocarbons.

In the burning of liquid fuels of the diesel type, the size of the droplets and hence the
quality of spraying are extremely important because the formation of soot increases with
droplet size [6, 14]. Of course, the non-homogenous nature of the mixture and the duration of
the injection and its overlap with combustion are parameters that influence the process of soot
formation. Table 1.1 summarizes the parameters that favour diesel particulate emissions.
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Figure 1.2 TEM pictures of nuclei mode (a) and agglomerated particles (b)

Table 1.2 Main parameters influencing particulate formation [15]

e Elevated temperature
e High pressure
e Absence of oxygen

Formation of insoluble fraction
favored by:

e Elevated temperature

Oxidation of insoluble fraction «  High pressure

favored by:
e Presence of Oxygen
e Lean mixture zones
Formation of HC particles e  Temperatures below the flammability limit
favored by: e Hydrocarbons layers on the walls of the bowl
e Fuel droplets seeping at the nozzle tip
e  Surface of cylinder liners
Sources of particles from e Valve stem gaskets
lubricant: e  Turbo-compressor gaskets

e Recycling of crankcase ventilation gases to inlet

Soluble Organic Fraction Components

The SOF is typically composed of lube oil derived hydrocarbons, with a small contribution
from the higher boiling end diesel fuel hydrocarbons. Diesel fuel is composed of
hydrocarbons having boiling range equal to that of aliphatic hydrocarbons with 12 to 20
atoms of carbon in their molecules. Diesel lubrication oil consists of many compounds with
boiling points comparable to normal aliphatic hydrocarbons in the range between C18 and
C36. The SOF fraction contains most of the polynuclear (or polycyclic) aromatic
hydrocarbons (PAH) emitted with diesel exhaust gases. PAHs are aromatic hydrocarbons with
two or more (up to five or six) benzene rings joined in various, more or less clustered forms
generated by pyrosynthesis in the engine cylinder, or transformed by fuel that appears to be the
dominant source of PAH to the lubrication oil during engine operation [16]. They attracted
special attention because many of PAH compounds have been shown to have carcinogenic
effects. Figure 1.3 shows an example chromatogram of diesel particulate SOF compared with
chromatograms of diesel lube oil and diesel fuel.
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Figure 1.3 SOF composition analysis performed on the chromatograph [25].

1.3 Diesel Emissions Reduction Legislation

It has been reported [17] that Diesel exhaust emissions of PM, NOy HC and CO are
responsible for health and environmental hazards. Thus the international legislation from the
early 80’s has acknowledged the problem and posed limits on these emissions. The emission
standards have become more stringent in time.

In Europe since 1992 a series of five steps referred as Euro Standards (Euro I to Euro V)
was adopted for the reduction of the particulate matter and the other harmful gas components
in the exhaust of the passenger cars and light and heavy-duty trucks. These standards are
given in Table 1.3. As it can be seen from 2005 only light duty passenger cars with PM
emissions under 0.025 g/km and heavy duty trucks with PM emissions under 0.02 g/kWh will
be certified for driving in the EU. These values indicate a lowering to the PM emissions
standard of the order of 80% than these of Euro I. In the case of passenger and light-duty
trucks the standards are referred to emission measurements performed during the ECE +
EUDC test cycle. This is a combination of four ECE 15 also known as UDC cycles (Urban
Driving Cycle) that simulate city driving conditions and one EUDC cycle (Extra Urban
Driving Cycle) that simulates highway driving conditions. In the case of heavy-duty trucks,
according to the current EURO Il and the next EURO IV and EURO V standards engine
emissions are measured during either the European Stationary Cycle (ESC) or the European
Transient Cycle (ETC) that replaces the EURO | ECE R-49 cycle (mixture of 13 steady-state
engine operation points). In other European countries as Germany and Sweden, additional
requirements are instituted for vehicles in specific areas such as city centres and mines. In
Germany, engines used in mines are required to be equipped with particulate filters. The same
applies for engines of a certain age to enter in the centres of the big cities of Sweden.
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Table 1.3 European emission standards for diesel passenger cars and light-duty and heavy-duty trucks.

Diesel cars/ [g/km]
Standard Year HC+NO, NO, CcoO PM
Euro | 1992 0.97 - 2.72 0.14
Euro | 1996 0.7 - 1.0 0.08
Euro 11-DI 1999 0.9 - 1.0 0.10
Euro Il 2000 0.56 0.50 0.64 0.05
Euro IV 2005 0.3 0.25 0.50 0.025
Light duty trucks [g/km]
Class Year HC+NO, NO, ofe)] PM
1994 0.97 - 2.72 0.14
| (<1305kg) 2000 0.56 0.50 0.64 0.05
2005 0.30 0.25 0.50 0.025
1994 1.40 - 5.17 0.19
Il (1305-1760kg) | 2001 0.72 0.65 0.80 0.07
2006 0.39 0.33 0.63 0.04
1994 1.70 - 6.90 0.25
Il (>1760kg) 2001 0.86 0.78 0.95 0.10
2006 0.46 0.39 0.74 0.06
Heavy duty diesel trucks / [g/kwWh]
Standard Year&category | HC+NO, NO, CcoO PM
Euro | 1992<85kW 1.1 8.0 45 0.612
1992>85kW 1.1 8.0 45 0.36
Euro Il 1996.10 1.1 7.0 4.0 0.25
1998.10 1.1 7.0 4.0 0.15
Euro 11 2000.10 0.66 5.0 2.1 0.10
Euro IV 2005.10 0.46 35 15 0.02
Euro V 2008.10 0.46 2.0 15 0.02

In USA two sets of standards, Tierl and Tier2, have been defined for passenger and light-
duty vehicles. The Tierl regulations were published as a final rule on 1991 and fully
implemented in 1997. The Tier 2 standards which are based in large part on California’s LEV
I program were issued on December 1999 to be phased in beginning in 2004 and fully phased
in by 2007 with the requirement all passenger cars and light trucks to eventually meet the
same stringent standards by 2009. Table 1.4 shows the Tier 2 standards for passenger and
light duty vehicles. As it can be seen the structure of Tier 2 standard incorporates eight
permanent standards bins and two temporary that are available only during the interim period
and will be deleted until the final phase in of the program. An eleventh bin is available only
for MDPV (Medium Passenger Vehicles) and expires in 2008. Tier 2 standards are applicable
in FTP 75 driving cycle and emissions are measured in g/mile. Manufacturers may certify to
one of the available bins in order to meet the required corporate average 120000 miles NOy
standards of 0.07 g/m for passenger and light, light-duty vehicles and 0.2 g/m for heavy, light-
duty vehicles that are phased-in on the following schedule: 2004 — 25%, 2005 — 50%, 2006 —
75% and 2007 — 100%. In 2008, 50% of the heavy, light-duty trucks would be required to
meet the corporate average 120 000 mile 0.07 gpm NOx standard and in 2009 100% would be
required to meet the corporate average 0.07 NOx standard.

Table 1.4 US Tier 2 standards for passenger and light duty vehicles.
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50,000 miles 120,000 miles
Bin#
NMOG CO NOxPM HCHO NMOG CO NOx* PM HCHO

Temporary Bins (expire in 2006)

MDPV® 0.280 73 09 012  0.032
1097 0.125(0.160) 34 04 - 0015 0156 42 06 008 0.018(0.027)
9% 0075(0.140) 34 02 - 0.015 0.0%0 42 03 006 0018

Permanent Bins
8"  0.100(0.125) 3.4 0.14 - 0.015 21§§ 42 020 002  0.018
7 0.075 34 011 - 0.015 0.090 42 015 002  0.018
6 0.075 34 008 - 0.015 0.090 42 010 001 0018
5 0.075 34 005 - 0.015 0.090 42 007 001 0018
4 - - - - - 0.070 21 004 001 0011
3 - - - - - 0.055 21 003 001 0011
2 - - - - - 0.010 21 002 001  0.004
1 - - - - - 0.000 0.0 0.00 0.00  0.000
*

- average manufacturer fleet NOx standard is 0.07 g/mi

a - Bin deleted at end of 2006 model year (2008 for HLDTSs)

b - The higher temporary NMOG, CO and HCHO values apply only to HLDTSs and expire after 2008
¢ - An additional temporary bin restricted to MDPVSs, expires after model year 2008

d - Optional temporary NMOG standard of 0.195 g/mi (50,000) and 0.280 g/mi (120,000) applies for
qualifying LDT4s and MDPVs only

e - Optional temporary NMOG standard of 0.100 g/mi (50,000) and 0.130 g/mi (120,000) applies for
qualifying LDT2s only

f - 50,000 mile standard optional for diesels certified to bin 10

MDPV: Medium Passenger Vehicles, LLDT: Light, Light-Duty trucks (LDT1 & LDT2), HLDT:
Heavy, Light-Duty Trucks (LDT3 & LDT4)

Additional regulations concerning the sulfur level in fuel were applied by both European
and USA legislations. Lowering the fuel sulfur level will be beneficially for the particulate
emissions and for the implementation of certain aftertreatment technologies, since sulfur may
inhibit catalysts activity (see next section). The currently permitted fuel sulfur level is
350ppm but it will be lowered in Europe to 50ppm by 2005 and in USA to 15 to 30ppm by
the mid of 2006.

1.4 Diesel Exhaust Gas Treatment Technologies
1.4.1 Diesel catalysts

Oxidation Catalyst

Oxidation catalysts are the presently preferred emission control system for passenger and
light duty vehicles in Europe as well as heavy-duty diesel engines in USA. The diesel
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oxidation catalyst is an effective device to control carbon monoxide and hydrocarbon
emissions from diesel engines, including the PAH and hydrocarbon derivatives such as
aldehydes. Furthermore it converts a large part of the constituents of the SOF of diesel
particulates. Although the particulate conversion efficiency is much less (does not exceed the
25-35%) than the filtration efficiency of a wall-flow filter, it is sometimes enough for many
current developed engines to pass the existing emission standards. The relatively low
particulate conversion efficiency is attributed to the limited operating conditions, which are
met during engine operation at medium loads. At low loads the exhaust gas temperature is not
sufficient to activate the catalyst, whereas at high loads, the SOF part of the particulate, which
may be oxidized in the converter, is relatively low.

The most widespread type of oxidation catalyst employs a ceramic honeycomb structure or
monolith held in a metal can in the exhaust stream. The noble metals are impregnated into a
highly porous alumina washcoat about 20-40um thick that is applied to the passageway walls
(Figure 1.4). Most of the oxidation catalysts used in the international market contain Pt and
Pd in a ratio of about 5/2 at a typical loading of 50-70g/ft>. A drawback of the diesel oxidation
catalyst is the formation of sulfate emissions. The precious metal catalyze the reaction of SO,
to SOz which can further react with water to form sulfates and sulfuric acid. In order to
minimize sulfate production a silica washcoat is prefered over alumina and Pd is prefered
over Pt as the noble metal. On the other hand research on zeolite based diesel catalysts
(catalysts for selective NOx reduction) shows that a decrease to the amount of particulate
matter is achieved by reducing the SOF, and exhibit no significant SO, to SO; at elevated
catalyst temperatures [18].

Figure 1.4 Structure of the monolithic catalytic converter

The tendency of the precious metal catalyst to convert SO, to particulate sulfates requires the
use of low sulfur fuel in order to avoid deactivation of the catalyst by poisoning from sulfur
oxides. Europe, US and Japan have already decided to reduce the sulfur content of diesel fuel.

NOx adsorber catalyst

The catalytic reduction of NOy in diesel engines presents considerable difficulties due to
the lean exhaust environment. The reducing CO presents in low concentrations while NO
should further compete with oxygen to react with hydrocarbons. Numerous catalysts have
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been studied over the last years capable of reducing NOy in diesel exhaust [19,20]. This is
achieved by selective reduction of NO, by HC existing in exhaust gases using families of
catalysts including zeolite, alumina and complex oxides. However these catalysts faced a lot
of problems such as low conversion efficiency, narrow temperature window, and low heat
resistance. In their present status, these types of catalysts are difficult to commercialise and
require further development.

A promising technique for the catalytic reduction of NOy is based on the principle of
storing NO in the catalyst during engine operation and converting it during short duration,
carefully controlled, rich excursions. This technique was presented and realized by Myoshi et
al [21]. In a Pt-Ba-Al,0O;3 catalyst, NO was found to be oxidized with oxygen and then react
with Ba (storage component) to form a nitrate. The amount of NO storage capacity in such
catalysts is strongly affected by the basicity results in more stable nitrates. When the engine
runs under excessive fuel conditions or at elevated temperatures the nitrate species become
thermodynamically unstable and decompose, producing NO or NO,. Under rich conditions,
these nitrogen oxides are subsequently reduced by CO, H,, and HC to N, over the reduction
catalyst, in a conventional three-way catalyst process. The NO storage-reduction mechanism
is presented in
Figure 1.5.

| In Lean A/F I In Stoichiometric A/F I

NO+0, HC, CO,

[ Stored as nitrate] [ Reduced to nitrogen

Figure 1.5 NOXx storage-reduction mechanism in NO, adsorber catalysts.

The generation of rich air-to-fuel mixtures in the diesel engine, which normally operates at
equivalence ratio A > 1.3 and leaner, is a complex task since there is the danger of appearance
of torque fluctuations and high soot emissions. Thus a specially designed fuel control system
that periodically causes short enrichments is necessary. In the modern diesel engines this is
done with the aid of common rail system, which is able to electronically control the fuel
quantity and timing in combination with EGR and turbocharger adjustment to meet the above
conditions. The operation strategy of such a system is presented in Figure 1.6.

Lean A/F: 20 - 35 Lean A/F: 20 - 55
300-700ppm 50-700ppm
NOX NOX
250 — 600°C Stoichiometry 150 — 550°C
Gasoline Diesel
Rich A/F: 12 - 14 Rich A/F: 12 - 14
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Figure 1.6 Operation strategies in gasoline and diesel engines for the regeneration of the NO, adsorber catalyst.

1.4.2 The wall-flow particulate filter

Wall flow ceramic monoliths, which are derived from the flow-through cellular supports used
for catalytic converters, became the most common type of diesel filter substrate (originally
reported by Howitt and Montierth [22]). It is a honeycomb structure made from porous ceramic
material. The adjacent channels of the honeycomb are alternatively plugged at each end in
order to force the diesel aerosol through the porous substrate walls, which act as a mechanical
filter. The particulates cannot flow through the wall and are deposited in the channel walls. To
reflect this flow pattern, (Figure 1.7) the substrates are referred to as the wall-flow monoliths.
The main advantage of the wall flow particulate filter is the high surface area per unit volume,
which combined with the high collection efficiencies (over 95%) makes this technique very
attractive. The filter walls have a porous structure that is carefully controlled during the
manufacture process. Typical values of material porosity are between 45 and 50% while the
medium pore size varies in the range between 10 and 20pum.

Two types of filter materials are commonly established: cordierite and silicon carbide.
Cordierite is a synthetic ceramic developed for flow-through catalyst substrates and
subsequently adapted for the filter application. Silicon carbide has been used for a long time
in a number of industries for such applications as semiconductors, abrasives, or high
temperature/molten metal contact materials. More recently, it was successfully introduced as a
diesel filter material. Cordierite substrates perform satisfactory in most heavy-duty
applications with high exhaust temperature. However, in low-temperature operation which
may induce “uncontrolled regenerations”, cordierite is more susceptible for thermal stress -
related damage. Silicon carbide has higher maximum operating temperature limits and better
durability in high thermal stress applications. Disadvantages of SiC include higher weight and
higher cost.

Figure 1.7 Schematic representation of flow pattern in a wall flow monolith (source: Corning).

The particulate collection mechanisms may categorized as follows:

e depth filtration where the particulates with mean diameter size lower than the filter
porosity are deposited inside the porous material with a combination of mechanisms
that are driven by various force fields and

e cake filtration where the particulates are deposited on the channel wall through
sieving.
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The above two mechanisms may be discerned in the SEM photo of Figure 1.8 where the cross

section of a loaded filter is presented.
The depth filtration relies on three mechanisms of aerosol deposition [23]:

e Diffusional deposition,
e Inertial deposition and
e Flow streamline interception.

Soot layer
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Figure 1.8 SEM photo of the cross section of a loaded DPF (source: Ibiden).

These mechanisms are illustrated in Figure 1.9, Figure 1.10 and Figure 1.11. The large circle
in the middle represents a collecting body in the filter media, say a fiber in a ceramic fiber
filter. Diesel exhaust gas flows around the filter media, as indicated by the streamlines. The
small black-red spheres represent diesel exhaust particles traveling with the gas stream.

Figure 1.9 Diffusional deposition

Diffusional deposition (Figure 1.9) depends on the Brownian movement exhibited by smaller
particulates, particularly those below 0.3 pum in diameter. Those particulates do not move uniformly
along the gas streamlines. Rather, they diffuse from the gas to the surface of the collecting body and
are collected.
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Figure 1.10 Inertial deposition

Inertial deposition (Figure 1.10), also called inertial interception, becomes more important
with increasing particle size (mass). On approaching the collecting body, particles carried
along by the gas stream tend to follow the stream but may strike the obstruction because of
their inertia.

Figure 1.11 Streamline interception

Flow-streamline interception (Figure 1.11) may occur when a fluid streamline passes within
one particle radius of the collecting body. Then, a particle traveling along the streamline will
touch the body and may be collected without the influence of Brownian diffusion or inertia.

1.4.3 DPF regeneration systems based on catalysts

Active regeneration systems

A trap oxidizer system mechanically filters and collects the particulate matter from the
exhaust gas, thus increasing filter backpressure. Backpressure increase is undesirable since it
increases fuel consumption and reduces available torque [24]. Thus, it is necessary to clean
the trap periodically by burning off (oxidizing) the collected particulate (filter regeneration).
Under the conditions met in diesel exhaust systems regarding exhaust flow and oxygen
concentration, the required reaction rates for complete regeneration are attained at
temperatures above 550°C. These conditions are scarcely attained under normal urban driving
conditions. Numerous regeneration techniques have been suggested over the last 20 years, the
most simple and effective being based on catalysts (catalytically coated filter [25,26,27,28] or
fuel doping [29, 30]). The significant activity in the development of advanced regeneration
systems is also depicted in the numerous patent references (see for example [31, 32, 33]).

Lowering of soot combustion temperature by doping the fuel with catalytic additives
(usually in the form of organometallic compounds) is a workable catalytic regeneration
technique. The organic part of the solution is oxidized in the engine combustion chamber and
the metallic part is incorporated in the soot in the form of fine distributed metal compounds
that are in close contact with soot. Many types of metals have been suggested as fuel
additives. Most popular are cerium [34, 35, 36] and iron [37, 38] due to their low cost and low
toxicity. Although other metals like copper [39, 40] and molybdenum [41] are characterized
by higher activity than cerium and iron, their possible adverse effects on health and
environment (formation of dioxins) make them not favoured. Although the oxidation rate of
soot is significantly increased, additional heating of the exhaust gas is necessary due to the
low exhaust gas temperatures met in the modern diesel engines under all operation conditions.
Engine controlled heating is the most practical way of temporarily raising exhaust
temperatures. The preferred method is the fuel injection and timing control with the
appropriate tuning of turbocharger to ensure constant bmep and to render the regeneration
process unnoticeable to the driver. PSA Peugeot-Citroen was the first car manufacturer that
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commercialised such a system for serial production [42]. Figure 1.12 presents this system. It
is composed of:

e awall flow silicon carbide filter

e an oxidation catalyst in front of the filter

e a dosing system for the fuel additive (the additive is stored on the vehicle and
automatically mixed to the fuel)

e a number of sensors associated with a specific engine ECU software to activate
through the engine management system the regeneration process and insure the
system diagnosis.

The regeneration of the filter, which occurs every 400-500 km, is initiated by a special mode
of operation of the common rail injection system. During the regeneration mode three
injections are performed:

e a pilot fuel injection to control the initiation of the heat release and therefore the
combustion noise

e asecond injection that is the nominal injection to participate in bmep formation and to
insure stable and late combustion

e a third injection at the top end of the cylinder’s expansion stroke (post injection) to create
the necessary exhaust gas temperature and complete bmep.

Further increase of the exhaust gas temperature is produced by the oxidation of the unburned
hydrocarbons of the third injection by the oxidation catalyst placed in front of filter. The role
of the oxidation catalyst is more significant at low engine loads and speeds where the increase
of exhaust gas temperature up to 450°C is difficult without the increase of BMEP. In order to
keep the engine hydrocarbons emissions at low level the efficiency of the catalyst is evaluated
by the engine ECU by monitoring the catalyst inlet and exit temperatures to generate the
appropriate strategy of operation of Common Rail system which controls the composition of
the exhaust gas.

The functional and technical characteristics of the system have been developed and
adapted for optimal vehicle integration and compatibility with the other engine components as
well as for meeting requirements for health and environmental friendliness that are significant
for the final customer acceptance.
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Figure 1.12 Schematic representation of an active regeneration system introduced from PSA in passenger cars
in 2000.

The design of successful catalytic fuel additive assisted trap systems depends on the
solution of problems related to filter durability and additive ash accumulation. The appearance
of high thermal stresses resulting from temperature gradients during low- space- velocity
regeneration may cause microcracks, which reduce filter durability [43]. A common type of
destructive regeneration happens upon vehicle deceleration from a high engine load to idle
with a heavily loaded filter. The presence of significant quantities of adsorbed hydrocarbons
is thought to have a role in this process. The disadvantage of the additive currently being used
is that it causes extra ash build up in the diesel particulate filter and therefore, with increasing
mileage accumulation, makes it necessary to clean the filter or even to replace it. Furthermore
an extra maintenance effort is necessary to periodically replenish the on-vehicle additive tank.
After every 80,000 km the filter must be cleaned from the additive ashes by flushing with
water, and the additive replenished. However, in contrast with the precious metal catalytic
filter systems, this system allows the use of fuels with sulfur levels currently legislated in the
EU (350 ppm). Recently, another car manufacturer with a long tradition of diesel filter pilot
applications, VW, have announced the introduction of fuel additive DPF system with Iron and
Ceria based fuel additives as an option in medium to large class of diesel passenger cars [44].

The Washcoated filter

The Wash-Coated filters (Catalyzed ceramic traps) were developed in the early 80’s. Their
first applications included diesel powered cars and, later, underground mining machinery.
Catalyzed filters were commercially introduced for Mercedes cars sold in California in 1985.
The main component of the filter is the ceramic (cordierite, SiC) wall-flow monolith. The
porous walls of the monolith are coated with an active catalyst. Many materials active in soot
oxidation catalysts have been studied over the last 20 years as coating of a particulate filter.
Mainly oxides of base metals (Ba, Ca, Ce, Co, Cr, Cu, Fe, La, Mn, V) and noble metals (Pd,
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Pt) as well as mixtures of base and noble metals. A schematic of a catalyzed ceramic diesel
filter is shown in Figure 1.13.

Figure 1.13 Washcoated filter (source: Engelhard Corporation)

The main drawback of these systems is the pure contact between the catalytic coating and the
soot particles. The distance is too high to enforce catalytic action. Only the particulates that
are in direct contact with the catalytic coating are able to oxidize. Another problem of
catalyzed filters is the generation of sulfates by catalytic oxidation of the exhaust SO2 to SO3,
at high exhaust temperatures. The gaseous SO3 can penetrate the porous walls and freely
leave the filter. Combining with water it forms sulfate particulates that increase the total
particulate matter output especially in case of fuels with high sulfur content.

Some catalytic coatings may overcome the above limitations. The liquid phase catalysts
like molten salts belong to this category. These catalysts are based on eutectic mixtures of
metal oxides that are in the liquid phase at relative low temperatures. Due to the liquid state
the soot particles may be wetted by the catalyst improving the contact between soot — catalyst
[45, 46, 47]. This type of catalysts are more suitable for foam filters [48]

Recent developments, already present in the patent literature, make the washcoated filter,
combined with an advanced engine control system, a viable alternative to the fuel additive
assisted systems [49, 50]. Toyota is the first to introduce a washcoated filter system in series
production (redesigned Avensis, beginning of 2004 in the United Kingdom and Germany),
with the Diesel Particulate NOx reduction (DPNR) NOx catalyst used in Toyota's lean-burn
petrol engine [51]. It is a combination of a diesel particulate filter with a NOx adsorber-
catalyst system. The NOx adsorber-catalyst is coated onto the walls of a wall-flow, monolithic
particulate filter substrate. Combination of these two components in the DPNR results in a
compact size of the system. As presented in Figure 1.14 the DPNR unit is installed in the
close-coupled position on the engine. Its effective operation relies on the engine management
system being able to vary the fuel-air ratio in the exhaust gases. This has been made possible
with the addition of a fifth injection nozzle, located in the exhaust port. At a critical moment,
fuel is injected downstream of the exhaust manifold to create the right operating conditions in
the DPNR catalyst. This 'rich’ spike allows the DPNR catalyst to release and reduce the NOx
it has stored. The system requires low-sulphur diesel, fuel that is now available in the UK,
Germany and other members of the European Union.

The D-CAT system makes its debut with the 2.0-litre D-4D engine, which uses Toyota's
second-generation high-pressure common rail direct injection system. This is capable of
developing injection pressure of 180 MPa, regardless of engine speed, and achieves an
interval between the end of pre-injection and the start of the main injection of 0.4
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milliseconds - the shortest of any engine currently available. D-CAT takes its NOx and PM
emissions to extremely low levels - 50 and 90 per cent respectively below Euro IV levels.

—,
Comman radl sl

ECR valve || injection system | DFNR catalyst

o
Qa;ﬂ

Drhilizing catalyst

(CPHNR: Diesel Particulate and NOx Reduction Systam)
Figure 1.14 lllustration of the DPNR system developed by Toyota

The Automotive Catalyst Division of Umicore (formerly Degussa/dmc?/OMG), has also
developed a new catalyst technology for washcoated diesel particulate filters [52]. These
systems will initially be used in DaimlerChrysler’s C-Class and E-class models with 4-
cylinder diesel engines, to comply with the 2005 EU IV legislation. The catalytically activated
diesel particulate filters reduce harmful emissions contained in exhaust fumes from diesel
engines, i.e. carbon monoxide (CO), hydrocarbons (HC) and diesel particulates, in particular
those harmful emissions generated during the regeneration of diesel particulate filters due to
soot burn up. The active regeneration strategy for catalytically activated diesel particulate
filters, developed jointly with DaimlerChrysler, makes it possible to guarantee filter
regeneration without extra additives. The opportunity to be able to adapt the catalytically
activated filter to various vehicle and engine characteristics, offers further potential. Recently,
VW/Audi has also announced the introduction of catalyzed DPF systems in large class
vehicle models [44].

Passive Regeneration systems: The CRT Filter

The CRT (Continuously Regenerating Trap) particulate filter is a patented (initial patent by
Johnson Matthey [53]) emission control technology that is based on the presence of Nitrogen
oxides in the exhaust gases. As presented in Figure 1.15, the main parts of the CRT filter are a
Platinum (Pt) catalyst and a particulate filter. It is modularly engineered as a totally passive
emission control system, which does not require the use of supplemental heat. The CRT
particulate filter requires ultra low sulfur fuel (15 ppm) for maximum PM reduction. For
reliable regeneration at lower operating temperatures, 50 ppm max, 30 average is
recommended. The CRT filter can operate at sulfur levels up to 500 ppm but such operation
requires significantly higher exhaust temperatures.
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Figure 1.15 CRT filter system [53].

The CRT particulate filter uses a patented process that functions on the basis that soot will

oxidize in the presence of NO, at a lower temperature than with oxygen. In fact, this lower
temperature is compatible with the typical exhaust temperature from diesel engines.
The device is made up of two chambers where the oxidation step is separate from the soot
collection/combustion process. The first chamber contains a substrate coated with a
proprietary, highly active Pt oxidation catalyst which is designed to oxidize a portion of the
NO in the exhaust to NO,, which is the key to the oxidation of soot collected by the CRT
filter. The catalyst also converts CO and HC into CO, and H,O. In the second chamber, the
exhaust flows through a particulate filter, where gaseous components pass through but soot is
trapped on the walls of the filter. The trapped soot then is destroyed by the NO, produced by
the catalyst in the first chamber. This particulate filter may be uncoated or it may be coated
with Pt to further enhance the reaction of soot with NO,. The basic requirements for
maximum PM reduction with the CRT particulate filter are ultra low sulfur fuel, an average
exhaust temperature of 260°C and a NOx/PM ratio of at least 25. For use on higher sulfur
fuels the basic requirements are exhaust temperatures in excess of 350 C with > 25 NOx/PM
ratio, however, total PM reduction is reduced due to the sulfates produced.

Plasma Regeneration systems

This is a more advanced regeneration system capable to reduce diesel particulate matter
attaining low oxidation temperatures. The oxidation behaviour of soot in air that have been
ionised by an electric arc (thermal plasma) at temperatures in the range from 200 to 450°C
was investigated by Levendis et al [54]. It was found that the oxidation rate might increase
more than 100%. This is attributed to some reactive species generated in plasma, such as O
and OH radicals or NO; that facilitate the oxidation of soot particles at low temperatures.

Two reactor configurations have been proposed to achieve this objective in a plasma device:

e Two-stage reactor, where a “classic” diesel particulate filter (DPF) is positioned
downstream of the plasma generator. Such a configuration is described in a patent by
Johnson Mattey [55]. The role of plasma in the two-stage configuration is to generate
NO; and, possibly, ozone, which can oxidize particulates in the downstream filter.
However the applicability of the system by itself is questionable, due to the production of
NOx. In order to attain simultaneous reduction of particulates and NOy, a NOy reduction
catalyst downstream of the filter is needed.

e Single-stage reactor, where a packed bed plasma reactor acts as the PM trapping device.
A full-scale prototype of a single-stage plasma reactor for a diesel car was developed by
AEA Technology. The system, shown in Figure 1.16, utilizes a bed of ceramic pellets
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placed between two cylindrical electrodes. Perforation and a system of channels in the
inner electrode direct the exhaust gas flow through the pellet bed [56]. It was found that
the chemistry in the case of the single-stage plasma PM-reducing device appears to be
quite different. The presence of carbonaceous particulates in the reactor influences
plasma reactions. When particulates are present, less hydrocarbon oxidation is observed
and less NO; is generated. Furthermore, PM reductions can be achieved at HC;:NOy < 1,
a mode where NO; production is not very efficient. Although the reaction mechanisms
are not understood, it is speculated that particulates can be oxidized by different plasma
species than NO,, presumably by O and OH radicals.
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Figure 1.16 Illustration of a single-stage reactor Plasma regeneration system. Courtesy of AEA Technology.

In both configurations the plasma generator may be controlled and actuated by the engine
management system, to operate intermittently according to certain engine operation
conditions, which are characterized by different soot emissions.

Recent trends in Diesel Emissions Control

As we approach the year 2004-2005, (EURO 4 and corresponding US legislation —
significant reduction in diesel particulate emissions levels) the significant advances made in
new components that are integrated into automotive powertrain systems are accelerating.
These include, for the case of the diesel engine, diesel filters and diesel NOx traps, electronic
throttles, and advanced common rail injection systems. In addition, the on board computers
embodied in the Engine Control Units (ECU) are becoming faster and better equipped with
memory and networking capabilities. Thus, more detailed physical models of complex
systems, like the diesel filter, are now demonstrating real time capability, and control system
tools and theories are becoming more applicable to these complex systems.

Furthermore, optimisation of the specific components is also an issue. This comprises the
ceramic filter itself, the fuel additive dosing device and the post-injection system [57].

The overall design objectives for the filter as a soot reactor are the following:

e Low pressure drop,

e High filtration efficiency, for all particles independent of size, and

e Low additional system cost without the use of excessive maintenance. The cost of the

system must be kept at low levels comparing with the engine total cost.

As presented above, catalytic aids are important to the success of the above objectives, and
the following alternatives exist:

e catalytic activation of the soot itself by the use of fuel additives (fuel borne catalysts)

o filter coating with catalytic washcoat, and

e gas phase catalytically activated (CRT system)
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In the case of fuel additive activation, which is studied in this thesis, the dosing of the metal-
based catalyst is critical for the system durability since the ash produced from the soot
oxidation is also trapped in the filter differentiating its filtration characteristics.

The system integration is very important in all the above systems. This comprises the sizing
of the filter, placement of filter in the exhaust, use of converter upstream, use of post
injection, effect of turbocharger characteristics and position, EGR, system monitoring and
control.

Detailed physical models of the diesel filter operation, especially the regeneration process,
are absolutely necessary as analysis and design tools in this process. For this reason, the main
findings of the experimental work carried out in the frame of this thesis, are always cross
checked with the Catwall [68] diesel filter modeling software, in order to improve
understanding of the processes involved and also improve the capacity of our computational
software.

One main goal of this chapter is to demonstrate the synergy between the various
experimental investigations carried out in this work in order to develop improved engineering
models that enhance our understanding of the diesel filter operation and can be used as
component, system and control design aids.

The main points where the regeneration process lacks a good understanding and modeling
capability can be categorized as follows:

e Reaction schemes and kinetics of the catalytic regeneration process

e The role of the volatile organic fraction of particulates (adsorption, desorption, stochastic
regeneration)

o 3D effects during filter loading (flow maldistribution, instabilities during soot loading,
soot maldistribution)

o 3D effects during catalytic regeneration (flow maldistribution at filter inlet, soot
maldistribution, effect of filter material and design), and

e Correlation between pressure drop and accumulated soot mass.

1.5 Scope and Objectives of this Thesis

e Although diesel filter applications date back to 1980’s, the diesel engine was subjected to
revolutionary design advances during the 1990°s (HDI, common rail etc). This changed
the characteristics of diesel particulate emissions. Especially the performance with fuel
additives was severely affected (VOF content, etc.) An extensive search in the specialized
publications and patent literature shows a lack in reliable estimation of specific
particulate properties (morphology, density, permeability etc). The effects of engine type
and operation point are important and not yet well investigated and understood.

e Traditionally, soot oxidation kinetics was determined with the use of Thermogravimetric
Analysis (TGA) either with carbon black or with soot collected on Pallflex filters
according to the particulate emissions measurement legislation (diluted exhaust, low
temperatures). Such kinetics are not representative of the behavior of soot deposited on
the filter wall at high temperatures, which is loaded with varying percentages of adsorbed
VOF. It became clear that a method to sample directly from the filter was necessary to
develop and apply.

e The effect of VOF on the catalytic soot oxidation Kinetics was considered important
based on experience, but was never attempted to understand and model. Recent
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developments on modeling of this effect reported in Pontikakis Thesis [70], allowed the
pilot application of a scheme of oxidation reactions for unburned hydrocarbons. This was
only initiated in the frame of this work, because of problems with tuning and validating
such a complex model. Also the effect of the upstream diesel oxidation catalyst on the
VVOF content needs to be addressed.

e Although significant work has been done internationally in filter pressure drop
characteristics (due to the importance in the vehicle application) the results are not
satisfactory, mainly due to unrealistic assumptions regarding the homogeneity of soot and
flow distribution across the different channels. The real problem is extremely complex
and its better understanding would require the application of CFD in 3D for the filter,
comprising at least the inlet diffuser. In this work a starting point is set up by the study of
soot and flow maldistribution characteristics in typical channels.

e An important overall objective in terms of systems applicability is to correlate the
collected soot mass to the pressure drop and other variables (exhaust temperature, flow
distribution etc). This is important for the improvement of the design of the system
control and its adaptation to the engine management. Some progress in this direction was
done in the frame of this work. The results are not so promising, because of the complex
effects of flow and soot maldistribution that have been demonstrated in the experiments.

e Although certain aspects of the regeneration process are already well understood and
modelled, there remain important aspects that are not yet well understood. At the same
time these aspects are most critical for the reliability of the system. Filter failure is
happening at low flowrates, usually associated with stochastic regeneration events that
are triggered by the catalytic fuel additive. These critical conditions of filter operation are
studied in this work by means of carefully designed experiments.

e A final objective of this thesis is to support improved modelling of the regeneration
process. A systematic attempt was made to capitalize the findings of the experimental
research in the Catwall 1D and 3D regeneration models. The models were subjected to a
validation procedure, against full-scale tests of the regeneration behaviour of a diesel
filter fitted to a modern diesel engine run on catalyst-doped fuel under carefully designed
and controlled operating conditions. The extensive validation process over a wide range
of filter design and operation parameters resulted in significant improvements of the
models.

The interrelation of the above-mentioned battery of experimental subtasks of this work with
the main fields of research in Diesel particulate filters is schematically presented below:
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Fields of Research in Diesel Filters Experimental Subtasks
SEM Observations
N Section 4.4
.I
,‘ Cold Flow Experiments
/ Section 4.3

TGA Experiments
Section 3.1

VOF Experiments
Section 3.2

Pressure Drop Experiments
Section 4.1

Maldistribution Experiments
Section 4.2

I A R E AR AR AR AR A AR AR AR E RN

Catwall 1D Validation
Section 3.4

Ansys-Catwall 3D Validation
Section 3.5
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2 Physical & Chemical Processes Inside
the Filter

Diesel Particulate Filters are porous media. The processes such as the combustion of soot
during regeneration and, more generally, the transport phenomena that occur in inert catalytic
and combustible porous media are non-equilibrium processes [58]. The phenomena related
with porous media occur under the influence of a large range of geometric length scales,
thermophysical and thermochemical properties, and flow, heat and mass transfer conditions as
a result a large range of phenomenological length and time scales control the extent of
departure from local thermal and chemical process. The analysis is based on the continuum
viewpoint [59], since the Knudsen number, Kn, is small compared to unity (the mean free
path of the exhaust molecules is about 0.3 um at 1000 K, whereas the mean pore size is 10-20
um for the ceramic and a few microns for the soot).

2.1 Loading

As mentioned in previously section the wall flow particulate filter is today the most
efficient device for reducing diesel soot emissions, attaining filtration efficiencies of the order
of 95% at nominal operation conditions. The particulate filter concept is based on a durable
temperature resistant filter, which mechanically removes particulate matter from the exhaust
before it is emitted to the atmosphere. The accumulated particles raise the filter backpressure
(the pressure drop across the filter), where the exhaust through it. The typical backpressure
levels depend on the filter type [60, 61] and increases as the collected soot mass also
increases. High backpressure is undesirable since it increases fuel consumption and reduces
the available power. A typical filter loading curve is presented in Figure 2.1.
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Region 2:Depth filtration+
/ Cake filtration
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—
<

Figure 2.1 Recording of a filter loading process of a SiC 14/200 filter with the engine operating at a medium
speed and load operation point.

We could observe three characteristic parts in the recording of the loading process:
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e The first incorporates the phase of the beginning of loading where the particulates with
size lower than the material pores accumulated inside the porous wall. As described in the
previous section the mechanisms of depth filtration governs the soot accumulation during
this phase. It can be observed that the pressure drop increases very rapidly due to the
reduction of the wall porosity.

e In the second part the wall porosity decreases enough and the particles with size higher
than this of pores begin to deposit also on the wall. This is a rather short transition phase
where the mechanisms of depth and cake filtration are active. As soon as a finite
particulate layer is formed, the porous wall begins to act as a filter.

e In the third part the porous wall reaches a ‘steady state’ such that the porosity of the trap
remains unchanged. Following this condition, particles continue to accumulate more and
more on the surface of the wall, rather within the wall. The cake filtration mechanism
governs this phase. Within this region the pressure drop becomes a linear function of the
soot mass trapped in the filter. Consequently soot layer thickness changes in a quasi-
isotropic mode.

However variations on soot loading or quality among different channels exist, during the

loading phase as result of flow maldistribution phenomena and the effects of

e volatile organic fraction adsorption-desorption phenomena and

e stochastic regeneration phenomena that are triggered by the temperature differences
between the central and peripheric channels of the filter.

These phenomena are discussed in detail in the next sections of this thesis.

2.2 Regeneration

Diesel particulate filters must be periodically cleaned, that is, the particulate matter that is
accumulated in the filter must be removed, otherwise the filter becomes clogged and its
operation is inhibited. The filter regeneration process depends on the particular application,
especially on the filter type and the collected matter. The most straightforward method of
diesel particulate removal is combustion. The special regeneration techniques that employed
fall into the following categories:

e Thermal regeneration by use of engine measures or by the supply of external energy

e Catalytic regeneration (catalytically coated filter or fuel doping)

2.2.1 Thermal regeneration

Thermal regeneration of diesel particulate filters involves the oxidation of regular solid
particulates to gaseous products. The rate of thermal regeneration is limited by the kinetics of
soot oxidation. The oxidation of soot, as any other chemical process, has a reaction rate,
which depends on the temperature, and concentration of reactants, and can be accelerated by
the presence of catalysts. The rate of soot oxidation is significantly lower than that of the
oxidation of gaseous exhaust pollutants, such as carbon monoxide. This is one of the reasons
why carbonaceous particulates are not oxidized in flow-through catalysts, which provide
relatively short particle residence times. In the case of diesel filters the physical process of
capturing the particulates extends the residence time and the oxidation is easier. Two
requirements must be satisfied in order to begin a thermal regeneration :

e the temperature of the exhaust gas is high enough (over 550°C)
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e and the oxygen concentration in the exhaust flow is enough to oxidize the accumulated
soot

Due to the non-uniform distribution of temperature and flow the regeneration starts at certain
points where the conditions are favourable. The propagation of the regeneration process
depends on the exhaust gas flow, the distribution of the temperatures and the amount of the
accumulated soot mass. If the collected amount of soot in the filter is too high, regeneration
of the filter may result in a thermal runaway. During such a runaway, temperatures higher
than 1350K may occur, not only depending on the regeneration conditions but also on the
thermal conductivity of the filter. At the high temperatures that can occur during a
regeneration under high soot mass loading and low exhaust flowrate conditions, cracks may
occur in the filter channels. Consequently, too high temperatures during regeneration should
be prevented by keeping low the total amount of the collected particulates. In this direction,
catalysts can be applied to increase the oxidation rate of soot at low temperatures.

2.2.2 Fuel doped catalytic regeneration

The most effective application of catalysts in diesel particulate filter systems is based on
the mixing of organometallic compounds of various metals in the fuel in very small
quantities. The additive is oxidized in the combustion chamber and its oxides form the kernels
of particulates. The soot particles bonded with the metal oxides are deposited on the filter wall
and oxidized at lower temperatures than those with oxygen. These temperatures in the case of
transition metals such as Cu, Fe, Ce and Pb that finally dispersed during the fuel combustion
process throughout the soot particles, may be as low as 350°C [62]. A simplified
consideration of the mechanism of fuel additive action during regeneration is presented in
Figure 2.2. The active oxygen atoms of the additive oxides may react with the carbon at
exhaust temperatures of the order of 350°C and initiate the oxidation process. After this initial
phase of ignition the oxidation process is expanded and the additive oxide particles begin to
precipitate as the carbon mass is decreased. The resulting additional exothermic reactions may
increase local the temperature to above 550°C, thus allowing fast oxidation of carbon by
exhaust gas oxygen. Finally all the carbon is oxidized and the precipitated additive is
accumulated on the channel wall forming a layer of ash.

Catalytic regeneration by use of fuel additives is a quite complex process, which is not yet
well understood and modelled. The instability to the appearance and evolution of regeneration
at temperatures down to 300°C under favourable engine and filter operating conditions (city
part load driving conditions), is one of the most significant problems since it is related to filter
durability as mentioned below. The role of particulate volatile organic fraction that tends to
oxidize in the presence of catalyst at low temperatures (lower than 300°) and its relation to the
flow and mass maldistribution phenomena is proved to be significant for the appearance of
such instabilities. This behaviour known as erratic or stochastic regeneration behaviour is
discussed in the next sections.
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Figure 2.2 Schematic representation of a simplified consideration of the mechanism of catalytic regeneration in
wall flow ceramic filters.

The design of successful catalytic fuel additive assisted trap systems depends on the
solution of problems related to filter durability and additive ash accumulation. The appearance
of both high temperature and high thermal stresses resulting from temperature gradients
during a low flow rate regeneration of a usually non uniform loaded filter may cause local
melting or cracking of the filter thus reducing its durability [43]. A common type of
uncontrolled regeneration happens upon vehicle deceleration from a high engine load to idle
with a heavily loaded filter. The presence of significant quantities of adsorbed hydrocarbons
is thought to have a role in this process.

2.2.3 Modeling catalytic regeneration

General

Design optimization of diesel particulate filter systems is increasingly dependent on
efficient modeling of the filter regeneration process [63]. The basic tools in this process are 1-
D models, because of their speed and simplicity, while multi-dimensional models are
employed during the final stages of the design process for the detailed component design.

In principle, a 1-D model should incorporate the effects of the following parameters:

e Filter material and filtration characteristics (material density, mean pore size, porosity,
permeability)

Filter thermophysical properties (specific heat capacity, thermal conductivity etc)

Filter geometry (cell density, wall thickness, plug length, filter size)

Soot deposit filtration characteristics (soot density, permeability)

Soot thermophysical properties (specific heat and thermal conductivity)

Soot composition (VOF content)

Hydrocarbon adsorption/ desorption — combustion characteristics

Fuel additive type and concentration in fuel and soot

Engine operation point (exhaust gas mass flow rate, soot emissions, fuel consumption)
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Although a fairly large variety of models are emerging during the last years in the literature,
the pioneering work of Bisset and Shadmann [64] remains a valid, mathematically proper and
well-documented approach for thermal regeneration modeling that deserves careful study by
any newcomer in the field. This work has been adopted and extended in [65], allowing the
reliable study and experimental validation of high space velocity thermal regeneration events,
with a systematic methodology of filter loading assessment by energy balances. It was further
extended to cover catalytic regeneration [66], and its 1-D version [67], formed the basis of
commercial software [68], currently employed in diesel exhaust systems design by several
automotive and filter manufacturers.

There are two aspects in diesel filter modeling that challenge very much the accuracy and
predictive ability of models:

e The first is the modeling of filter backpressure that is important for correct assessment of
soot loading [69].

e The second one is the study of kinetic scheme and parameters of catalytic soot oxidation,
also comprising adsorbed hydrocarbon oxidation.

A main difficulty encountered in the validation of diesel filter regeneration models,
especially as regards the filter backpressure prediction, lies in the extraction of realistic
particulate properties by the experiments. Tests with full-scale filters, loaded and regenerated
under real-world operating conditions are more realistic than those with mini scale filters and
synthetic soot accumulation, although the operating conditions (particulate loading, ash
accumulation, exhaust mass flow rate, exhaust gas properties) are more difficult to control.
For this reason, model validation in this thesis is based on the simulation of standardized, full-
scale filter regeneration experiments under various scenarios with varying soot loading, VOF
content and fuel additive concentration in fuel.

Together with the pressure drop calculation, reaction kinetic scheme and Kkinetic
parameters form the core of every diesel filter regeneration model. Nevertheless, out of the
numerous works cited in the literature on diesel filter modeling, only a few employ an
inclusive reaction scheme that introduces all necessary degrees of freedom in order to model
real-world filter operation. This is a severe drawback, especially when one deals with the
complex problem of fuel additive assisted regeneration at low temperatures. Therefore, the
model presented in [70] includes a reaction scheme that accounts for catalytic chemical
reactions, and its validation process focuses especially on the reaction kinetics.

As already mentioned, the improved 1-D model update developed in [70] is considered as
a basic design tool that is employed in the initial design stage of the DPF, to carry out Kinetic
and pressure drop parameter estimation, and to perform parametric optimization studies.
When one moves to the detailed design of components, then other tools as 3-D stress
modeling and CFD modeling come to the foreground.

Geometry of the channels and the soot layer

The DPF consists of a ceramic grid of parallel channels. Adjacent channels are
alternatively plugged at each end in order to force the diesel aerosol through the porous
substrate walls which act as a mechanical filter. Thus, diesel particulate matter is deposited on
the four sides of the inlet channels. Because of the repeating geometry of the DPF, the
mathematical treatment may be restricted to a fundamental channel volume of the trap as
defined in Figure 2.3. That is, this fundamental volume consists of one inlet channel and four
quarters of the four adjacent outlet channel. The boundaries of the volume are assumed
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adiabatic and no flow occurs through them to the rest of the outlet channel. From the
standpoint of modeling, the whole trap is constructed by repeating this fundamental volume.

To formulate the balance equations pertinent for regeneration modeling, we consider a
small part of this fundamental volume, of length Az(Fig, 2.4). At this part of the channel, a
layer of soot of mass m and thickness w has already accumulated. The wall's thickness is w;
and the length of the channel edge is ¢. Exhaust gas flow is perpendicular to the soot layer
and wall. Exhaust gas species are consumed or produced as gas flows through the soot layer.
In this work, we shall use the subscript p to denote the physical properties of the soot layer
and s to denote the corresponding properties of the wall.

P
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Figure 2.3 Fundamental volume of a wall flow diesel particulate filter consisting of one inlet channel and four
adjacent outlet channels.

It is evident from Figure 2.4 that the soot layer consists of four trapezoids. On earlier works
[67], the trapezoids were approximated as rectangles but the approximation yields
considerable error regarding the soot layer thickness, especially for highly loaded filters.

4
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Figure 2.4 Schematic representation of the cross section of a loaded wall flow channel assuming that the soot
layer consists of four trapezoids.

The layer thickness calculation is important especially in the calculation of the model’s
backpressure. Therefore, in this work, the exact description of the soot layer geometry is
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introduced. Assuming that some soot mass m of density p, is deposited on a filter channel
with inner side length ¢, the deposit thickness can be calculated as:

1 f 9 m

This relation is used by the model to compute the thickness of the deposit, which, in its turn,
is needed for the calculation of the filter pressure drop and flow field distribution. As a
consequence of the trapezoid distribution of the soot layer, the area perpendicular to the flow
A(x) (i.e. the area that the flow “faces' at each x) is also changing along x:

4(2x+0)Az, —w<x<0
A(x)= (22
40Az, 0<x=<w;
The volume of the soot layer may be readily calculated from the above relationship.
V, =4Az(1 - w)w (2.3)

Reaction kinetics

As previously mentioned, when a fuel additive is used to assist regeneration, additive is
present in the formation process of the particles in the engine combustion chamber. Therefore
meatal bonded soot particles are produced that are deposited in the trap. When the conditions
of temperature are favourable the additive oxides may react with the carbon and VOF
contained in soot setting up the oxidation process.

The kinetic model that will be described in this section accounts for catalytic combustion
of soot owing to a Ce-based fuel additive, but does not include the effect for the VOF. The
model for catalytic oxidation of carbon was first formulated by Koltsakis and Stamatelos [65].
The implemented mechanism is only valid when the catalytic oxide has two oxidation states,
which is true for Ceria. When Ceria is in a low oxidation state, it can form a 3-valent Ce oxide
(Ce203); when it is in a high oxidation state, it can form a 4-valent Ce oxide (CeO,). The first
step of the mechanism is oxidation of Ce,O3 by O, to produce CeO,. The second step
involves reaction of CeO, with soot carbon. Ceria returns to its 3-valent state, while carbon
monoxide is produced. The presence of additive does not prevent direct oxidation of carbon
by Oxygen, if the temperature is sufficient for this reaction. The reactions are given along
with their reaction rates in Table 2.1.

The rates for all reactions are assumed to follow first order Arrhenius-type expressions. For
the thermal carbon oxidation and the Ce,O3 oxidation the rate is proportional to the oxygen
concentration in the exhaust gas. In the two reactions of catalyst assisted regeneration the
quantity w is employed, representing the percentage of mol Ce at its higher oxidation state
CeOg:

_ molCeO, mol CeO,
molCe  2xmol CeO, +mol CeO,

(2.4)

The term & will also be needed in this study. It is defined as the concentration of catalyst in
the soot layer and is a function of metal additive concentration in the fuel. It may be expressed
as:
_ molCe _ 2xmol Ce,0; +mol CeO,
mol soot mol C

(2.5)
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It should be noted that both y and & are viewed as averaged quantities along the soot layer
thickness.

Table 2.1 Reaction and rate expressions of the regeneration model

Reaction Rate expression
1 C+0,—CO, n=ky
2 C+050,—>CO =Ky
3 C+4Ce0,—»2Ce,0,+CO, =Ky
4 C+2Ce0,—Ce,0,+CO 0 =Key
5 Ce,0, +0.50, —»2Ce0, I =ks(1-y)
Where: k, = Ae =" i=1.5

Mass and heat balances in the washcoat (regeneration submodel)

As gas flows through the soot layer, the oxygen is gradually depleted because of reaction
with carbon and Ceria. An oxygen concentration profile is thus established through the soot
layer, which is expressed by an oxygen mass balance:

mdy

Al =—M, (k; +0.5k, +0.5ks (L— )y (2.6)

This mass balance equation may be solved to get the oxygen concentration profile y(x), for
the initial condition y(x=-w)=vy, , provided that the temperature of the washcoat is

considered uniform along the soot layer. This is a fundamental assumption that is supported
by the original work of Bissett and Shadmann [64] (see also the boundary conditions below).
The solution yields the total consumption of oxygen Ay = y(x = -w)- y(x = 0) through the soot

layer:
Ay yi{l_ exp[_ M, (k, + 0.5k2'+ 0.5k, (1- W))Vl]:l o

My

The total consumption of oxygen may be used in order to calculate the rate of soot
consumption because of both thermal oxidation with oxygen and catalytic oxidation with
Ceria. Specifically, the mass balance for the soot mass consumption is:

dv
%—:-j [(k, +0.5k, )y + (K, +k, ) JA(x)dx 28)
C
or, splitting the integral:
p, dV 0 0
M—F; dtp = —(k, +0.5k,) j_wp YA()dx = (ks +k, Jyr [ Alx)dx (2.9)
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The first integral contained in the right hand side of the above equation may be calculated
from the oxygen mass balance (2.2.6):
0 m
A(x)dx = g A 2.10
[wpy (x) v y (2.10)

k, +0.5k, + 0.5k, (1- 1))

The second integral of the soot mass balance is the volume of the soot layer V,. Substituting
the above, we get the following rate of soot mass consumption:

dv. M, k, + 0.5k,
p _—
dt M, K, +0.5k, +0.5k;(1—y)

My AY — MKy, (2.12)

A mass balance must also be formulated for yw, which expresses the continuous transition of
the catalytic additive between CeO, and Ce,O; states. According to the CeO, mass balance,
the rate of change depends on the additive oxidation and reduction reactions, i.e.:

(J.O b pp':/I(X)dxjg ddltﬂ - J._pr [_ (4k3 + 2k4 )W + ks y(l_ ‘//)]A(X)dx (2.12)

-wW
C

The above equation may be simplified and, with the substitution of (2.2.10), yields the total
rate of change for v

dy Mc ks(l_V/) my, M
—=——=(4k, + 2k + A 2.13
a  p (s + 2K,y k, +0.5k, +ks(1-y) p,V, M, Y 213

p
The two mass balance equations for soot and Ceria should be solved for the following initial
conditions: For t=t, we have V, =V, and y =y,.

To complete the model, a heat balance equation should be formulated. This expresses the
accumulation of heat in the washcoat layer and the ceramic wall because of (a) heat
generation owing to the chemical reactions, (b) heat conduction perpendicular to the soot
layer and wall and (c) heat exchange between the gaseous and the solid phase.

oT

pic A(X)at=—Q(X)A(X)+aX(A(x)/1j 6)()_ MyC, aTg (2.14)

where

9
4(x) = ;rnAHn if —w, <x<0
0 if 0<x<w,

Obviously, no reactions occur as the gas flows through the ceramic wall, and thus ¢ is zero in
this region.

The boundary conditions for the heat balance equation are very important in the total mass
balance formulation:

oT
Atx=-w,: Alx=-w)i, =~ MeCes (r-T,.)
X (2.15)
At X=+w,: =0
OX
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The boundary condition at x =-wdeserves some comments. It implies that the gas and the
solid temperatures are equal everywhere except at the inlet face of the deposit layer and, thus,
heat conduction in the direction perpendicular to the soot layer and wall is zero. This
boundary condition was introduced by Bissett and Shadmann [64].

Under these boundary conditions, the heat balance (2.2.14) is integrated to yield the rate dQ/dt
of heat released (a) by chemical reactions and (b) by convection because of flow normal to the
soot layer and wall.

dQ oT
=< (pc, Vo +pc, V) =
dt A S)at (2.16)

(AHk, +AH,k,) M, . o
== Ay —(AH Kk, + AH Kk T-T
k, +0.5k, + 0.5k (1—y ) M Y~ (AHk +AH, 4)va+mgcp,g( g )
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2.3 Exhaust Gas Flow Inside Filter Channel

2.3.1 General

Any active regeneration system [71] requires some kind of monitoring of accumulated soot
mass on the filter. An intensively sought objective in this context is to derive a valid
correlation of soot mass, which cannot be directly measured, with pressure drop and other
directly measurable variables (exhaust temperature, pressure etc). This brings into the
foreground the need to define the parameters affecting pressure drop and the respective
expressions allowing their calculation or estimation. As shown in Figure 2.5, the
determination of pressure drop involves a complex interaction between design and operating
parameters of engine and filter. The pressure drop signal is affected by numerous parameters
and carries a lot of information that is difficult to be deciphered to extract the necessary
information with respect to the soot mass loading level.

In chapter 4 and [69], measurements of pressure drop resistance of individual channels of a
filter were carried out. The results indicated that there exist significant variations in soot
loading or quality [72] among different channels (centre versus periphery of the filter), during
the loading phase. This fact hints to the existence of flow maldistribution at filter inlet during
the loading phase (centre versus periphery).

Similar flow maldistribution in catalytic converters for gasoline cars have been investigated
by numerous researchers [73, 74, 75]. Flow maldistribution in catalytic converters are shown
to be affected by the geometry of the inlet devices (piping and diffuser) that creates an initial
non-uniform distribution of the gas flow before its entrance to the converter. Although this
irregularity is reduced along the cell of the catalyst due to the pressure drop, a certain degree
of non-uniformity is always transmitted downstream. Some researchers [76] report that cell
geometry produces by itself some internal maldistribution, even in case of initial uniform
distribution of the gas flow. Despite the significant literature studies for catalytic converters,
no studies are known to date regarding flow maldistribution in diesel filters.

The physical mechanism affecting flow distribution is different from that of catalytic
converter. In the case of diesel particulate filters, the soot deposition modes that result from
the two-phase flow produce variations in the soot loading profile along the channel.

Apart from the factors that affect the soot packing on the channel wall, a series of secondary
factors such as

o volatile organic fraction adsorption-desorption phenomena and
o stochastic regeneration phenomena,

triggered by temperature differences between the central and peripheric channels of the filter,
should also be taken into account. These phenomena lead to a continuous redistribution of the
properties of the accumulated soot layer that affect the flow distribution across the filter
channels.
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Figure 2.5 Principle of interaction among design and operation parameters related to the loading and
regeneration of diesel filters.

2.3.2 The problem of soot maldistribution in the determination of pressure drop

A starting point for the calculation of the pressure drop across the particulate filter would be

the generally accepted correlation of Darcy law [77], that takes into account flow resistance of

the filter wall plus accumulated soot layer. According to this law, the pressure drop due to

flow through the ceramic wall and the soot layer can be approximated by the following

simplified relation:

_HUE, | HUE,
k k

s p
By using the concept of effective particulate layer thickness, the latter formula can be
rewritten as follows [78]:

Ap

(2.17)

UE Um
Apzlu s+ H p

ks Af (pk)p
Where A; denotes the total filtration area of the channel that could be approximated by the
sum of the inlet channel areas, after subtraction of the area blocked by the filter plugs.
Both factors of the above product are widely variable, thus, the product of (pk), varies
depending on engine type, injection pressure, filter type, operation point, possible use of fuel
additives etc. In the frame of the current experimental thesis, we attempted to narrow the
range of variation of this parameter by a specific experimental test rig (see chapter 4 and
[69]). The results of this study provide some hints on how the product (pk), depends on the

(2.18)
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o Prevailing engine operation point during loading (VOF content — exhaust temperature)
and
o Loading history of the filter — filter channel (soot mass etc).

The equation 18 allows, in principle, the backward approximate calculation of collected

soot mass as function of measured filter backpressure at a certain engine and filter loading
operation point, once an approximate value for the product (pk)p, that is, (soot layer density) x
(soot layer permeability) was known for the specific combination of engine, filter and
operation point. However, this formula is zero-dimensional, considering the total filtration
surface of the filter as a homogeneous membrane. Use of the above equation would only be
justified if the superficial velocity be assumed absolutely uniform. This assumption could
only rarely represent the real situation. Soot maldistribution phenomena caused by inlet
geometry and soot loading history (residual soot mass from previous incomplete
regeneration), severely affect the pressure drop signal. Such a situation is presented in Figure
2.6 where the periphery of a SiC filter is incompletely regenerated (presumably due to lower
temperatures).
As explained above, in reality, the situation is 3-dimensional and the usefulness of the above,
simplified relations is very small. Now, if a more accurate calculation of the pressure drop of
a full-sized filter is attempted, the added complexity depends on how many dimensions are
inserted in the calculation. As a preliminary step, one could attempt to add one more
dimension to the calculation. Based on experimental evidence, the radial dimension
(differences between filter center and periphery) would be the most significant.

Figure 2.6 Front view of a partially regenerated filter. The appearance of a zone that becomes gradually darker
as we move from the central to the outer cells of the filter indicates that the filter is incompletely regenerated at
the periphery. This type of behaviour could be the cause of exhaust flow maldistribution between center and
periphery of the filter.

Let us assume a simplified, radial stepwise variation of soot layer thickness (soot density —
permeability assumed uniform throughout), which distinguishes between two zones in the
filter: A central zone (core) and a peripheric zone (outer), which are characterized by two
distinct soot layer thickness values. The purpose of this simplified calculation would be to
visualize the effect of stepwise radial maldistribution on the pressure drop (attempting to
study situations resembling that of Figure 2.6) under typical flow rates in a typical full-sized
filter.

Starting by the expression for equal pressure difference through the two zones of the filter,

Apcore = Apouter (219)
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we may employ the above zero-dimensional correlations for each of the two distinct zones:
/JU core ES n /jU coreEp,core _ /UU outer Es n /UU outer Ep,outer

K. , K. , (2.20)
This results to a correlation between the superficial velocities of the two zones.
a+bE, .
outer a+ bE core (221)

p,outer

where a=“E< and p— 4

s p
On the other hand, the continuity equation can be profitably employed, if one makes the
realistic assumption that the exhaust gas mass flowrate is more or less dictated by the engine
characteristics at the specific operation point, that are only slightly affected by backpressure at
low levels:

mfr = pgas (AZOTGU core + AJUIGI'U outer ) (2 . 22)

Using equation 22, one may deduce a correlation between the superficial velocities of the two
zones, provided that the exhaust mass flowrate is known and kept constant:

mfr _ A\)uter U]
outer
'%orepgas A;ore

The system of algebraic equations (2.21) and (2.23) maybe employed, for example, to
calculate the evolution of pressure drop if one keeps a constant, low soot layer thickness in the
core zone of the filter, and assumes a variation of soot layer thickness in the periphery,
starting from low and reaching extremely high values.

The results of the respective calculations are presented in Table 2.2 and the characteristic
evolution of filter pressure drop as function of total soot loading is presented in Figure 2.7.
This figure explains why a filter that is heavily loaded in the periphery, continues to
demonstrate reasonable backpressure values, if its core zone were kept relatively clean by
frequent partial regenerations.

core —

(2.23)

Obviously, the rate of filter pressure drop increase as a function of the total soot loading in the
specific, simplified loading scenario, is directly affected by the relative dimensions of the two
filter zones, which can be expressed by the ratio between the core and the total filtration area.
In the example calculation of Figure 2.7, this ratio is assumed to be of the order of 0.6
(assuming a situation similar to that of Figure 2.6 where the central part up to the marked
circle remains lightly loaded and the rest of the filter is gradually loaded up to high values).

Table 2.2 Summarized results of calculated filter backpressure and wall flow velocity at the central and
peripheric channels of a non uniform loaded filter assuming constant exhaust gas mass flow rate and variable
soot layer thickness only for the cells of the outer area. The ratio of the central to outer area is fitted to the value
of 1.5 according to the situation described in Fig. 2.6 for the case of a filter loaded with an exhaust gas mass flow
rate of the order of 70g/s.
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Soot layer Soot layer Core Outer Total soot AP for AP for
thickness at | thickness at velocity velocity mass loading | maldistributed homogenous
core (m) periphery (m) (m/s) (mfs) (kg) loading (kPa) loading (kPa)
5.0E-05 5.0E-05 0.0542 0.0542 0.0073 25.22 25.22
5.0E-05 1.0E-04 0.0662 0.0361 0.0102 30.77 33.55
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5.0E-05 1.5E-04 0.0721 0.0271 0.0131 33.55 41.88
5.0E-05 2.0E-04 0.0757 0.0217 0.0160 35.21 50.21
5.0E-05 2.5E-04 0.0781 0.0181 0.0189 36.32 58.54
5.0E-05 3.0E-04 0.0798 0.0155 0.0219 37.11 66.86
5.0E-05 3.5E-04 0.0811 0.0135 0.0248 37.71 75.19
5.0E-05 4.0E-04 0.0821 0.0120 0.0277 38.17 83.52
5.0E-05 4.5E-04 0.0829 0.0108 0.0306 38.54 91.85
5.0E-05 5.0E-04 0.0835 0.0099 0.0335 38.84 100.18
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Figure 2.7 Calculated effect of soot maldistribution on filter backpressure and wall flow velocities at the central
core and the outer area of the filter assuming constant exhaust gas mass flow rate and constant soot layer
thickness at the core. The soot layer thickness at the outer cells is varied from 0.05 to 0.5mm.

2.4 The Role of VOF

2.4.1 Adsorption-desorption phenomena

The complex processes of VOF adsorption-desorption and their role to the regeneration
behaviour are not yet well understood. It is well known that the percentage of VOF in the
particulate emitted by a diesel engine significantly depends on the following engine design
factors:

e combustion chamber design (DI, IDI, turbocharged),

e fuel injection system characteristics (injection pressure and timing, nozzles
characteristics),

o the presence of exhaust gas recirculation (EGR) rate, and

e engine operation point [79,86].
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Another important factor is diesel fuel composition. High boiling point components
contained in fuel such as higher boiling point paraffines or aromatics adsorbed from
particulates emitted by the engine, tend to increase the VOF content [80, 81]. Figure 2.8
compares distillation curves for typical diesel fuels and distillates, with different compositions
and constituents’ boiling points. Most diesel fuel components evaporate in the range between
200 and 380°C (when vapour is in its own presence).
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Figure 2.8 Distillation curves of various commercially available diesel fuels (JIS No 2: Japanese standard for
automotive diesel fuel).

As a first approximation, one could assume that the particulate VOF evaporation and
adsorption equilibrium, follows the distillation curve of the diesel fuel from which it
originates. Now, VOF adsorption and desorption is a dynamic process continuously
happening during the filter operation. The percentage of VOF that will be adsorbed on the
soot layer at any specific time, depends at least on:

e the filter temperature and

e the filter operation history between complete regenerations.

Whenever filter temperature exceeds 380-420°C, most VOF is expected to oxidize or
vaporize, thus leaving mainly dry soot accumulated on the filter wall above 420°C.

On the other hand, one could expect that prolonged operation of a highly loaded filter in low
load and low speed (that is, high VOF content) conditions, would lead to the adsorption of
heavy hydrocarbons from the exhaust gas to the particulate layer, thus increasing its VOF
content. Although the adsorbate consists of multi-component hydrocarbons [79, 82], one
could assume that the sorption behaviour of diesel exhaust hydrocarbons could be
approximately represented by that of a single, typical hydrocarbon component.

2.4.2 Erratic regeneration behaviour

As previous mentioned the instability to the appearance and evolution of regeneration at
temperatures down to 300°C under favourable engine and filter operating conditions, is one of
the most significant problems since it leads to the incomplete regeneration of the filter and the

51

Institutional Repository - Library & Information Centre - University of Thessaly
02/06/2024 02:52:36 EEST - 18.221.61.122



non uniform distribution of the loaded soot mass. This behaviour is known as erratic
regeneration behaviour and observed at low temperatures [83] and depends on the presence of
volatile hydrocarbons. The volatile fraction originates from unburned fuel and lubricating fuel
and is found adsorbed /condensed on the soot particles at temperatures below 190°C. Due to
the very close contact with the catalyst metal oxides these hydrocarbons may be oxidized at
temperatures below 250°C. Thus, a slow regeneration procedure may start in specific points
where the local soot loading, composition, and temperatures are favourable. Under certain
circumstances the heat release from the oxidized VOF leads to further carbon oxidation by the
additive oxides at temperatures higher than 350°C, which may lead to a more or less complete
regeneration of the filter. Such behaviour is mapped in Figure 2.9 as observed by Lepperhoff
et al. [84] on a particulate trap installed on a 1.9 litre IDI diesel engine by use of cerium fuel
additive. Furthermore, an experimental work [85] on two passenger cars and a light truck
clearly shows the erratic behaviour to the initiation temperature of regeneration that is
probably due to VOF content.

n = 2000 rpm; pme = 2.6 bar; TExhau = 250 deg. C
500 | 1000
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2501 ' | | N
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Figure 2.9 Stochastic Regeneration behaviour at a diesel filter fitted on a 1.9 litre engine as measured by
Lepperhoff et al [84] in steady exhaust temperature conditions. Stochastic regenerations are also marked by the
CO peaks.

In the literature, experimental studies of hydrocarbon adsorption are limited to experiments
with diluted exhaust gas filtration on Teflon-coated glass fibre filters (according to the
legislated diesel particulate mass measurement procedure). Catalytic oxidation of adsorbed
hydrocarbons and the apparent kinetics determined from such experiments with filter soot
samples are studied in chapter 3 and [86]. The TGA analysis performed in that work indicates
that VOF is oxidized by Ceria in the temperature range of 300 to 420°C.

Modelling of VOF oxidation and sorption behaviour requires the determination of
adsorption — desorption kinetics. As a first step in this process, one could start from Arrhenius
type expressions. This is supported by the fact that desorption of adsorbed liquids in
microporous solids is an activated process [87]. The shape of the distillation curves of several
diesel fuels that are given in Figure 2.8 which indicate an exponential dependence on
temperature, also hints to such type of expressions.
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3 Experimental Part I: Catalytic
Regeneration Kinetics

Understanding of the phenomena involved in catalytic regeneration, as they are observed
in a wide range of engine and reactor operation points, is essential to the successful prediction
of the onset and the evolution of catalytic regeneration. Moreover, the study of the particulate
Volatile Organic Fraction adsorption — desorption — oxidation behavior is of major
importance, due to the role of the VOF in soot maldistribution phenomena, 3D evolution of
the regeneration and stochastic regeneration leading occasionally to filter failure. The initial
part of this work focused on the experimental investigation of kinetics parameters for the
thermal and catalytic soot oxidation, as well as for the VOF desorption — oxidation by Ceria
by means of thermogravimetric and differential scanning calorimetry analysis (TGA-DSC). A
novelty introduced in this work involved the sampling of soot directly from the filter
channels, to study the effect of engine operation point during loading and the position of
channel across the filter face on the VOF content and soot and VOF oxidation kinetics. The
TGA analysis of the soot samples improved our understanding of the kinetic behavior and
parameters of real soot, also as a function of the fuel additive dosimetry. A subsequent part of
this work, investigated the role of VOF in the regeneration of the filter, as well as adsorption
— desorption phenomena during filter loading. The effect of temperature differences between
filter center and periphery on the VOF content of soot was studied. The onset of stochastic
regeneration events during loading in low exhaust temperatures engine operation points with
high VOF content was demonstrated. In the third part of this chapter, a systematic attempt is
made to capitalize the previous findings in the LTTE in-house 1D and 3D regeneration
models. The extensive validation process suggested significant model improvements.
Moreover, the experimentally determined values of ceramic and soot permeability parameters
and soot oxidation kinetics parameters are directly applicable to the models. During the
validation process, an inclusive reaction scheme was developed, in cooperation with other
group members. A more compact, reduced scheme that proved more workable with the
specific models and parameter estimation procedures is applied in the simulations carried out
in this work. The reduced scheme does not directly take into account the VOF oxidation from
Ceria. VOF oxidation is lumped into the catalytic soot oxidation Kinetics. The scope and
extents of applicability of the 1D and 3D models in diesel filters and filter systems design is
updated based on the experimental results of this work, which included a series of
regeneration experiments under carefully designed and controlled conditions with the digitally
controlled engine dyno and electronic throttle.

3.1 Thermogravimetric Analysis of Soot — VOF Oxidation

Thermal analysis methods (TGA-DSC) are commonly used in the investigation of diesel
soot and VOF oxidation behavior and the determination of kinetic parameters. Although these
methods are simple to use the results must be carefully analyzed because of the influence of
parameters such as instrumental factors and sample characteristics. These parameters are
summarized below, because they must be taken into account in interpreting the results of our
investigations in order to be applicable in the further development of our computational tools
[88]:
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¢ Instrumental (thermobalance) factors (furnace heating rate, furnace atmosphere, geometry
of sample holder and furnace, sample holder material, thermocouple location)

e Sample characteristics (amount of sample, particle size, sample packing, nature of
sample, thermal conductivity, heat capacity of the sample material)

A considerable amount of research has been carried out in recent years to investigate the
influence of the above parameters [89, 90]. Another significant factor that must be considered
to the estimation of kinetic parameters is the oxygen transport mechanism inside the bed. In
the case of thermobalance the oxygen is supplied to the bed by diffusion only. So the
conditions on the thermobalance do not represent the real conditions during filter regeneration
where the oxygen is supplied mainly by forced convection. Further attention is necessary to
the determination of the kinetic parameters since a TGA curve may consist of more than one
usually overlapping processes.

3.1.1 Experimental

The collection of particulate samples was performed directly from the filter without
dilution of the exhaust gas flow. The filter fitted to the exhaust system of a 2.0 liter
displacement HDI turbocharged passenger car engine, running on the LTTE engine test bench
on carefully selected steady state operation points. The engine and diesel filter specifications
are presented in Table 3.1. Figure 3.1 presents the experimental layout of the filter loading
experiments.

Table 3.1 Engine technical data and diesel filter specifications

Engine manufacturer PSA

Engine type HDI turbocharged engine (DW 10 ATED)
Cylinders 4, in-line

Displacement 1997 cm®

Rated power /rpm 80 kW/4000 rpm

Rated torque/rpm 250 Nm/2000 rpm

Diesel Filter Manufacturer Ibiden

Filter Type SiC 14/200 cpsi (cells per square inch)
Filter Diameter x length 143.8 mm x 150 mm

Cell pitch 1.89 mm

Filter Wall thickness 0.4mm

First, a mapping process is performed to assess the engine exhaust temperature under the
low and medium load operating range. Temperatures were measured simultaneously at the
exhaust pipe 50 mm after turbine exit, at the inlet of the filter, and inside the filter, along a
filter diameter 1.5 cm deep from the end (Figure 3.1). Figure 3.2 shows a map of filter wall
temperatures near filter exit, at center and periphery. Comparison of wall temperatures at
center and periphery shows that periphery is systematically colder than the center by from
about 25 °C (low exhaust gas flowrate-low engine rpm) to about 10 °C (high exhaust gas
flowrate-high engine rpm). Of course, the observed temperature differences may be
suppressed by an improved insulation of the filter shell.

54

Institutional Repository - Library & Information Centre - University of Thessaly
02/06/2024 02:52:36 EEST - 18.221.61.122



Engine: PSA-2L DW10ATED Exhaust gas analyzers Data Acquisition System

[
g Dynamometer
; :I
UEGOD
Sensors || Filter : Ibiden SiC —
14/200 |
ﬁ_m_%@uﬁ Sl ;
Thermocouple locations inside
filter 15mm from the exit
%// AP Filter SEE
Thermocouples
S

&5 (eiieie)

Figure 3.1 Experimental layout. Engine and digitally controlled dynamometer installation is shown along with
exhaust gas analysers, main diesel filter measurement lines and data acquisition system.
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Figure 3.2 Map of channel wall temperatures (°C) measured at the centre and periphery of the filter, at a
distance of 15mm from the end of the respective channels.

The following strategy is applied in the determination of the exact protocol for filter
loading tests:
Low engine speed points are selected as more representative of city driving, and engine load
is varied to result in a range of filter wall temperatures from 200°C to 420°C. This range of
filter wall temperatures results in varying VOF content of collected particulate. The test
protocol, as it designed based on engine mapping, is presented in Table 3.2. Loading
experiments with various fuel additive concentration levels in fuel, were performed in order to
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investigate the influence of additive concentration on soot oxidation behavior. The shift to a
set of experiments with different fuel additive concentration was performed after filter
cleaning and continuous running of engine for 6 hours to prevent possible memory effects to
the soot composition. After completion of the particulate collection procedure at each
operation point, the filter was regenerated.

Table 3.2 Experimental protocol

Speed Torque Exhaust gas T exhaust TFinlet TFwall TF. wall
(rpm) (Nm) mass flowrate °C) °C) cepter perlophery ppm Ce
(g/sec) CC) CC)
30 23 275 254 250 235
1800 75 34 375 355 350 328 0
1500 30 23 240 226 220 206
30 28 274 256 250 237
1800 50 31 317 302 300 280 25
75 34 371 353 350 327
110 37 429 401 400 373
125 41 440 415 415 388
1500 30 21 238 223 218 200
30 28 277 257 250 235
1800 50 31 323 304 300 283 50
75 34 375 356 350 329
110 36 430 400 400 375

The TGA-DSC tests performed with a Rheometric-Scientific STA 1500H model
thermogravimetric analyzer (Temperature range Ambient - 1500 °C, Temperature ramp rates
0.2-60 °C/min, Crucible size 50-100ul). Samples ranging from 3.5 to 5.5 mg were collected
each time from the central and peripheral channels of the filter through a special designed
blade used for the detachment of the soot layer pieces from the channel wall. In order to give
an idea of the temperatures prevailing inside the filter during loading, Figure 3.3 presents the
results of a filter loading experiment comprising an initial filter preheating - loading at 2000
rpm — no load conditions (500 seconds duration), followed by a step load change 60 Nm, with
the engine speed remaining at 2000 rpm. Backpressure is observed to increase from 40 to 120
mbar in about 4500 seconds during the loading at 60 Nm engine load. Exhaust gas
temperature at filter inlet, (turbine exit), and at two points at filter exit channels (center and
periphery) is measured. The clearly observable exhaust gas and filter temperature increase
trend is due to the effect of backpressure increase on the engine cycle (reduction of break
mean effective pressure due to the increase in pumping losses). According to this figure,
temperature difference between center and periphery during loading is of the order of 25°C at
the specific operation point. This temperature difference decreases at higher flowrates as
explained above. Generally, due to this difference, the VOF content is expected to be higher
at the periphery.
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Figure 3.3 Evolution of exhaust gas and filter exit channels (centre and periphery) temperatures during a typical
loading procedure, which comprises two steps: first, 2000 rpm — no load for about 500 seconds. Then, step
change to 2000 rpm, - 60Nm, and loading for about 4500 seconds. Evolution of filter backpressure is also
recorded.

Each sample was packed in a platinum receptacle, immediately after the end of the filter
loading at the respective operation point. The packing procedure was performed very
carefully to achieve uniform distribution of sample mass inside the receptacle. Non-
isothermal tests were performed with each sample, with a heating rate of 10°C per minute.
The experiments were carried out in air and also in nitrogen environment (for the
determination of VOF content). A gas flow of 10ml/min in the case of synthetic air
experiments and of 35ml/min in the case of nitrogen was maintained over the receptacle
chamber. The scan rate was adjusted to 1 sec.

3.1.2 Results and discussion

First, TGA/DSC analysis was performed on diesel soot samples collected with the engine
operating on regular (not fuel additive - doped) fuel at the following two characteristic points:

e Engine speed :1800rpm, Engine Load: 30 Nm resulting filter wall temperature ca. 250°C
e Engine speed :1800rpm, Engine Load: 70 Nm resulting filter wall temperature ca. 350°C

The mass reduction-heat release graphs are comparatively presented in Figure 3.4. Starting
from the soot sample collected at 250 °C, we observe, in the mass reduction curve, a first
decrease up to about 150 °C, which we assume to be mainly due to the water evaporation —
desorption. A second mass decrease is observed between 200 and 420 °C. This is assumed to
be due to hydrocarbon desorption. From the associated heat release curve, we could possibly
suspect a slight hydrocarbon oxidation to start above 300 °C. Continuing with the soot sample
collected at 350 °C, we do not see, in the mass reduction curve, an observable mass decrease
in the temperature range between 200 and 350 °C. This could be expected, since the
particulate collection was at 350 °C. We observe a small decrease in the temperature range
from 350 to 420 °C, from which we can deduce a significantly lower VOF content for this
second soot sample. Proceeding to higher temperatures, we could observe that the TGA/DSC
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behaviour of the two samples converges very much above 450 °C. Both DSC curves indicate
an ignition temperature (temperature at which the soot oxidation rate is maximized) of the
order of 630°C. Arrhenius plots were calculated based on the recorded mass reduction graphs
in the temperature range between 550 — 630 °C.
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Figure 3.4 TGA (mass reduction) and DSC (heat release) curves for regular (no additive) soot samples taken
directly from the filter channel, after moderate particulate loading at 250 and 350°C filter channel wall
temperatures.

The results of Table 3.4 indicate activation energy levels of the order of 190 kJ/mole for both
cases. The different VOF content of the two samples does not seem to affect the kinetics of
soot oxidation. This could be expected because of the separate temperature ranges of the two
processes (HC desorption - soot oxidation by exhaust gas oxygen). In the literature the
published values of activation energy of thermal soot oxidation is found to cover a range
between 140 and 210 kJ/mole. Low values of the order of 140-150 kJ/mole reported by
Ciambelli et al [91] and Otto et al [92]. Neeft et al [93], report a somewhat lower value of
170 kJ/mol, for the oxidation of flame soot in a flow reactor with a different atmosphere (10%
02 in Ar). Stanmore et al [94] report higher values of 210 kJ/mole obtained under isothermal
tests of soot samples collected from a filter fitted to the exhaust of a naturally-aspirated,
indirect injection 1.9litre diesel engine.

As a next step, TGA/DSC experiments with soot emitted by the engine operating with
25ppm Cerium doped fuel (DPX9 commercial fuel additive, containing an organometallic
Ceria compound) were performed. Figure 3.5 presents a comparison of the results (mass
reduction and heat release) of TGA\DSC analysis, with soot collected at the following six
engine operating points:

e Speed: 1500 rpm, Load: 30 Nm, resulting filter wall temperature ca. 220°C
Speed: 1800 rpm, Load: 30 Nm, resulting filter wall temperature ca. 250°C
Speed: 1800 rpm, Load: 50 Nm, resulting filter wall temperature ca. 300°C
Speed: 1800 rpm, Load: 70 Nm, resulting filter wall temperature ca. 350°C
Speed: 1800 rpm, Load: 100 Nm, resulting filter wall temperature ca. 400°C
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e Speed: 1800 rpm, Load: 120 Nm, resulting filter wall temperature ca. 420°C

100 4 225
90 4 200
80 4 175
- | —— Tfwall: 2200C i Ty
= 70 | —* Tiwall: 2500C 150 2
- | —= Tfwall: 3000C i 5
.g g0 | —o Tfwall: 3500C 125 é
5 | —— Tfwall: 4000C : o
S 50 | — Tfwall: 4200C 100 &
el I ] 2
0 s g @
# 40 - HC oxidation % =
o I Ta | w
E i o
30 50 £
20 25
10 § 0
0 -25

150 250 350 450 550 650
Temperature (oC)

Figure 3.5 TGA (mass reduction) and DSC (heat release) curves for soot samples taken directly from the filter
channel, after moderate particulate loading at various filter channel wall temperatures. All soot samples are taken
from a filter loaded with the engine running with 25ppm Ce- doped diesel fuel.

We could observe two characteristic regions of catalytic soot oxidation in this figure:

e the first in the range of 300 to 420°C, in which a new peak on the DSC curve appears.
This peak precedes the regular peak of soot oxidation by oxygen, and is observed to
gradually diminish as we shift to soot samples collected with increasing filter wall
temperature. This region should be related to the catalytic oxidation of hydrocarbons
adsorbed on the particulate (VOF). The new peak is clearly observable in the DSC curves
of all six samples, which indicates that the presence of the catalyst in soot significantly
promotes adsorbed hydrocarbon oxidation. An analogous behaviour has been reported in
[95] with other types of catalysts mixed with plain soot in a U-type quartz glass micro-
reactor.

e the second in the range of 420 to 490°C, in which the dry soot oxidation takes place with
an ignition temperature of the order of 490°C irrespectively of VOF content. Thus, the
presence of the catalyst in soot is now associated with a shift of the regular soot oxidation
peak towards lower temperatures (490 vs 630°C).

An exception can be observed in the temperature location of this second peak, for the sample
from soot collected at 250°C. The DSC curves from five samples taken at this loading point,
systematically demonstrate the same behaviour, with the peak shifted to 520°C. This could be
attributed to the fact that engine emissions at the specific loading operation point were
increased compared to the standard emissions levels (see Table 3.3). Thus, ceria concentration
in the particulate was reduced (assumed constant fuel consumption).
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Another observation is related to the percentage residual that is left at high temperatures
that can be deduced from the right side of Figure 3.5. The respective calculations are
summarized in Table 3.3. The composition of this is considered to be mainly fuel additive
ash, but also heavy metallic compounds originating from lube oil [3, 9]. Now, if we compare
the last two columns of this Table, we clearly observe that the percentage of residual to the
overall soot mass, is at least an order of magnitude higher than an indicative percentage that
would be expected based on the extremely simplifying assumptions that

e theash is 100% Ceria

e 100% of the particulate emitted by the engine during the loading duration remained
collected in the filter at the time we took the sample, and

e no ceria remained in the filter from previously regenerated soot due to incomplete
cleaning of the filter.

Table 3.3 Fuel additive ash computations

Fuel Soot Calculated Ce | Calculated | TGA Ash

Speed (rpm) |Torque (Nm)|Ce (ppm)| Consumption | Emissions | Accumulation | Ceinsoot | residual
(g/h) (g/h) (mg/h) (%) (%)
1500 30 1840 5 46.00 0.92 16.04
30 2440 5.6 61.00 1.09 17.22
50 25 3120 5 78.00 1.56 32.48
1800 75 3980 49 99.50 2.03 40.03
110 5010 4.84 125.25 2.59 55.56
125 5860 411 146.50 3.56 65.6
1500 30 1780 5.9 89.00 1.78 35.62
30 2440 5.6 122.00 2.18 33.84
50 50 3120 5 156.00 3.12 36.75
75 3980 49 199.00 4.06 57.84
1800 110 4990 4.84 249.50 5.15 62.67

125 . . ] ] ]

The significant discrepancy between the two columns denies the validity of at least one of
these assumptions. It is also observed that the percentage of the residual increases with
exhaust temperature levels prevailing during filter loading (that is, increases with engine load
during filter loading). This observation could be at least partially justified by the fact that this
engine is characterized by decreasing particulate emissions per kg fuel consumed, in the range
of part engine load that we are studying.

The role of Ceria in the VOF oxidation in the range of 300-420°C is apparent in all these
results. As a next step, we focus on the effect of VOF content on the kinetics of catalytic soot
oxidation by Ceria. This effect should be assessed by a comparison of the Arrhenius plots
performed on TGA analysis results from Figure 3.5 for the soot samples collected at 250, 300,
350, 400 °C filter wall temperatures. The Arrhenius plots are presented in Figure 3.6. These
plots have been calculated with reaction order assumed equal to 1 also for the catalytic
oxidation [96]. Each plot comprises two distinct temperature ranges, in which the linear
regression was of an acceptable quality (R squared value higher than 0.98). We prefer not to
perform the regression in the range between 410-440 C, because in this range the regression is
not good. Obviously, the group of Arrhenius plots at the left side of the figure corresponds to
the dry soot oxidation by Ceria, whereas the group at the right side corresponds to the VOF
oxidation by Ceria. A certain degree of overlap between these two processes, with a gradually
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diminishing VOF role due to desorption — oxidation, could be happening between the two
temperature ranges.
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Figure 3.6 Non-isothermal kinetic analysis of the TGA curves of Figure 5. All soot samples taken from filter
loaded by engine running on 25ppm Ce- doped fuel. Arrhenius plots are performed in the two temperature
ranges where high quality linear regression is possible. These two ranges correspond to dry soot (left group) and
VOF (right group) oxidation. Each group corresponds to four different filter wall temperature levels during
loading ( 250, 300, 350, 400 °C).

The overall results indicate that the presence of the catalyst in soot significantly lowers the
activation energy of dry soot oxidation (Arrhenius plots at left side of the figure). This
observation agrees with the results reported by Summers et al [97] and Lahaye et al [98] who
found that the addition of Ce in the fuel is lowering the activation energy of soot oxidation
from 170 to 120 kJ/mole. Ciambelli et al [99] also reported lower values of activation energy
for soot oxidation after its impregnation with Cu/V/K catalyst. In contrast with the above
observation Stanmore et al [94] reported unchanged activation energy of 210 kJ/mole
(obtained for the uncatalyzed oxidation) for the soot oxidation with cerium present. In the
same direction Jelles et al. reported unchanged values of activation energy for the oxidation of
cerium activated soot which, however, have been taken with a different type of reactor and a
flow containing 10vol% O2 in Argon [100]. According to our results, the presence of VOF
reduces activation energy for soot oxidation by Ceria in the range of 420 to 490°C. Thus, soot
collected at 250 and 300°C filter wall temperature (rich in VOF) is oxidized with E of order of
80-85 kJ/mole, whereas soot collected at 350 and 400°C filter wall temperature (dry-soot) is
oxidized with E of order of 120-130 kJ/mole. The effect of VOF to the apparent kinetics of
diesel soot oxidation is related with the modifications which take place to the particulate
structure during the oxidation of VOF. According to Alhstrom and Odenbrand [101] an
increase of the surface area of the soot after VOF oxidation is observed and leads to a more
porous structure which allows the easier access of oxygen through the pores. The VOF
content on these points was calculated from the TGA curves obtained in Nitrogen
environment as the percentage of mass reduction in the range of 150°C (water free) to 380°C
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according to the process presented in the next section. The results indicate a variation of the
VOF content in the range from 2.5 to 8% for samples collected from filter center and 3 to
9.5% for samples collected from filter periphery (see Figure 3.14) with the minimum values
to be observed at high load engine operation, presumably due to the higher exhaust gas
flowrates caused by the activation of the turbocharger.
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Figure 3.7 TGA (mass reduction) and DSC (heat release) curves for soot samples taken directly from the filter
channel, after moderate particulate loading at various filter channel wall temperatures. All soot samples are taken
from a filter loaded with the engine running with 50ppm Ce- doped diesel fuel.

As a next step, a more detailed analysis of soot oxidation in the temperature range between
350-420°C (adsorbed hydrocarbons oxidation) is performed. The group of Arrhenius plots
presented at the right side of Figure 3.6. In this temperature range indicates activation energy
for the catalytic VOF oxidation of the order of 130-140 kJ/mole irrespective of soot VOF-
content (
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Table 3.4). We are not aware of analogous published results to compare with.

In order to confirm and further extend the above-mentioned observations, a new set of
measurements was performed with soot collected on the engine operating with 50ppm Cerium
doped fuel. We executed the same series of filter loading experiments except the last (1800
rpm, 120 Nm) where the regeneration process was started earlier because of the increase to
the Cerium concentration in fuel. The results are presented in Figure 3.7, which is analogous
to Figure 3.5 with 50ppm instead of 25ppm Cerium concentration in fuel. From a comparison
between the two Figures, it is obvious that VOF oxidation activity at low temperatures is
intensified with the higher Ce concentration.

For a quantitative assessment of the effect of increased Ce concentration on the kinetics of
the reactions of interest, Arrhenius plots are performed for the new sets of TGA analysis data.
The results presented in Figure 3.8. By a comparison of these results with those of Figure 3.6,
it should become apparent that the calculated activation energies of catalytic oxidation of dry
soot are not affected by Cerium concentration in the range of 420 to 490 °C for soot collected
at 220, 250 and 300°C filter wall temperature. On the other hand, a reduction of the order of
10 and 20 kJ/mole was observed for soot collected at 350 and 400 °C respectively.
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Figure 3.8 Non-isothermal kinetic analysis of the TGA curves of Figure 3.7. All soot samples taken from filter
loaded by engine running on 50ppm Ce- doped fuel. Arrhenius plots are performed in the two temperature
ranges where high quality linear regression is possible. These two ranges correspond to dry soot (left group) and
VOF (right group) oxidation. Each group corresponds to four different filter wall temperature levels during
loading (250, 300, 350, 400 °C).

The situation is different with the region between 350 to 420°C, where the catalytic VOF
oxidation is assumed to happen. The resultant activation energies from the Arrhenius plots in
the range of 350 to 420°C, are of the order of 160 to 180 kJ/mole (Table 3.4). Again, we are
not aware of analogous published results to compare with.
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Table 3.4 Ignition temperature and kinetic parameters of regular and catalysed soot oxidation for samples
collected at various filter loading temperatures.

Ignition tgmperature Kipetit_: parameters of catalysed I—0|C Kinetic parameters of dry soot oxidation
TE Wall °C) oxidation in the range of 350-420°C
at ‘Egg;re 25 ppm 50 ppm 0 ppm' 25 ppm? 50 ppm?
0 ppm (25 ppm|50 ppm[™¢ A E A E A E A E A
(kd/mole) | (sec™) |(kd/mole)| (sec™) |(kJ/mole)| (sec™®) | (kd/mole) | (sec™) | (kd/mole) | (sec™)
220 - 490 480 140+5 |0.83E+8| 16045 | 1.3E+10 - - 80t5 [0.08E+4| 80+5 |0.07E+4
250 630 520 490 140+5 |0.78E+8| 16045 |1.02E+10| 190+5 |2.25E+8| 80+5 |[0.08E+4| 80+5 |0.08E+4
300 - 490 480 140+5 |0.57E+8| 16545 |1.44E+10 - - 85t5 [0.17E+4| 85+5 |0.21E+4
350 630 490 480 135+5 |0.22E+8| 165+#5 |0.81E+10| 190+5 |2.25E+8| 12045 |[0.53E+6| 10045 |0.25E+5
400 - 490 480 135+5 |0.17E+8| 14045 | 0.63E+8 - - 13045 |1.66E+6| 120+5 |[0.77E+6
420 - 490 480 - - - - - - 13045 |1.92E+6 - -

The role of Ce concentration to the initiation of catalytic soot oxidation was investigated
too. The comparison of TGA results between the two different Cerium concentrations in fuel
(25 & 50ppm), shows a slight shift of the initiation of catalytic soot oxidation in the case of
50ppm to lower temperatures, presumably due to the earlier oxidation of VOF. This can be
deduced from Figure 3.9 in which the oxidation rates for the 25ppm and 50ppm additive

concentration at 220 and 400°C filter wall temperatures are presented.
5
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Figure 3.9 Oxidation rates produced by processing of TGA (mass reduction) curves, for a matrix of soot
samples corresponding to two levels of Ce concentration in fuel (25 and 50 ppm) and two different filter wall
temperatures during loading (lowest and highest temperatures with respect to VOF content in soot). A marked
increase in VOF oxidation rates for the soot produced by combustion of the 50 ppm Cerium-doped fuel is
observed. Also, an observable shift to lower ignition temperatures, both for VOF and dry soot, maybe seen with
the 50 ppm soot samples.

In the same figure a significant increase to the reaction rate of catalytic VOF oxidation for
the soot produced by combustion of the 50 ppm Cerium-doped fuel is observed. Any attempt
to explain these complex effects on the kinetics of soot oxidation by Ceria, should take first
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into account in-cylinder particulate formation by injection and combustion of additive-doped
fuel at different fuel injection rates and profiles that correspond to the different levels of
engine load. This type of investigations would be necessary especially for engines equipped
with modern common-rail injection systems, as is our case. Further interactions by the fuel
additive effect on the combustion of the particulate are suspected. According to [98],
increasing Cerium concentration in fuel diminishes the mean particle size of the soot during
formation and lowers the ignition temperature under oxidation.

The variation of particulate VOF content at the filter periphery due to the lower wall
temperatures seems to have an observable effect on the calculated activation energies.
Calculated activation energies for catalytic soot oxidation in the temperature range 420-
490°C, of soot samples collected from the filter periphery (higher VOF content) were lower
than those of soot samples collected from filter center. This observation needs to be further
investigated by additional experimental work, before an attempt is made to interpret such
effects.

3.1.3 Concluding remarks

— A systematic effort was made to study the sorption and oxidation behaviour of soot
emitted by a modern diesel engine run on catalyst-doped fuel, collected on a diesel
particulate filter, in a number of steady state operation points. For this purpose, samples
have been taken directly from the filter surface.

— The presence of Cerium in diesel fuel was observed to lower the TGA ignition
temperature of soot emitted by a modern passenger car diesel engine from 630 to 490°C.
The observed catalytic ignition temperature was unchanged with 25 and 50ppm Cerium-
doped fuel.

— The initiation of soot oxidation occurs at lower temperatures as the Cerium concentration
in the fuel increases. This may be attributed to the faster catalytic oxidation of adsorbed
hydrocarbons.

— The VOF content does not appear to affect the oxidation behaviour of soot emitted by the
engine run without fuel additive. The kinetic parameters are unchanged (E: 190 kJ/mole)

— The presence of adsorbed hydrocarbons seems to result in a variation of activation energy
(80-130kJ/mole) for soot oxidation by Ceria in the range of 420 to 490°C. The activation
energy in this range decreases as VOF increases for each Cerium concentration.

— The variation of Cerium concentration from 25 to 50ppm was not observed to have any
effect on the catalytic soot oxidation activation energy in the range of 420 to 490°C (dry
soot oxidation) for soot samples collected at 220-300°C filter wall temperatures. However
a decrease of the activation energy was observed in the cases of samples collected at 350
and 400°C. Furthermore, an increase of the activation energy was observed in the range
of 300-420°C (range where the adsorbed hydrocarbons oxidation is assumed to take
place).

— The wall temperature difference between center and periphery of the filter results in a
variation of the VOF content, probably due to the condensation of the high boiling
components to the soot particulate surface.
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— A continuation of this work with further investigation of the mechanisms of VOF - soot
interaction on a diesel filter during loading and regeneration is necessary to enhance our
understanding and improve our modeling of diesel particulate filter operation.

3.2 Experimental Investigation of the Role of Soot VOF

In this section an experimental study of the VOF adsorption-desorption phenomena and
their effects on the regeneration behavior is presented. TGA analysis is used for the
calculation of particulate VOF content at various engine operation points and the investigation
of VOF adsorption-desorption phenomena during real filter loading experiments. The effect
of VOF to the regeneration behavior is assessed by comparing regenerations of filter loaded at
points with different VOF content and by reproducing the conditions for the occurrence of
stochastic regenerations. This work aims at better understanding of sorption and oxidation
behavior of soot produced by modern high-pressure direct injection engines when run on
catalyst doped fuel for the support of improved modeling of fuel-additive assisted
regeneration at low temperatures.

3.2.1 Experimental

Steady — State loading experiments

First objective was to map VOF content as function of engine operation point. Steady state
loading experiments were performed on the LTTE (Laboratory of Thermodynamics and
Thermal Engines) diesel engine test bench for this purpose. A SiC filter was fitted on the 2.0
litre displacement HDI turbocharged engine running with 25ppm Ce DPX9- doped fuel
(engine specifications in Table 3.1). The collection of the particulate samples was performed
directly from the filter channels’ inlet. Figure 3.1 presents the experimental layout of the filter
loading experiments. The characteristics of the SiC filter are shown also in Table 3.1.

Filter loading test protocol

The following strategy is applied in the determination of the exact protocol for filter
loading tests: A mapping process is performed to assess the engine exhaust mass flow rate,
the exhaust temperatures and HC emissions characteristics in the low- and medium- load
operating range, as more representative of city driving conditions. In this work, temperatures
were measured simultaneously at the exhaust pipe 50 mm after turbine exit, at the inlet of the
filter, and inside the filter, at 4 points along a filter diameter, 15 mm deep from filter exit
(Figure 3.1). The results are presented in Figure 3.10. Comparison of filter wall temperatures
closer to center and periphery shows that periphery is systematically colder than the center by
25°C (low exhaust gas flowrate-low engine rpm) to about 10°C (high exhaust gas flowrate-
high engine rpm).
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Figure 3.10 Map of engine exhaust gas temperature (°C) measured in the exhaust pipe 50 mm after turbine exit
(medium-to-low speed and load part of engine operation map).
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HC emissions before the filter were also measured, as additional evidence to the study of
VOF sorption behaviour. Figure 3.11 shows a map of HC emissions near filter inlet. A
lowering of HC emissions as the engine load increases is observed. Due to this behaviour,
VOF adsorption is expected to be less significant at higher engine loads. The final design of
the test protocol, based on the results of the engine mapping is presented in Table 3.5. It may
be observed that the selected engine speed and engine load operation points cover a range of
filter wall temperatures from 200 to 415°C. This range was expected to result in a wide range
of variation of VOF content.

Table 3.5 Experimental protocol
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Speed Torque Mass flowrate Exhaust gas Temperature, Filter Filter
(rpm) (Nm) (g/s) temperature (°C) Filter inlet (°C) temperature, temperature,
T/C9 (°C) T/C8 (°C)
30 18 225 198 193 178
1250 60 21 300 270 261 240
80 25 355 317 310 285
100 28 419 385 380 364
30 30 254 236 234 216
1800 60 35 340 317 314 291
80 38 400 370 370 344
100 42 433 400 400 372
30 34 276 257 255 238
2900 60 38 360 340 340 315
80 43 415 388 388 365
100 50 423 392 392 371
30 69 305 300 297 287
3000 60 74 373 364 364 342
80 79 395 384 384 377
100 83 427 415 415 407

TGA tests on soot samples taken directly from the central and peripheral filter channels

TGA tests were performed on the TGA, to calculate the soot VOF content after each
loading experiment. The methodology followed to the collection and packing of the samples
was described in the previous section. Non-isothermal oxidation mode with a heating rate of
10°C per minute was selected in order to predict the acceleration temperature of soot
oxidation [98] and to fully oxidize the soot VOF according to the experimental prediction of
temperature ranges for catalytic hydrocarbon oxidation. It was assumed that VOF is oxidized
in the temperature range 150°C — 380°C and the mass reduction observed on the TGA curve
in this range is considered as the VOF content of the soot collected. According to Zinbo et al
[102] in this temperature range the TGA method yields a comparable measure of volatile
components with those obtained by solvent extraction. This is supported by the previous TGA
experiments presented in section 3.1 and [86] where a first peak value of oxidation rate was
shown in this temperature range. Those experiments were carried out in synthetic air
environment with a gas flow of the order of 120ml/min.

Adsorption-desorption experiments

In order to investigate the VOF adsorption-desorption behaviour, a new set of loading
experiments was performed. In this series of experiments the filter was loaded at a steady
state operation point with known VVOF content until the filter backpressure reached a specific
value. Then the operation point was shifted to effect an exhaust temperature step of the order
of 100°C (increase in the case of desorption — decrease in the case of adsorption). In order to
exclude any secondary effects from engine operation point variation, the exhaust mass flow
rate was kept broadly unchanged. The engine was held at this operation point until steady
state conditions were reached. Due to the variation in exhaust gas and filter wall temperatures
the soot VOF content was expected to be higher or lower depending on the new operation
point. After the end of each experiment, samples were collected from the central channels of
the filter and analyzed on the TGA. By comparing the soot VOF content before and after the
change of engine operation point, the VOF adsorption - desorption behaviour could be
assessed.
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Regenerations with stepwise load increase

In another series of experiments, the filter was loaded at operation points with varying
levels of VOF content. A regeneration process was initiated after the loading at each
respective operation point, by a step increase in engine load. On specific temperature levels,
soot oxidation was observed to start, presumably on the VOF content of the collected soot. By
comparing the resultant curves of pressure drop and filter wall temperature, one could
indirectly assess filter regeneration quality.

Stochastic regenerations

Loading experiments at low exhaust temperatures (lower than 300°C) with relatively high
VOF content were performed in order to investigate the onset of stochastic regeneration. A
number of stochastic regeneration events were recorded. The conditions in which they
appeared could be related to real city driving conditions [85]. A correlation of these events
with VOF content of accumulated soot was attempted.

3.2.2 Results and discussion

First, a set of indicative TGA tests was performed to assess the fuel and engine lubrication
oil behavior in the TGA to be employed as a reference point for the particulate behavior. The
results are presented in Figure 3.12. EN-590 (European Norm) diesel fuel was found to 50%
evaporate at 240 C, and 95% evaporate at 350°C. SAE-30 SG lubricant was found to 50%
evaporates at 370 °C and 95% evaporate at 430°C.
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Figure 3.12 Diesel fuel EN-590 (European standard for automotive diesel fuel) and SAE_30 lubrication oil
mass reduction curves as measured on the TGA.

Steady — State loading experiments — TGA tests results

The steady state filter soot loading experiments were performed with the engine operating
on 25ppm DPX9-doped fuel at the previously described operation points (see Table 3). After
the loading procedure, particulate samples were collected from a central and a peripheric
channel of the filter, and analyzed on the TGA. The VOF content on these operation points
was calculated from the TGA curves as the percentage of mass reduction in the range of
150°C (water free) to 380°C. Figure 3.13 presents a comparison of the TGA curves obtained
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for samples collected from the central channels of the filter for various filter wall
temperatures at 2000 rpm.
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Figure 3.13 TGA (mass reduction) curves for soot collected from the central channels of the filter after
moderate particulate loading at various filter channel wall temperatures. All soot samples are taken from a filter
loaded with the engine running at 2000 rpm with 25ppm Ce-doped diesel fuel.

The lowering of VOF content as filter wall temperature increases is apparent. A more detailed
study of the TGA curves shows that VOF evaporates and catalytically oxidized in the range of
300 to 420°C. After this range and until about 500°C the catalytic oxidation of the dry soot
takes place as presented in the previous section.

The results for the calculated VOF content values are summarized in Table 3.6 and are
presented in the form of a map as function of engine operation point for the central and side
channels of the filter in Figure 3.14. The results indicate a variation of the VOF content
between 2 and 11%. The role of the wall temperature difference during loading in the
distribution of VOF along the filter diameter is apparent in all these results. The lowering of
the filter wall temperature as one moves from filter center to periphery seems to lead to the

readsorption of heavy hydrocarbons emitted in the particulate layer, thus increasing its VOF
content.
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Table 3.6 VOF content of soot collected from central and peripheric filter channels (various operation points).

Operation point VOF Content (%)

Speed (rpm) Torque (Nm) Center Side
30 11.10 11.69

60 6.32 7.43

1250 80 4.27 471
100 2.78 3.43

30 8.18 9.37

60 4.88 5.31

1800 80 3.98 4.49
100 2.67 3.23

30 6.36 7.11

60 451 4.86

2200 80 3.76 4.50
100 3.18 3.30

30 9.03 9.86

60 7.74 8.28

3000 80 5.10 6.71
100 2.43 3.15
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Figure 3.14 VOF map produced by processing of TGA (mass reduction curves) for soot samples collected from
the central and side channels of the filter, for a matrix of engine operation points corresponding to different
levels of filter wall temperatures during loading. All soot samples taken from filter loaded by engine running on
25 ppm Ce. (medium-to-low speed and load part of engine operation map).

Desorption experiments

To get a first impression of desorption events inside the filter, a series of loading
experiments with step increase of filter wall temperature of the order of 100°C were
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performed. The scenario is presented in Figure 3.15 (step variation of engine operation point
from (3000rpm, 40Nm) to (2450rpm, 100Nm), which results in near-centre filter wall
temperature increase from 290°C to 390°C). It must be mentioned that the new operation point
is characterized by reduced particulate emissions that result in reduced soot accumulation rate
inside the filter. Furthermore, it can be assumed that the effect of soot collected after the
varying the engine operation point is negligible.
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Figure 3.15 VOF desorption scenario. Result of a step increase in inlet temperature, produced by changing the
engine operation point from speed: 3000 rpm, load: 40Nm to speed: 2450rpm, load: 100Nm. The effects on the
filter wall temperatures are measured by thermocouples T/C9, which is closer to center and T/C8 (periphery).

A further observation is related to the hydrocarbon emissions that are monitored after the
filter. Although the new operation point is characterized by lower HC emissions, there is an
observable, minor delay to the initiation of decrease. This could be attributed to the
evaporation and desorption of VOF accumulated in the dry soot and the porous ceramic filter
due to the higher wall temperatures. In order to confirm this observation, samples were
collected from the central channels of the filter and analyzed on the TGA. The TGA curves of
Figure 3.16 indicate a decrease in soot VOF content from 7.7% (soot collected from filter
loaded at speed: 3000rpm, load: 40Nm) to 4.4% (soot collected after desorption).
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Figure 3.16 TGA curves for soot collected from the central channels of the filter before and after desorption.
Adsorption experiments

In this series of experiments, after prolonged filter loading at high temperatures and low
engine HC emissions, the engine operation point was suddenly varied resulting in a step
decrease in filter inlet temperature, resulting in a final decrease of filter wall temperature of
the order of 100°C and a significant increase in engine out HC emissions. As presented in
Figure 3.17, the engine operation point was varied from 2000rpm-90Nm to 2500rpm-40Nm,
resulting in a decrease of the central filter wall temperature from 385°C to 290°C. In this case,
the shifted engine operation point is characterized by increased particulate emissions, which
result in an increase in filter loading rate. Based on diminishing of the slope of the pressure
drop increase curve after the engine operation point shift (t = 4000 s), one could deduce that
the collected mass of soot with the engine running on the new operation point is negligible
compared to the soot mass collected before the change of operation point. Furthermore the
faster increase to the filter backpressure could be attributed to the effect of VOF present in the
thick particulate layer, which condenses and readsorbs due to the decrease of filter wall
temperature, thus differentiating soot permeability characteristics. In order to confirm the re-
adsorption of hydrocarbons on the soot, particulate samples collected from the central
channels of the filter and analyzed in the TGA. The TGA curves of Figure 3.18 indicate an
increase to the VOF content from 2.5% (soot collected from filter loaded at speed: 1800rpm
load: 90Nm) to 4.1% (soot collected after adsorption).
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Figure 3.17 VOF adsorpion scenario. Result of a step increase in inlet temperature, produced by changing the
engine operation point from speed: 2000 rpm, load: 90Nm to speed: 2500rpm, load: 40Nm. The effects on the
filter wall temperatures are measured by thermocouples T/C9, which is closer to center and T/C8 (periphery).

100 #-

80 r

60 |

40

mass reduction (%)

20

—— soot after adsorpion (Tf wall: 2900C, VOF: 4.1%)

—e— soot before adsorption (Tf wall: 3900C, VOF: 2.5%)

150

250 350 450

Temperature (0C)

550

650

Figure 3.18 TGA curves for soot collected from the central channels of the filter before and after adsorption.
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Regenerations with stepwise load increase

In order to investigate the effect of the VOF content in the quality of regeneration, another
set of experiments was performed with the filter loaded at two operation points: 1250rpm —
30Nm (VOF: 10%), and 1250rpm - 60Nm (VOF: 6%) respectively. The filter was
subsequently regenerated at 2000rpm with stepwise load increase from 20 to 190Nm,
resulting in a temperature increase of the order of 300°C. A comparison of two typical
recordings is shown in Figure 3.19.
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Figure 3.19 Comparison of two regenerations for a SiC 14/200 filter. In the first, the filter was loaded at a point
with high VOF content (1250rpm —30Nm-VOF:10%). In the second, filter loaded at low VVOF operation point
(1250rpm-60Nm-VOF:6%). Temperature inside filter measured by thermocouple T/C9 (closer to filter centre).

It can been seen that for specific levels of filter backpressure and temperature, regeneration
initiates in both cases and the shape of filter pressure drop directly correlates with the VOF
content of each case. The filter loaded with higher VOF content seems to have a more rapid
pressure drop decrease during regeneration, in comparison with the lower- VOF- content-
loaded filter. In addition, a higher heat release rate was recorded in the first case, apparently
due to the higher exothermy of hydrocarbon oxidation which resulted by the higher quantity
of hydrocarbons adsorbed on the filter’s soot. This results in higher wall temperature and
enhances regeneration rates. This effect is pronounced at the end of this procedure, when a
decrease in load is applied in order to stop the regeneration. At this moment, filter
backpressure drops and it is clear that the filter loaded in higher VOF content was more
efficiently regenerated.

Pressure drop recordings of this type could, in principle, be employed in extracting
apparent kinetics parameters for modelling. This would require better knowledge of pressure
drop as function of soot permeability and collected soot mass in the filter, but also of VOF
content [80]. Assuming a good knowledge of the above dependencies [69], one could
correlate oxidation rates of VOF content (that is represented qualitatively by the pressure
drop), with the results of simplified Arrhenius-type curves, and thus determine apparent
activation energies and frequency factors for VOF oxidation [86]

Stochastic regenerations
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Stochastic regenerations are frequently observed in city driving conditions. In the above
series of engine bench experiments, during a filter loading at 3000rpm, 40Nm, VOF: 6.8% a
rapid pressure drop was observed, with the appearance of a stochastic regeneration.

As can been seen in Figure 3.20, an abrupt decrease in backpressure occurs, accompanied
by a peak in the wall temperature of a peripheric group of filter channels. This fact hints the
initiation of regeneration process in periphery, in this case. Heat release seems to be high
enough to propagate regeneration in a transverse direction, thus burning a part of the rest of
the soot accumulated in the other groups of channels, with a characteristic phase shift in the
events. This event could be attributed to a higher VOF content in the periphery than in the
center of the filter. It is observed that the regeneration in the filter center is responsible for the
rapid pressure drop. While oxidation seems to stop in the center, filter temperature is high
enough to assist regeneration of soot accumulated in periphery that is shown by the high
temperature peaks of thermocouples 8 and 11.

It should be noted that the filter wall temperature is the regulative parameter for the
initiation of a stochastic regeneration since it related with the adsorption-desorption
phenomena that determines the soot VOF content. If the filter temperature exceeds the 380-
420°C most VOF is vaporized and only dry soot remains accumulated on the filter wall. On
the other hand, prolonged operation of a heavily loaded filter with dry soot under low load
and speed conditions can lead to the readsorption of heavy hydrocarbons emitted in the
particulate layer, thus increasing its VOF content. This stochastic behaviour of regeneration is
quite useful in city driving conditions where low exhaust temperatures prevail.
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Figure 3.20 Stochastic regeneration scenario. Measured temperatures along a filter diameter near channels exit
together with filter backpressure are presented during a stochastic regeneration initiated at 3000rpm, 40Nm after
an approximate filter loading of 8g/l.

3.2.3 Concluding remarks

— The role of volatile organic fraction of diesel particulate collected on a SiC filter installed
on a modern DI diesel engine run on DPX9 doped fuel was investigated.
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— Starting from a mapping of exhaust gas and filter center and periphery temperatures as
function of engine speed and load, a mapping of VOF content of particulate accumulated
on the filter is derived.

— In addition to the steady state experiments that were necessary for the above mapping
processes, a number of transient experiments were carried out to investigate the
readsorption or desorption of VOF from the soot deposit.

— The results of above-mentioned steady state and transient tests, facilitate also the design
and understanding of additional experiments with stochastic filter regeneration behaviour.

— In addition to improving understanding of diesel soot VOF adsorption — desorption
behaviour, the experiments presented above set the scene for the determination of
apparent kinetic parameters for hydrocarbon adsorption — desorption, and VOF and soot
oxidation from Ceria. This is quite useful in the direction of further improving
mathematical models of diesel particulate filter loading and regeneration.

3.3 Modes of Catalytic Regeneration in Diesel Filters

In this section, the results of characteristic full-scale regeneration tests that represent
scenarios met under real driving conditions are presented. Two sets of regeneration
experiments were performed. In the first set regeneration tests were performed at steady state
engine operation points with markedly different levels of engine exhaust gas mass flowrate. In
the second set the transient scenarios of uncontrolled and stochastic regeneration were
reproduced on the engine bench. The main objective is to demonstrate the complexity of the
phenomena involved to the process of catalytic regeneration (flow and soot maldistribution —
VOF) and their effects to the temperature distribution across the filter channels, and,
consequently the evolution of the regeneration at the central and peripheric area of the filter.

3.3.1 Experimental

The regeneration tests were performed on a SiC 200cpsi filter (diameter x length: 5.66’x
6°’) fitted to the exhaust system of a 2.0 liter displacement, turbocharged passenger car engine
about 600mm after turbo, running on one of the Laboratory of Thermodynamics and Thermal
Engines (LTTE) engine test benches. The engine and diesel filter specifications are presented
in Table 3.1. The temperatures were measured simultaneously, at the inlet and the exit of the
filter, and inside the filter, along a filter diameter 15 mm deep from filter exit. The exhaust
emissions of CO, CO,, NOy and HC were measured simultaneously before and after the filter.
The O2 concentration was calculated by the A/F ratio obtained from the UEGO sensor
installed before the filter inlet. Figure 3.1 presents the experimental layout of the filter loading
and regeneration experiments.

Steady state regeneration experiments

The design of regeneration experiments takes into account the exhaust temperature and
flowrate maps of the specific engine — filter combination presented in [86]. Three typical
regeneration engine operation points that represent the real conditions met under City and
Extra-Urban driving conditions were studied:
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e The first one involves a high speed of 4000rpm and a low load of 30Nm engine operation
that result to a high mass flow rate of 92 g/s and a high exhaust temperature of 6200C.

e The second involves a medium speed of 2250 rpm and a medium load of 60Nm engine
operation that result to a medium flow rate of 58 g/s and a medium exhaust temperature of
550°C.

e The third involves a low speed of 1500 rpm and a medium load of 80Nm engine operation
that result to a low flow rate of 28 g/s and a lower exhaust temperature of 500 °C.

Each regeneration process was initiated by a combined step variation in engine load and
engine intake airflow obtained with adjustment of turbocharger and EGR valves. The engine
was left to run for 10 minutes on steady state conditions before the regeneration strategy is
applied, duration considered long enough for thermal and chemical equilibrium to be reached.
The filter loading was performed with the engine running on 3000rpm, 40Nm with 25ppm
Cerium doped fuel. This point is characterized by low soot VOF content in order to exclude
any secondary effects due to the dynamic phenomena of adsorption-desorption and stochastic
regeneration.

Transient regeneration experiments

In this series of experiments the conditions resulting to the appearing of uncontrolled and
stochastic regeneration were reproduced. Under real driving conditions an uncontrolled
regeneration is possible to happen during a sudden deceleration of the vehicle from a high
speed, high load engine operation point to idle. On the engine bench this scenario was
reproduced with a step variation to the engine operation point from speed 2000rpm and load
180 Nm that is a high flowrate (80g/s)-high exhaust temperature (550°C) point to speed
900rpm and no load that represents the idle conditions. The filter was previous heavily loaded
(18g/1) at 1800rpm, 80Nm with 25ppm Cerium doped fuel.

Table 3.7 Experimental protocol of the catalytic regeneration experiments.

Regeneration scenario Speed Torque mfr Soot TFOinIet TF waoll TF woall
(rpm) (Nm) (a/s) mass (g) (°C) center (°C) | side (°C)
High flowrate 4000 30 92 14 650 643 610
S;f;t‘iy Medium flowrate | 2250 60 52 14 560 545 496
Low flowrate 1500 80 28 14 535 517 486
Transient Uncontrolled tgogogo to nlc??oa q 14 20 520 511 470
Stochastic 3000 40 70 16 320 311 294

In order to investigate the onset of stochastic regeneration loading experiments at low
exhaust temperatures (lower than 350°C) with a relatively high VOF content were performed.
A number of stochastic regeneration events were recorded during loading at speed: 3000rpm,
load: 40Nm that is an operation point associated with a high VOF content (6.8%) after an
approximate loading level of 6g/l. The conditions in which the stochastic regenerations
appeared could be related to real city driving conditions. The details of the regeneration
experiments are presented in Table 3.7.
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3.3.2 Experimental results and discussion

Steady state regeneration experiments

High flowrate regeneration

This is a typical regeneration in real driving conditions occurring during engine operation at
high speed — high load where the exhaust gas temperature is sufficiently high. A characteristic
high- flowrate (92g/s) regeneration, is shown in Figure 3.21.
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Figure 3.21 High flowrate regeneration scenario (92g/s). Measured temperatures along a filter diameter near
channels exit together with filter backpressure are presented during a high mass flowrate regeneration performed
at 4000rpm, 30Nm for a medium mass loaded filter (6g/1) at 3000rpm, 40Nm with 25ppm Ce-doped fuel.

As it can be seen a simultaneously elevation to the temperatures measured by the
thermocouples located at the center and periphery near the filter exit is observed. This
indicates a uniform evolution of regeneration across the different filter channels. The
convective heating is the dominating phenomenon responsible for the initiation and the
uniform propagation of the soot oxidation. Due to the high flowrate the filter is heated faster
resulting to a short duration of the total regeneration. The soot starts to oxidize when a
temperature level of 480°C is achieved. The temperatures in the periphery are lower, because
of the heat losses through the periphery to the ambient air.

Medium flowrate regeneration.

A characteristic medium flowrate regeneration is shown in Figure 3.22. Initial soot mass is
approximately the same. Exhaust gas oxygen content is also selected to be the same level, by
careful selection of the operation point. As the space velocity is reduced, the onset of 3D
behaviour is observed, and flow maldistribution phenomena prevail. In the specific example,
we observe the onset of regeneration at the central channels at about t=110 seconds. The onset
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of regeneration at the peripheric channels is observed at about t=150 - 200 s. This is a
significant delay between the onset of regeneration of the central and peripheric filter blocks.
A second remark refers to the maximum temperatures. Here, we observe that the increase of
the maximum temperature levels over the inlet temperatures augments as flowrate decreases.
This is in line with the energy balance equations [103].
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Figure 3.22 Medium flowrate regeneration scenario (52g/s). Measured temperatures along a filter diameter
near channels exit together with filter backpressure are presented during a high mass flowrate regeneration
performed at 4000rpm, 30Nm for a medium mass loaded filter (6g/l) at 3000rpm, 40Nm with 25ppm Ce-doped
fuel.

Low flowrate regeneration: 3-D effects

This is a common mode of regeneration encountered in practice. It is frequently met in a
filter system operating with additive-doped fuel, during city driving with frequent vehicle
braking. A characteristic low-flowrate (28g/s) regeneration, is shown in Figure 3.23. The
temperatures measured by the thermocouples located at the center and periphery near the filter
exit, indicate that the regeneration initiate at the central channels of the filter where the
specific levels of filter wall temperature achieved first. As in the case of high flow rate
regeneration the soot layer begins to burn at 480°C indicating that the soot ignition
temperature is not affected by the flow rate. However the lower oxygen content of this
operation point (8% vs 12% of high and medium flowrate regeneration) results to lower peak
temperatures.

Another observation is related with the very low oxidation rates observed in the periphery.
This is due to the heat loses to the ambient that not allow the wall temperatures to reach the
necessary level for regeneration. It is apparent that for the levels of inlet temperature and soot
loading of the experiment the heat release from the regeneration of the central channels and
the convective heating of the low flow rate exhaust gases are not able to compensate the
losses to the ambient. This indicates that the filter periphery is incompletely regenerated
making this type of regeneration responsible for the occurrence of partial regenerations. As
came up from measurements of pressure drop resistance of individual channels of a previous
incomplete regenerated filter there exist significant variations in soot loading or quality
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among different channels (center -vs- periphery of the filter) [69]. This fact hints to the
existence of flow maldistribution at filter inlet during the loading phase (center -vs-
periphery). The existence of flow maldistribution is investigated in [106] by means of flow
velocity measurements at filter exit, during the loading phase and the regeneration phase.
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Figure 3.23 Low flowrate regeneration scenario (28g/s). Measured temperatures along a filter diameter near
channels exit together with filter backpressure are presented during a high mass flowrate regeneration performed
at 1500rpm, 80Nm for a medium mass loaded filter (6g/1) at 3000rpm, 40Nm with 25ppm Ce-doped fuel.

Transient regeneration experiments

Uncontrolled Regeneration

A characteristic uncontrolled regeneration, that can result from a transient scenario is
shown in Figure 3.24. This is a recording of the regeneration behavior of a SiC diesel filter
during a sudden engine deceleration. It is generally considered that this kind of so-called
“filter failure scenarios’ may gradually damage a filter. In the case of cordierite filters, such
events usually damage the filter, due to the low thermal diffusivity of cordierite. A SiC filter
generally demonstrates superior performance in such instances, due to the material’s high
thermal diffusivity and melting point. However, SiC has a higher thermal expansion
coefficient, (4.3 x 10-6 /K) and thus it could suffer from high thermal stresses. Such stresses
may be enhanced by the modular structure of these filters that consist of a number of
monolithic modules connected by special adhesive cement. Thus, in transient regeneration
experiments where the operation point suddenly changes to very low flowrate, 3-D effects
become prevalent, with a well-distinguished evolution of regeneration in different channels,
as shown in [104].The onset of regeneration is again observed in the central channels.
Although the observed delay in the onset of regeneration in the periphery is quite significant,
(order of several minutes as shown in the Figure), the maximum temperatures observed in the
periphery are equivalent, or even higher, than those observed at the central channels.
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Figure 3.24 Uncontrolled regeneration scenario. Measured temperatures along a filter diameter near channels
exit together with exhaust mass flow rate are presented during a deceleration scenario performed with a step
variation to the engine operation point from a sped of 2000rpm and a torque of 180Nm to a speed of 900rpm and
no load (idle conditions). The filter was previous highly loaded (12g/l) at 3000rpm, 40Nm with 25ppm Ce-doped
fuel.

The 3-dimensional evolution of the regeneration is now obvious, and the previously observed
grouping of central and periphery channels response is no longer valid. The role of the
catalytic fuel additive in these phenomena is important and this was first reported by
Wiedemann et al [105].

Stochastic regeneration: VOF and 3D effects.

The appearance of stochastic regeneration phenomena during loading at engine points with
relative high VOF content and low exhaust gas temperatures has already mentioned in section
3.2.2. The stochastic regeneration events recorded during filter loading at speed: 3000rpm and
load: 40Nm (VOF: 6.8%) are presented in Figure 3.20. As discussed these events are
associated with an abrupt decrease to the filter backpressure, started from a peripheral group
of filter channels (recording of thermocouple 11) due the higher VOF content of the colder
outer channels which could be oxidized by the catalyst oxides when the temperatures and soot
loading conditions become favorable.

In this type of regeneration there is a complex interaction between VOF and flow
maldistribution affecting to the evolution of regeneration and the temperature distribution
across the filter channels. As can been seen a difference of the order of 90°C is appeared
between the temperatures measured at the periphery where the higher peak temperatures
recorded and those measured at the center. This is attributed to the flow maldistribution
phenomena that enforce the flow to pass mainly through the central channels of the filter
[106]. The higher flowrate through the central part means higher convection that is
responsible for the lower wall temperatures of this region.

Also it can be observed that the regeneration in the filter center is responsible for the rapid
pressure drop.
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3.3.3 Concluding remarks

— An experimental study of the fuel additive assisted catalytic regeneration process with
focus to the most frequently regeneration scenarios met under real driving conditions is
presented in this work.

— Steady state regeneration tests were performed at 3 engine operation points with
markedly different levels of engine exhaust gas mass flow rate. The evolution of
regeneration was also studied in the transient cases of uncontrolled and stochastic
regeneration.

— Especially in the low flowrate tests, it becomes apparent that there exist significant 3D
effects that affect the propagation of the regeneration. Maldistribution of flow interacts
with maldistribution of soot and VOF content, thus producing a complex overall
behaviour.

— In all experiments, it was observed that the catalytic soot oxidation initiates at about
4800C irrespective of the exhaust gas conditions (25 ppm Ceria fuel additive was used in
all loading and regeneration tests).

— The observed maximum peak temperatures become lower as the mass flow rate increases.

3.4 Experimental Validation of the 1D Model

In this section, we demonstrate how an improved 1D filter regeneration model (described
in [70]), is validated against full-scale experimental data aiming at further model and code
development. The software is subjected to a validation procedure, against full-scale tests of
the regeneration behaviour of a diesel filter fitted to a modern diesel engine run on catalyst-
doped fuel. The main objectives of the validation procedure concern the assessment of the
model’s ability to predict the effects of additive concentration in fuel, initial soot loading
mass, volatile organic fraction of the soot and exhaust gas mass flow rate.

3.4.1 Design of the validation experiments

The validation was based on the results of engine bench regeneration experiments
performed on one of the LTTE engine benches. The filter employed in these experiments was
a SiC 200 cpsi filter (diameter x length: 5.66”x 6”) fitted in the exhaust pipe of a 2-liter
displacement HDI turbocharged passenger car engine about 600mm after turbo. The engine
and diesel filter specifications are presented in Table 3.1. The temperatures were measured
simultaneously, at the inlet and the exit of the filter, and inside the filter, along a filter
diameter 15 mm deep from filter exit. The exhaust emissions of CO, CO2, NOy and HC were
measured simultaneously before and after the filter. The O2 concentration was calculated by
the A/F ratio obtained from the UEGO sensor installed before the filter inlet. The
experimental layout of the filter loading—regeneration experiments is presented in Figure 3.1.
The model’s capacity to address the effect of the following design and operation parameters
was validated:

e Fuel additive concentration
o Initial filter soot loading
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e Collected soot characteristics (VOF content [72], etc) and, indirectly, also the effect of
e Exhaust gas mass flow rate

Fuel additive concentration. The effect of fuel additive concentration on the regeneration
was checked at a characteristic medium operation point of 2250 rpm — 60 Nm for the catalytic
regeneration, employing as reference for the thermal regeneration the non-catalytic
regeneration. The effects of 0, 25 and 50ppm Cerium fuel additive concentration in fuel were
studied. The non-catalytic regeneration was performed at the increased speed point of 3800
rpm—60 Nm in order to meet the high exhaust temperatures levels that are necessary for the
initiation of regular soot oxidation. The filter was previous loaded at the medium point of
3000rpm - 40Nm until a medium soot mass loading of the order of 6g/l filter is obtained. The
shift to a set of experiments with different fuel additive concentration was performed after
filter cleaning and engine running for about 6h to prevent possible memory effects to the fuel
and soot composition.

Steady state loading experiments at specific combinations of engine speed and load were
performed in order to validate the model’s ability to predict the effect of initial soot loading
and VVOF content.

Initial filter soot loading. Indirect assessment of the effect of the soot deposit filtration
characteristics and soot oxidation kinetics was based on the variation of initial soot loading (3,
6 and 9 g/l filter), obtained with adjustment of filter loading process duration assuming
constant particulate emissions and no effects of the increased backpressure to the engine
exhaust mass flow rate. The filter loading was performed with the engine running on
3000rpm, 40Nm with 25ppm Cerium doped fuel.

Soot accumulation conditions. Two characteristic engine operation points were selected for
the assessment of differences in VOF content of soot: 3000 rpm - 40 Nm (6.8% VOF), versus
1800 rpm — 90 Nm (2% VOF). These points are characterized by equivalent total particulate
matter emissions and cover a range of filter wall temperatures from 300°C to 400°C that is
responsible for the VOF variation [72]. Secondary effects due to the dynamic phenomena of
adsorption-desorption may also affect soot oxidation kinetics.

Exhaust gas mass flow rate. The engine operation points for the regeneration experiments
were specially selected for the assessment of the effect of exhaust gas flow rate. The variation
of exhaust gas flow rate was effected through the combination of engine speed of 1500, 2250,
3000 and 4000 rpm with engine load of 80, 60, 60 and 30 Nm respectively, in order to obtain
during the regeneration approximately equivalent filter inlet temperature levels in the range of
500 to 550°C. These points result to a variation in exhaust gas mass flow rate in the range
from 28 to 100g/s and represent the real conditions met under City and Extra-Urban driving
conditions. The appearance of secondary effects related with the flow maldistribution
phenomena affected by the flow rate during regeneration is expected to play significant role
on the simulation results [106].

Table 3.8 Experimental protocol

Name of studying parameter | Experimental Parameters
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. . . (52g/s)
Filter regeneration condition 25ppm 6g/L 3000rpm x 40Nm
3000rpm x 60Nm
(70g/s)
4000rpm x 30Nm
(92g/s)

*Reference Experiment

Each regeneration process was initiated after loading at the respective engine operation
point, until the same level of filter loading is achieved (6g/l filter) by a combined step
variation in engine load and engine intake airflow obtained with adjustment of turbocharger
and EGR valves. The engine was left to run for 10 minutes on steady state conditions before
the regeneration strategy is applied, duration considered long enough for thermal and
chemical equilibrium to be reached.

The experimental protocol is summarized in Table 3.8. The regeneration experiments were
performed in combination with TGA experiments of soot samples taken directly from the
filter loaded at the above operation points in order to improve our understanding of the
Kinetics of soot oxidation by Ceria and exhaust gas [86]. Previous experimental work in the
direction of determination of pressure drop parameters as function of collected soot mass [69]
was employed to support pressure drop parameter selection.

3.4.2 1D model validation results

Before carrying out the main validation process, it is necessary to determine reference
values for pressure drop and Kinetic parameters. The source for this information was our
previous experimental work in the subjects of pressure drop and soot oxidation kinetics, along
with the published results of experimental work of other researchers. Starting from the
pressure drop parameters, the determination of the product of soot permeability times soot
density (ok), was based on experiments with single channel filters described in detail in [69].
A range between 3.5E-12 and 1.15E-11 kg/m is reported for the (ok), product over the
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medium range of engine speed and load. However these values are necessary to be reduced in
order to match the pressure drop behaviour of the validation experiments. As is shown in
Table 3.9 a constant, typical value of (pk), = 2.25E-13 was proven successful in most
simulations. The discrepancy between the experimental and calculated values could be partly
attributed to soot and flow maldistribution effects [106] that cannot be taken into account in
the 1D model. Concerning the wall permeability, a constant value of the order of 2E-13 was
found capable to match the pressure drop curves of the whole range of validation experiments.
This value is in accordance with these reported by other researchers [107]. On the other hand,
the lack of measured data for collected soot density (values reported in the literature between
60 and 120 kg/m®), made necessary the assumption of a typical value of 80 kg/m®.

A summary of the validation runs and the respective kinetic parameter values inserted in the
model is presented in Table 3.9.

Baseline for the determination of E for thermal and catalytic regeneration, have been the
extensive TGA analysis experiments of soot samples taken directly from the filter [86]. The
following values for activation energy were determined from the above-mentioned
experimental work:

e E=190kJ/mole for the complete thermal soot oxidation to CO2 and E=150kJ/mole for the
incomplete thermal soot oxidation to CO.

e E=120 kJ/mole for the complete catalytic soot oxidation to CO2 and E=80kJ/mole for the
incomplete catalytic soot oxidation to CO.

The values of activation energies for catalytic oxidation correspond to dry soot oxidation for
samples where the VOF content varies in the range between 2.5 and 8%.

Keeping constant the above values of activation energies, a certain amount of tuning of the
frequency factors (A’s) was allowed. First, the thermal Carbon oxidation frequency factors
were tuned to represent the experimentally determined thermal regeneration behaviour of the
filter.

The tuning of the frequency factor values assumes that the catalytic regeneration prevails in
the temperature range from 400°C to 550°C. Thermal regeneration is more active at higher
temperatures. This situation is schematically presented in Figure 3.26 by means of
comparison between the calculated thermal and catalytic reaction rates as function of
temperature. As it can be seen, for the case of catalytic regeneration the reaction of soot
oxidation by CeO, to CO2 is assumed to be more active after the temperature of 500°C. This
assumption is in accordance with our previous experimental work that indicates an ignition
temperature for the catalytic soot oxidation of the order of 500°C. Following the same
reasoning in the case of thermal regeneration we may assume that the reaction of soot
oxidation by the exhaust gas oxygen to CO2 is more active above 630°C where the ignition
temperature for thermal oxidation is observed.
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Figure 3.25 Comparison of thermal and catalytic regeneration reaction rates.

As a general rule of thumb, the catalytic regeneration kinetics (frequency factors) were
tuned to represent the experimentally determined, low temperature (catalytic) regeneration
behaviour of the filter. Then, the ability of the tuned model to predict the effects of exhaust
mass flow rate, initial soot loading mass, volatile organic fraction of the soot and additive
concentration in fuel was checked.

In principle, the values of frequency factors should keep close to certain reference values
for each reaction of the scheme. However, one must bear in mind that the catalytic reactor in
the case of a fuel additive assisted diesel filter, is made up of the soot layer, which contains
the catalyst dispersed in it, in a close contact with the soot. This reactor is destroyed during
regeneration and re-built during filter loading. The reactor’s characteristics may change
according to the prevailing exhaust gas conditions during loading.

The exact determination of the catalytic oxidation frequency factor values was proven
sensitive to the ratio of CO/CO; in the exhaust gas during regeneration indicating dependence
from the filter loading and regeneration conditions. This observation is confirmed by Aoki et
al [108] and is more enhanced in the case of catalytic regeneration. The assessment of the
experimental results was shown that the following parameters affect to the CO/CO; ratio:

e Soot loading: increase of soot loading mass over 6g/l filter causes a significant increase to
the produced CO during regeneration.

e Soot VOF content: increase of VOF content results in a shift towards higher CO than
CO,, production during regeneration.

e Exhaust gas mass flow rate: as the exhaust gas mass flow rate increases, more CO than
CO; is produced during regeneration also increases.

Based on the above reasoning, certain deviations from the reference kinetics of the
catalytic reactions are observed in Table 3.9 and summarized below:
e It was found that the increase of the initial soot loading shifts the catalytic reaction
kinetics to produce more CO and less CO,. The model can match this behaviour by a
respective modification of the frequency factors of the respective reactions.
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e A severe decrease in the volatile organic fraction of the collected particulate, leads to a
respective reduction of catalytic soot oxidation kinetics, which can be matched by a
respective reduction of frequency factors of the catalytic oxidation reactions.

e As expected, the tuned 1D model does not successfully predict filter operation at low
flowrates. This is due to the importance of complex 3D effects, related to exhaust gas
flow and soot loading maldistribution across the filter face.

e On the other hand, by comparison of model predictions with measurements, it was
observed that the catalytic activity is reduced at very high flowrates (very low residence
times). This needs to be further investigated.

The above concern the soot oxidation kinetics behaviour.

Also the already known participation of NO, in the soot oxidation reactions was
demonstrated in our own experimental results, and suggested to insert in the extended reaction
scheme presented in Pontikakis® Thesis [70]. A reduction to the filter exit NO, concentration
was recorded especially in the case of the low flowrate regeneration that is associated with
lower exhaust gas temperatures indicating that the reaction with NO, becomes more
significant at low temperatures. Of course significant role to this play the parameters of
engine NO, emissions at the respective engine operation point the presence of oxidation
catalyst or not in front of filter and the soot loading level.

As regards the pressure drop behaviour, a certain variation of soot permeability was
allowed respectively, as function of the following factors:

e Effect of soot loading: thicker soot layer leads to lower permeability-density factor.

e Effect of Ceria concentration in fuel: higher Ceria concentration leads to lower soot
permeability — density factor.

e Effect of VOF: higher VOF in soot leads to lower soot permeability- density factor.

Table 3.9 presents the wall permeability, soot density and soot permeability times density
values inserted in the 1D model to simulate the pressure drop behaviour of the validation
experiments.
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Table 3.9 CATWALL 1D validation results based on Laboratory of Thermodynamics and Thermal engines experimental data.
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The measured filter exit temperatures at the central line (measurements taken by
thermocouple T/C9) are compared with the predicted ones for each regeneration case, in
Figures 3.26-3.34. The correlation observed is satisfactory. However a certain degree of
inaccuracy in predicting the initial heating phase of the regeneration is observed. It is believed
that this is a 3D phenomenon related to the change of average mass flowrate, due to the
reduction in flow resistance in the central channels [106].

3.4.3 Discussion

The model is proven able to predict the effect of a significant number of design and
operation parameters on the filter performance in a satisfactory way. In the following, certain
important remarks from model validation are discussed in more detail. These remarks
generally indicate directions for future, more refined experimental study.

Catalyst concentration in fuel

As a first step, the case of regular soot oxidation (no catalyst in fuel) is studied. The
simulation of a regeneration of a filter loaded at 3000rpm, 40 Nm with the engine operating
on regular (not fuel additive-doped) is presented in Figure 3.26. The values of E determined
from TGA experiments produce a satisfactory prediction of the full-scale process in the filter.
However a certain discrepancy between the measured and the predicted filter backpressure is
observed in the initial phase of regeneration.

700 | «— {70
o
600 602
(2]
£
~500 50 =
@) o
o o
° — T_filtrer inlet (EXP) o
= 400 r ——T_central channel (EXP) 403_5
§ —o— T_central channel (CALC) - X
S 300 - —— Backpressure (EXP) 309
qE) —— Backpressure (CALC) 2
[ S\ Soot Mass in Filter (CALC) | o
200 ) y 20 =
o
X
(8]
©
100 10@

0 0
0 100 200 300 400 500 600
time (s)

Figure 3.26 Simulation of regular soot (no Ceria added) filter regeneration. Measured and predicted trap
temperatures near the exit of a central channel of a medium loaded filter (6g/l) with the engine running on
3000rpm, 40 Nm without fuel additive-doped fuel. Also measurement and prediction of filter backpressure
together with soot mass prediction are presented. Computation is made with (pk)p=2.8E-13 kg/m, activation
energy values: E;=1.9E5, E,=1.5E5 J/mole and frequency factor values: A;=1E13, A,=5.5E10 mole/m®s. The
values for E and A are used as reference point for catalytic regeneration.

As it can be seen the model predicts a slower reduction to the pressure drop as the
regeneration initiates. The reason could lie in the fact that this initial phase of the regeneration
is associated with a VOF desorption process that is responsible for the rapid backpressure
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decrease. This situation is not predictable by the 1D pressure drop model, which considers an
average soot permeability value during the whole regeneration process.

As a next step, two regeneration experiments with soot collected with 25 and 50ppm
Cerium-doped fuel were performed. Starting from the simulation of the case with 25ppm
Cerium doped fuel described in Figure 3.27, it should be mentioned that the fitted value of
(0k)p was necessary to be reduced compared to the one for the soot without catalyst. It seems
that the presence of catalyst inside the particulate, modifies its permeability - density
characteristics. However in this case a reduction to the collected soot mass is observed (14g
vs 20g in the case regular soot), indicating that also engine soot emissions are affected by the
presence of the catalyst. This observation is confirmed by several reports in literature that
give a reduction of the engine soot production of the order of 30% when a cerium additive is
used [109].
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Figure 3.27 Simulation of regeneration of a filter loaded with soot emitted by the engine operating with 25ppm
Cerium doped fuel.. Measured and predicted trap temperatures near the exit of a central channel of a medium
loaded filter (6g/l) with the engine running on 3000rpm, 40Nm. Also measurement and prediction of filter
backpressure together with soot mass prediction are presented. Computation is made with (pk)p=2.2E-13 kg/m,
activation energy values: E;=1.9E5, E,=1.5E5, E3=1.2E5, E4=0.8E5, Es=0.8E5 J/mole and frequency factor
values: A;=1E13, A,=5.5E10, A;=3.5E11, A,=6E8, As=8E8 mole/m®s. The values for E and A are used as
reference point for catalytic regeneration.

Continuing with the simulation of the case with 50ppm Cerium doped fuel the results of
Figure 3.28 indicate that the regeneration behaviour is not significantly affected by the higher
fuel additive concentration. . The effect is that the 50ppm fuel additive concentration leads to
a somewhat lower peak temperature. If we examine the downstream filter CO concentration
recordings (not presented in the figures, but summarized in Table 4) we will see that the
50ppm case is associated with somewhat higher CO concentrations (produced CO/CO2 ratio
is 0.15 vs 0.14 in the 25 ppm case). This hints to the, already reported by other researchers
[110], effect of the Ceria in promoting the CO production. Overall, the increase of catalyst
concentration in fuel from 25 to 50 ppm seems not to reward with a higher catalytic effect. On
the contrary, pressure drop behaviour is further affected, and a further decrease to the soot
permeability is observed. Any attempt to explain these complex effects on the kinetics and
pressure drop parameters of soot oxidation by Ceria must take into account the in-cylinder
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particulate formation mechanism that includes the injection and combustion of additive-doped

fuel.
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Figure 3.28 Simulation of regeneration of a filter loaded with soot emitted by the engine operating with 50ppm
Cerium doped fuel.. Measured and predicted trap temperatures near the exit of a central channel of a medium
loaded filter (6g/l) with the engine running on 3000rpm, 40Nm. Also measurement and prediction of filter
backpressure together with soot mass prediction are presented. Computation is made with (pk)p=2.0E-13 kg/m,
activation energy values: E;=1.9E5, E,=1.5E5, E;=1.2E5, E,=0.8E5, Es=0.8E5 J/mole and frequency factor
values; A;=1E13, A,=5.5E10, A;=3.5E11, A,=6E8, As=8E8 mole/m?s.

Initial soot loading

The cases of 3, 6 and 9g/l, filter soot loading were studied. The simulations of the

regeneration experiments performed at 2250rpm, 60Nm for a filter loaded at 3000rpm, 40Nm
with the engine operating with 25ppm doped fuel until the respective loadings is achieved are
presented in Figure 3.29, Figure 3.27 (reference experiment) and Figure 3.30. The following
trends are observed:
From low -to medium -to high soot mass loading, a decrease to the (pk), product is observed.
Although the increase of soot layer thickness is expected to cause an increase to the soot
density due to the layer compression from the exhaust flow it seems that the decrease in soot
permeability is more significant. This observation is confirmed from the results of previous
experimental work with single channel filters [106].

As discussed in the previous section, higher frequency factors for the catalytic soot
oxidation to CO, and, respectively, lower frequency factors for catalytic soot oxidation to CO,
were inserted in the model to match the behaviour with higher initial soot mass in filter. The
change is more severe for the 9g/liter loading, where as it can be seen in Table 3.9 where the
ratio of CO/CO, becomes about ten times higher. Any attempt to explain this behaviour must
take into account the complex processes of exhaust gas oxygen diffusion through the soot
layer. One could assume that in the initial phase of regeneration where the catalytic soot
oxidation prevails over the thermal, the higher soot mass makes more difficult the diffusion of
exhaust gas oxygen through the deposit layer thus preventing the oxidation of Ce,O3 by O, to
produce CeO..
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Figure 3.29 Simulation of a low soot mass loading (3g/l) filter regeneration. Measured and predicted trap
temperatures near the exit of a central channel for a filter loaded with the engine running on 3000rpm, 40Nm
with 25ppm Ce-doped fuel. Also measurement and prediction of filter backpressure together with soot mass
prediction are presented. Computation is made with (pk)p=2.5E-13 kg/m, activation energy values: E;=1.9E5,
E,=1.5E5, E;=1.2E5, E,=0.8E5, Es=0.8E5 J/mole and frequency factor values: A;=1E13, A,=5.5E10,
A;=45E11, A,=3E8, A;=8E8 mole/m’s.
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Figure 3.30 Simulation of a high soot mass loading (9g/l) filter regeneration. Measured and predicted trap
temperatures near the exit of a central channel for a filter loaded with the engine running on 3000rpm, 40Nm
with 25ppm Ce-doped fuel. Also measurement and prediction of filter backpressure together with soot mass
prediction are presented. Computation is made with (pk)p=2.0E-13 kg/m, activation energy values: E;=1.9E5,
E,=1.5E5, E;=1.2E5, E,=0.8E5, Es=0.8E5 J/mole and frequency factor values: A;=1E13, A,=5.5E10,
A;=25E11, A,=9E8, A;=8E8 mole/m’s.
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VOF content (soot accumulation condition)

The effects of VOF content on the pressure drop and kinetic parameters could be assessed
only indirectly, since the model considers only dry soot oxidation, without separately
addressing adsorbed hydrocarbons oxidation by the catalyst. Thus, VOF oxidation Kinetics
must be lumped in the overall catalytic oxidation kinetics. It is known from the literature that
VOF may be oxidized at temperatures as low as 200°C, but also may desorb from the
particulate at higher temperatures or readsorb at low temperatures. Further improvements by
modelling of the adsorbed hydrocarbons oxidation are currently in progress, based on the
detailed study of the oxidation and sorption behaviour of real diesel particulate produced by
modern DI engines when run on catalyst-doped fuel [72]. The two regeneration cases
considered in this validation study involve a filter loaded at 3000rpm, 40Nm (which is a high
VOF point) and a filter loaded at 1800rpm, 90Nm (low VOF point).

The simulations of the regenerations performed at a medium flowrate engine operation point,
are presented in Figure 3.27and Figure 3.31.
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Figure 3.31 Simulation of a regeneration of a filter loaded at a low VOF operation point. Measured and
predicted trap temperatures near the exit of a central channel for a medium loaded filter (6g/l) at a medium speed
high load operation point (1800rpm, 90Nm) with 25ppm Ce-doped fuel resulting a low VOF content (2%) in
soot. Also measurement and prediction of filter backpressure together with soot mass prediction are presented.
Computation is made with (pk)p=2.6E-13 kg/m, activation energy values: E;=1.9E5, E,=1.5E5, E;=1.2E5,
E4:0.8I535, Es=0.8E5 J/mole and frequency factor values: A;=1E13, A,=5.5E10, A;=2.5E11, A,=3E8, As=8E8
mole/m®,s.

Fitting of model parameters to match the experimental behaviour indicates the following
trends:

e From low to high VOF content, a decrease to the value of the (pk), product is observed. It
seems that the VOF present in the thick particulate layer decreases the permeability of the
soot layer. Furthermore secondary effects due to the adsorption- desorption processes
produced from the temperature differences between the filter core and filter periphery
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(the VOF preferably condense on the colder outer channels of the filter) may differentiate
the permeability characteristics and indicate that the mechanism is 3D.

e The lower VOF content hints to lower values for the frequency factors of catalytic soot
oxidation. This could be attributed to the loss of the activity of VOF oxidation that
accelerates the dry soot oxidation. According to previous experimental work performed
in LTTE for the investigation of the role of VOF to the regeneration behavior [72] the
higher soot mass is acossiated with a more rapid pressure drop and a higher heat release
due to the higher exothermic nature of HC oxidation. On the other hand a relative
increase to the frequency factor of catalytic soot oxidation to CO2 is necessary in order to
match the decreased CO produced during regeneration (the unburned hydrocarbons are
oxidized by ceria mainly to CO).

Exhaust gas mass flow rate (regeneration condition)

The effect of exhaust gas mass flow rate is studied in four regeneration experiments,
conducted with 28, 52, 70 and 92 g/s mass flow rate respectively. The results of the
simulations are compared to the measurements in Figure 3.27 (52 g/s - reference
experiment), Figure 3.32 (28 g/s), Figure 3.33 (70g/s) and Figure 3.34 (92 g/s).
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Figure 3.32 Simulation of a low mass flowrate regeneration scenario (28g/s). Measured and predicted trap
temperatures near the exit of a central channel during a low mass flowrate regeneration performed at 1500rpm,
80Nm for a medium mass loaded filter at 3000rpm, 40Nm with 25ppm Ce-doped fuel. Also measurement and
prediction of filter backpressure together with soot mass prediction are presented. Computation is made with
(pk)p=2.2E-13 kg/m, activation energy values: E;=1.9E5, E,=1.5E5, E;=1.2E5, E,=0.8E5, Es=0.8E5 J/mole and
frequency factor values: A;=1E13, A,=5.5E10, A;=1E11, A,=2E8, As=8E8 mole/m®s.

The following trends were observed:

e The model is capable to predict the temperature and pressure drop of the filter at medium
to high exhaust gas mass flow rate conditions (Figure 3.27 and Figure 3.33). The
accuracy of the model is reduced at very low or very high mass flow rate conditions
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(Figure 3.32 and Figure 3.34). At low mass flow rate conditions, this is attributed to flow
maldistribution phenomena [106]. At such conditions, the point within the filter where
the regenerations initiates is stochastic and the propagation is expected to be slow. The
model may not predict this stochastic behaviour, because of the assumption of uniform
flow distribution at the filter inlet and the assumption of uniform soot mass distribution
within the filter. Specifically, in Figure 3.32, it may be observed that there is a delay
between the computed and the measured temperature in the central channel of the filter,
despite that the pressure drop during regeneration is well predicted by the model.
Moreover, the model also predicts the value of maximum temperature satisfactorily. This
indicates that the regeneration did not initiate in the central region of the filter and
propagated there with some delay.

e At medium to high mass flow rates, it is expected that the flow inside and at the inlet of
the filter becomes more uniform. The assumption of 1-D modelling is more realistic at
these conditions. This is also supported by the results of Figure 3.27 and Figure 3.33.
where the computations match the measurements with higher accuracy.
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Figure 3.33 Simulation of a medium mass flowrate regeneration scenario (70g/s). Measured and predicted trap
temperatures near the exit of a central channel during a low mass flowrate regeneration performed at 3000rpm,
60Nm for a medium mass loaded filter at 3000rpm, 40Nm with 25ppm Ce-doped fuel. Also measurement and
prediction of filter backpressure together with soot mass prediction are presented. Computation is made with
(pk)p=2.2E-13 kg/m, activation energy values: E;=1.9E5, E,=1.5E5, E;=1.2E5, E,=0.8E5, Es=0.8E5 J/mole and
frequency factor values: A;=1E13, A,=5.5E10, A;=3.5E11, A,=6E8, As=8E8 mole/m®s.

e Finally, at very high mass flow rates (Figure 3.34), the amount of CO versus CO; at the
outlet of the filter because of soot oxidation increases. This is attributed to the lower
residence time of exhaust gas within the soot layer because of the higher velocities of the
exhaust gas. This effect is not included in the model, therefore, the pre-exponential factor
of the thermal soot oxidation to CO had to be increased in order to match the temperature
measurement. In addition, the model predicts some regeneration at the beginning of the
measurement due to the high temperatures of the exhaust gas although no regeneration
occurs. This suggests that, under high exhaust gas temperatures, the catalytic activity is
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diminishing as flow rate increases. This may also be connected to the residence time of
the exhaust gas in the soot layer, but the phenomenon remains obscure and requires
further investigation.

750 - «— 1 100
600 180 o
(9]
(%]
©
[g €
Na? o
o 450 -- 60 S
3 —T_filtrer inlet (EXP) =
g ——T_central channel (EXP) EZ
g- 300 ——T_central channel (CALC) | 49 ‘(L’
o —— Backpressure (EXP) 5
= —— Backpressure (CALC) @
—— Soot Mass in Filter (CALC) s
150 120 3§
o]
m

V"b_"
0 0

200
Time (s)

Figure 3.34 Simulation of a high mass flowrate-high temperature regeneration scenario (100g/s). Measured and
predicted trap temperatures near the exit of a central channel during a high mass flowrate regeneration performed
at 4000rpm, 40Nm for a medium mass loaded filter at 3000rpm, 40Nm with 25ppm Ce-doped fuel. Also
measurement and prediction of filter backpressure together with soot mass prediction are presented.
Computation is made with (pk)p=2.2E-13 kg/m, E;=1.9E5, E,=1.5E5, E;=1.2E5, E,=0.8E5, Es=0.8E5 J/mole
and frequency factor values: A,=1E13, A,=6.5E12, A;=3.5E11, A,=6E8, As=8E8 mole/m?s.

3.4.4 Concluding remarks

— A systematic experimental validation procedure was applied to an improved,
comprehensive 1-D model of fuel additive assisted regeneration of a diesel filter. The
model features separate consideration of Carbon oxidation to CO and CO,, which
enhances its predictive ability. Also, it employs an improved kinetic submodel for the
catalytic activity of the Cerium-based fuel additive employed.

— The validation was based on the results of a number of regeneration tests on the engine
bench of a Silicon Carbide diesel filter fitted to a modern diesel engine run on catalyst
(Cerium-based) doped fuel.

— First the thermal Carbon oxidation kinetics (frequency factors) were tuned to represent
the experimentally determined thermal regeneration behaviour of the filter.

— As a second step, the catalytic regeneration Kkinetics (frequency factors) were tuned to
represent the experimentally determined, low temperature (catalytic) regeneration
behaviour of the filter.
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— The ability of the tuned model to predict the effects of exhaust mass flow rate, initial soot
loading mass, volatile organic fraction of the soot and additive concentration in fuel was
finally checked. In the following, the observed deviations from the reference kinetics of
the catalytic reactions are summarized:

e It was found that the increase of the initial soot loading shifts the catalytic reaction
kinetics to produce more CO and less CO,. The model can match this behaviour by a
respective modification of the frequency factors of the respective reactions.

o A severe decrease in the volatile organic fraction of the collected particulate, leads to a
respective reduction of catalytic soot oxidation kinetics, which can be matched by a
respective reduction of frequency factors of the catalytic oxidation reactions.

e As expected, the tuned 1D model does not successfully predict filter operation at low
flowrates. This due to the 1D nature of the model, since it is expected that, the
complex 3D effects, related to exhaust flow maldistribution at filter inlet and soot
loading maldistribution may significantly affect the regeneration of the DPF. This
indicates that in this case a 3D approach should enhance our understanding about the
variation of flow distribution at the inlet of the filter and the propagation of
regeneration in general. This motivates the assessment of the 3D model that is
presented in the following section under low flow rate conditions.

e On the other side, by comparison of model predictions with measurements, it was
observed that the catalytic activity is reduced at very high flowrates (very low
residence times). This needs to be further investigated.

— Along with the validation of the kinetic submodel, a validation of the pressure drop
submodel was carried out. The study of the soot permeability variation in order to match
the experimental curve of pressure drop indicated a significant influence of soot mass
loading, engine operation point (VOF content) and catalyst concentration.

— The results of the systematic validation procedure are intended to demonstrate the scope
and extents of applicability of the specific model category to real world design and
optimization studies with diesel filters. The validation results hint to model improvements
that are already under way.

3.5 3D ANSYS - CATWALL Model Validation

In order to demonstrate the ability of the 3D DPF model developed in the frame of George
Pontikakis’ Thesis [70] to assist in the process of the detailed DPF design, simulations of the
characteristic cases with various exhaust mass flow rates presented in section 3.3 and already
used in the 1D validation, were performed. From the simulations the transient case of
stochastic regeneration was excluded due to the lack of the model to include the mechanism
of the VOF action. Three-dimensional temperature fields for any direction and inlet flow
profile may be exited by the code and may be viewed for any filter section. The results
provide excessive information for the regeneration process and the effects of the 3D
phenomena.

The meshed finite element model of the DPF that was used in this work is illustrated in

Figure 3.35. It comprises different volumes for the main part of the SiC filter blocks, the
filter blocks (where the plugs are), the adhesive of the filter blocks (cement), the insulation
mat and the canning. Depending on the volume, different material properties are assigned. In
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this case, the material properties assigned were the thermal capacity, thermal conductivity and
density.

The kinetic parameters of the rate expressions that were used in this work were obtained by
the previous presented validation study of the 1D DPF model. The values for the pre-
exponential factors and the activation energies employed in the simulations of the respective
cases are already presented in Table 3.9.

AN

DEC 25 2003
00:15:01

ELEMENTS
MAT NUM

ANSYS-CATWALL INTERFACE, detmiled DPF model

Figure 3.35 Solid model of the DPF. Different materials are designated by different colors. (a) Front view:
blue=canning, red=insulation mat, purple=adhesive, magenta=SiC

3.5.1 3D model validation results and discussion

High flowrate regeneration

As a first step five snapshots of the predicted temperatures fields at the central and the
outer section of the one-quarter of the filter in the case of the high flowrate regeneration
scenario of Figure 3.21 is presented in Figure 3.36 The elements of the canning the insulation
mat and the surrounding adhesive have been removed, to view the evolution of the
regeneration process in the central and peripheric ceramic blocks. The results agree with the
experimental measurements indicating that the model has no problem in matching the high
flow rate behaviour. The regeneration has a uniform evolution through the central and
peripheric ceramic blocks of the filter with the maximum temperatures to be predicted near
the exit of the central blocks. Although as presented in [106] significant flow maldistribution
exists during the high flowrate regeneration the short duration of the phenomena due to the
higher oxidation rates make their effect to the prediction of the temperature fields negligible.

Another observation is related with the predicted propagation of regeneration in the outer
blocks of the filter. From the outer shell snapshots of Figure 3.36 it becomes apparent that the
evolution of regeneration in the small periphery block is significantly different than that of the
neighboring big outer blocks. The regeneration in this block appears the higher delay,
probably due to the combined effect of the external heat loses and the surrounding adhesive
that acts as insulating material, inhibiting the propagation of the heat released from the central
blocks. It is apparent that this delay is associated by temperature gradients that result to the
appearance of higher thermal stresses in this filter area.
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Figure 3.36 Sequence of snapshot views of the predicted temperature field in the interior and the outer shell of
the filter with the ANSYS-CATWALL model during the high flowrate regeneration scenario of Figure 3.21.
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The simulations of the measured temperatures at 15mm from filter exit: TC/10 (near filter
center) and TC/11 (near filter periphery) presented in Figure 3.37 confirm the above
observations. The prediction of the central channel temperature by the 1D model is also
shown and the results are compared with these of 3D model. A delay to the 1D model
prediction is observed. This delay is due to the assumption of the high SiC thermal
conductivity throughout the filter (that is, the insulation effect of the adhesive cement is not
taken into account in the 1D model). Higher conductivity means higher thermal diffusivity
that produces the delayed computed rise of temperature in the central part.
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Figure 3.37 Computational simulation of the high flow rate regeneration of Figure 3.21by the Catwall 1-D and
the 3D Ansys-Catwall interfacing. Predictions of measured temperatures by thermocouples T/C10 (filter central
area) and T/C11 (near filter periphery) are presented. The prediction of the oxidized soot mass is also presented.
1D and 3D computations are made with activation energy values: E;=1.9E5, E,=1.5E5, E;=1.2E5, E,=0.8ES5,
Es=0.8E5 J/mole and frequency factor values: A;=1E13, A,=6.5E12, A;=3.5E11, A,=6E8, As=8E8 mole/m®s.

Medium flowrate regeneration

Five snapshots of the predicted temperatures fields at the central and the outer section of
the one-quarter of the filter in the case of the medium flowrate regeneration scenario of Figure
3.22 is presented in Figure 3.38. The elements of the canning the insulation mat and the
surrounding adhesive have been removed also in this case. The results generally agree with
the measurements in the specific measurement points. Again, the maximum temperatures are
predicted near the exit of the central blocks. However, matching of the filter behaviour is not
the same quality as with the high flow rate case. The regeneration has a different evolution in
the central and peripheric ceramic blocks of the filter. Although the regeneration starts from
the central blocks where according to the measurement the higher inlet temperatures observed
its propagation to the outer blocks is delayed. In this case, the effect of flow maldistribution
becomes prominent. As presented in [106], the maldistributed flow that initially passes
through the central channels of the filter lags to be transferred to the peripheric channels due
to the lower oxidation rates resulted from the lower mass flow rate.
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Figure 3.38 Sequence of snapshot views of the predicted temperature field in the interior and the outer shell of
the filter with the 3D Ansys-Catwall model during the medium flowrate regeneration scenario of Figure 3.22.
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According to the simulation results of Figure 3.39 the computed delay in the regeneration of
the outer blocks of the filter is somewhat less than that measured. Also the predicted
temperature of the outer blocks after the end of regeneration is higher than the measured. This
could be attributed to the remained flow maldistribution after the end of regeneration due to
the inlet and soot maldistribution effects that result to a higher flow through the central blocks
and thus the lower convective heating of the outer.

Again, the temperature prediction of the 1D model is observed to be somewhat delayed
compared to the prediction of the 3D computation (Figure 3.39).
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Figure 3.39 Computational simulation of the medium flow rate regeneration of figure 5 by the Catwall 1-D and
the 3D Ansys-Catwall interfacing. Predictions of measured temperatures by thermocouples T/C10 (filter central
area) and T/C11 (near filter periphery) are presented. The prediction of the oxidized soot mass is also presented.
1D and 3D computations are made with activation energy values: E;=1.9E5, E,=1.5E5, E;=1.2E5, E,=0.8E5,
Es=0.8E5 J/mole and frequency factor values: A;=1E13, A,=5.5E10, A;=3.5E11, A,=6E8, As=8E8 mole/m®s.

Low flowrate regeneration

Five snapshots of the temperature fields at the central and peripheric blocks of the filter
obtained with application of 3D ANSYS-CATWALL are presented in Figure 3.40. A
negligible regeneration of the periphery is observed which again is delayed due to the heat
losses to the ambient air. The heat losses combined with the insulation effect of the adhesive
result to the prediction of significantly lower temperatures at the small periphery block. Thus,
the small size outer filter block in the specific filter design is characterized by incomplete
regeneration due to the lower temperatures. The lower temperatures also mean the appearance
of high thermal gradients at this block. The thermal gradients are associated with thermal
stresses that under certain conditions may lead to filter failure [104].
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Figure 3.40 Sequence of snapshot views of the predicted temperature field in the interior and the outer shell of
the filter with the 3D Ansys-Catwall model during the low flowrate regeneration scenario of Figure 3.23.
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In this case the predicted delay in the regeneration of the outer blocks of the filter is
signifigantly less than the measured. As illustrated in Figure 3.41 the regeneration at the filter
periphery starts more than 300 seconds after the regeneration of the central blocks while the
predicted delay is not more than 100 seconds. It is beyond the capacity of the model in its
current state to predict such a delay that could be attributed to phenomena that are not
included in the model. In brief these phenomena could be summarized to the following:

e Flow maldistribution phenomena. The existence of complex flow maldistribution
phenomena due to the design and operating characteristics of the system may have
significant effects to the evolution of regeneration in the outer filter channels that are not
taken in account by the model, which considers a uniform, flow distribution.

e Soot maldistribution phenomena. The accumulated soot distribution may be significant in

such a scenario, while, for the time being the model considers a uniform distribution.

e Furthermore uncertainties regarding the thermophysical properties of the filter materials

and especially the soot layer may influence the model’s predictive ability.
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Figure 3.41 Computational simulation of the low flow rate regeneration of Figure 3.23by the Catwall 1-D and
the 3D Ansys-Catwall interfacing. Predictions of measured temperatures by thermocouples T/C10 (filter central
area) and T/C11 (near filter periphery) are presented. The prediction of the oxidized soot mass is also presented.
1D and 3D computations are made with activation energy values: E;=1.9E5, E,=1.5E5, E;=1.2E5, E,=0.8ES5,
Es=0.8E5 J/mole and frequency factor values: A;=1E13, A,=5.5E10, A;=1E11, A,=2E8, As=8E8 mole/m®s.

Uncontrolled regeneration

Obviously, the complexity of uncontrolled regeneration phenomena observed during transient
(failure) scenarios, is prohibiting even to the 3D modeling. However, it is interesting to see
what a 1D and a 3D model could predict for the situation of Figure 3.24. Figure 3.42 presents
four snapshots of the predicted temperature field, as seen from a central and from a peripheric
viewpoint.
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Figure 3.42 Sequence of snapshot views of the predicted temperature field in the interior and the outer shell of
the filter with the 3D Ansys-Catwall model during the uncontrolled regeneration scenario of Figure 3.24.
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As it can be seen the regeneration starts near the exit of the inner filter block, where the
maximum temperatures are also observed and is propagated only in the big outer blocks of the
filter. According to the models prediction the small outer block is not regenerated.

Figure 3.43 summarized the 1D and 3D predictions and measurements at characteristic
points. As reference point for the kinetics employed to the simulation was used the previous
described low flow rate regeneration. However in order to match the experimentally observed
behaviour in this case, it was necessary to significantly increase the frequency factors of the
thermal regeneration. In this way, the 1D prediction comes close to the measured behaviour of
the central channels.

Concerning the 3D prediction, again the center is close to the measured behaviour,
however, the prediction for the small peripheric block fails completely. It should be noted that
in contrast with the steady state regenerations this type of regeneration seems insensitive to
the inlet gas temperature and seems more likely connected to the first regeneration occurring
in the inner filter block. The role of soot VOF may be significant for such a scenario on the
propagation of regeneration from the central to the outer filter blocks. Additional the initial
temperature and soot distribution may largely influence the regeneration behavior. However
for the time being the above phenomena are not taken in account by the model.

Obviously, significant further modeling improvements will be required in this direction,
especially CFD modeling of flow maldistribution effects.
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Figure 3.43 Computational simulation of the uncontrolled regeneration of figure 7 by the Catwall 1-D and the
3D Ansys-Catwall interfacing. Predictions of measured temperatures by thermocouples T/C9 (filter central area)
and T/C11 (near filter periphery) are presented. The prediction of the oxidized soot mass is also presented. 1D
and 3D computations are made with activation energy values: E;=1.9E5, E,=1.5E5, E;=1.2E5, E4=0.8E5,
Es=0.8E5 J/mole and frequency factor values: A;=4E14, A,=5.5E10, A;=1E11, A,=1E7, As=8E8 mole/m®s.

3.5.2 Concluding remarks

— The experimental results obtained from three characteristic steady state regenerations
with markedly different exhaust gas flow rates and one transient uncontrolled
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regeneration are employed together in a validation study of a 3D modeling approach of
the catalytic regeneration developed in the Lab (interfacing with ANSYS commercial
FEM software).

— The ability of the model to match the experimental behavior of the performed
regeneration tests has been checked. The 3D model greatly extends the potential of its 1D
counterpart towards the prediction of the full temperature and the three-dimensional
propagation of the regeneration within the filter.

— The model’s lack of a validated mechanism to account the effect of VOF is a marked
weakness of the model especially in the study of the stochastic regeneration. Although
the model predicts a delay to the evolution of regeneration between center and periphery
due to the heat losses to the environment its ability is reduced at low flowrates due to the
importance of the complex 3D effects, related to exhaust flow maldistribution and soot
loading maldistribution across the filter face. Furthermore the uncertainties associated
with the thermophysical properties of the filter materials and soot deposit greatly
influences the performance of the model. More work is needed related to the above
directions, that may probably further enhance the reliability and the accuracy of the
model. However the stochastic nature of such phenomena will continue to be a limiting
factor to the predictive ability of the model.

— Even such limitations the interaction between experimental findings and model
predictions improves our understanding of the regeneration process and reveals the
extents of 1D and 3D model applicability.
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4 Experimental Part I1: Pressure Drop,
Flow and Soot Distribution

Understanding of the mechanisms and phenomena affecting flow and soot distribution
among the filter channels is an essential prerequisite for the design of reliable diesel exhaust
aftertreatment systems based on ceramic filters. Additionally, the experimental determination
of filter pressure drop parameters with respect to the specific design and operation
characteristics of the system “engine + filter”, is a prerequisite for the successful modeling of
the loading and regeneration processes. In this chapter, the results of dedicated experimental
investigation studies are discussed, and an attempt is made to determine ceramic wall and soot
permeabilities, as well as soot density values in characteristics cases, as function of engine
operation point during loading, with an emphasis on part-load operation. A novel device and
methodology were developed in order to measure soot maldistribution in the different
channels. The same device, supported by a simple computational model, was employed in the
determination of the (pk), product (density times permeability) of the soot layer in specially
constructed, single channel filters made of cordierite and SiC. The experimental study of flow
maldistribution was carried out in two distinct phases: During the first phase, exhaust gas
flow velocities at different channels (center and periphery) were measured with Pitot tubes
under real engine operation conditions (loading and regeneration), aiming at the better
understanding of the mechanisms affecting flow maldistribution, as function of engine and
filter operating and design parameters. During a second phase, more detailed, cold flow
velocity field measurements were carried out, with a specially designed test rig supplied with
air by a roots blower with variable speed. Clean and loaded filters were measured in various
layouts (with and without a catalytic converter between filter and inlet diffuser). The
interaction between flow and soot maldistribution was also demonstrated by means of the
specific test rigs. The experimental studies of this chapter are completed with an investigation
of soot deposition morphology and characteristics, as well as soot density by means of SEM
microscopy. A special procedure was developed for this task, with a sliced filter that was able
to be dismantled after loading, in order to observe the soot layer in the SEM in different
sections along the filter length.

4.1 Experimental Investigation of the Pressure Drop Behavior of Porous
Ceramic Filters.

In this section the results of an experimental analysis of pressure drop as function of
operation and geometric characteristics of SiC and Cordierite filters are presented. The
product of soot permeability and density was experimentally determined by employing a
special designed experimental apparatus. The same apparatus was used to the investigation of
the soot loading distribution across the filter channels of a full-sized filter in various loading
and partially regenerating conditions.

4.1.1 Experimental

Single channel filter specimens

Single channel filters were prepared by breaking up a full-sized one. As presented in Figure
4.1, a single channel filter consists of a central single inlet channel and the tangentially
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mounted four exit channels. The central channel is open in front and plugged backwards. On
the contrary the four tangential channels are plugged in the front and open backwards.

gas inlet

Figure 4.1 Principle of operation of a single channel filter

The single channel filters employed in this experimental study were prepared by breaking up
two of the most frequently used filter types:

e acordierite filter (17/100)
e asilicon carbide filter (14/200)

The properties of the two types of filter materials are presented in Table 4.1. The can at the
inlet section of each single-channel filter is threaded and can be fitted to the engine exhaust
pipe, as presented in Figure 4.2. In the specific experiments presented here, the mini-filters
were mounted in parallel to the full-sized diesel filter into the exhaust system of a 2.0 litre
HDI turbocharged passenger car engine, running on the engine test bed. The engine
specifications are given in Table 4.2. Figure 4.3 presents the experimental layout of the filter
loading experiment.

Table 4.1 Properties of single channel filters used for the experimental study.

Property Cordierite SiC
Material Density (kg/m°) 2510 3080
Porosity (%) 43 42

Cell Size (mm) 2.54x2.54 1.49x1.49
Wall thickness (mm) 0.6 0.4

Wall density (kg/m?) 1000 1800
Mean pore size (um) 33 9
Permeability (m?) 0.64E-12 3.7E-13
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Figure 4.2 Mini scale filter assembly on engine exhaust system

Table 4.2 Diesel engine specifications

Manufacturer PSA
Engine type HDI turbocharged engine (DW 10 ATED)
Cylinders 4, in-line
Displacement 1997 cm®
Rated power /rated speed 80 kW/4000 rpm
Maximum torque/speed 250 Nm/2000 rpm
Average fuel consumption 5.5 1/100km
Engine: PSA-2L DW 10ATED Exhaust gas analyzers Data Acquisition System
—

Dynamometer

i

!

Sensors || Filter : Ibiden SIC

147200 —

Sl )

Thermocouple locations inside
/ filter 15mm from the exit
% |1 AP Filter T
Thermocouples

f\]‘ e

S

Figure 4.3 Experimental layout. Engine and digitally controlled dynamometer installation is shown along with
exhaust gas analysers, main diesel filter measurement lines and data acquisition system.
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Air expansion through the filter channel

Each single channel filter, after being loaded with soot, maybe connected to a vessel,
which contains air at 1 bar initial gauge pressure. The vessel’s discharge pipe is controlled by
a solenoid valve, and opens on demand by the data acquisition software, and triggers the
expansion of the compressed air from the vessel through the channel walls to the atmosphere.
Monitoring of the expansion process is carried out by means of recording the signal of a
pressure sensor that is also mounted to the vessel. The layout of the measuring device is
shown in more detail in Figure 4.4 and Figure 4.5a.

Solenoid valve

Single channel filter

Full scale
filter

Pressure sensor
Data acquisition system

Pressure
Vessel

—

Figure 4.4 Schematic diagram of the measuring device

(@) (b)

Figure 4.5 Use of measuring device for (a) single channel filter loading measurement, (b) full scale filter
channel loading distribution measurement.
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Experiments with a full-sized filter

The full-sized filter employed in these experiments is a SiC14/200 filter with the
characteristics shown in Table 4.3. In order to indirectly evaluate the soot loading distribution
from filter centre to periphery, the design of the above device was improved in such a way
that its nozzle being able to be tightly connected to selected inlet channels of the full-scale
engine filter. The exhaust pipe of the vessel was carefully connected to the inlet of various
trap channels and the pressure drop characteristic was recorded as shown in Figure 4.5b.

Table 4.3 Full scale diesel particulate filter specifications.

Manufacturer Ibiden
Type SiC 14/200
Diameter (mm) 143.8
Length (mm) 152.4

Cell concentration (cells per square inch) 200

Cell pitch (mm) 1.89

Wall thickness (mm) 0.4

Measurements' protocol

The following strategy is applied in the determination of the exact protocol for filter
loading tests:
Temperature and mass flowrate under full load and part load engine operating conditions,
being more representative of city driving conditions are mapped in Figure 4.6 and Figure 4.7.
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Figure 4.6 Map of filter wall temperature at the centreline, 15mm from filter exit [°C].
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Figure 4.7 Map of engine exhaust gas mass flow rate [g/s].

The final design of the test protocol, based on the results of engine mapping, is presented in
Table 4.4. The test protocol contains operation points lying at the lower left part of the engine
map (low-to-medium speed by low-to-medium load) andat each operation point, both single-
channel and full-sized filters are loaded in parallel. Soot loading mass cannot be fixed in
advance, due to the lack of knowledge of the function of mass versus Ap.

Table 4.4 Experimental protocol

Speed Torque Mfr T exhaust | T filterinlet | T filter wall Tfilter wall
(rpm) (Nm) (g/sec) (°C) (°C) center (°C) side (°C)

30 18 225 198 193 178
1250 60 21 300 270 261 240

80 25 355 317 310 285

100 28 419 385 380 364

30 30 254 236 234 216
1800 60 35 340 317 314 291

80 38 400 370 370 344

100 42 433 400 400 372

30 34 276 257 255 238
2200 60 38 360 340 340 315

80 43 415 388 388 365

100 50 423 392 392 371

30 69 305 300 297 287
3000 60 74 373 364 364 342

80 79 395 384 384 377

100 83 427 415 415 407
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After the completion of an approximate loading (order of 100 mbar independent of engine

operation point), the expansion device can be fitted to both types of filter, in order to perform
measurements to assess of soot loading. Especially for the case of the full-sized filter, the
device is fitted to a number of characteristic channels’ inlets (Figure 4.5b).
After the end of the recording of the single channel filter’s expansion process, the single-
channel filter is weighed in order to get the amount of accumulated soot mass. Afterwards the
filter is regenerated in order to be useable for the next experiment. Unfortunately, the
weighing process is not practical with the full-sized filter, due to the large experimental error
caused by the order-of-magnitude difference between filter mass (1 kg and more) and
collected soot mass (10-30 g). Thus, in the case of full-sized filters, we do not have this
possibility of accurately cross checking the collected soot mass.

4.1.2 Computational assistance of experiments

As explained above, aim of the single-channel filter experiments is the estimation of the
product (pk), of soot collected in the filter channel. A calculation method, based on the
simulation of the pressure drop curve obtained during the discharge process of vessel air
through the filter channel was developed and employed in the estimation of (pk), product.

As first step the equation of Darcy is necessary in the calculation:

Ap:ﬂUEs " Am,

ks Af (pk)p

This formula allows in principle the calculation of (pk), product as function of the filter

pressure drop, once the collected soot mass is known. Thus an accurate knowledge of the

mass collected in the filter channel is necessary. To this end, the single-channel filter was

weighed before and after each loading experiment, and the soot mass determined in this way
was employed as input factor in the computer calculation.

As next step in order to correlate the filter pressure drop with the vessel pressure drop
during the discharge process the equations used to describe the flow through the throat (or
nozzle) connected to the filter are employed in the calculation. During discharging of the
vessel air it is possible to have choked conditions of flow, or sonic velocity (Ma=1), in the
throat. For that reason the computer calculation checks where there are choked or subcritical
flow conditions and makes use of the corresponding formulas, at each calculation time step.
In choked flow, the following formula is employed:

(r+1)
o -So, {2 iy .
real RTO 7+1

(4.1)

on the other hand in subcritical flow condition, the following formula is employed:

(r-1) %

. _m[&f z_yl_(&j 4 w3

real — '
JRT, \po) |7-1 Po

The computer calculation continuously checks the pressure ratio and compares it to the

critical pressure ratio P, which is taken equal to 0.528 (air at near-ambient pressure and
Po

temperature conditions can be assumed to behave like an ideal diatomic gas - y=1.4). The

discharge coefficient Cp is a flow coefficient, which is mainly a function of the shape of the

passage, and needs always to be experimentally determined.
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The vessel pressure at any time step is given by the equation of state:
peY =m,RT, (4.4)

where Py and T, are the pressure and temperature inside the vessel or, in other words, the
stagnation pressure and temperature. For the throat region, the following expression is valid:

IFhreal = pTuT AT (45)
The filtration velocity U is correlated with the throat velocity or the real mass flow m_, by
means of the continuity equation:

prur A = pyU Ay, (4.6)

SO, mreal :pchU (4L£) (47)

or _ mreal (4 8)
, pch (4L£) .

The known input factors to the computer calculation are the initial vessel pressure, the vessel
air temperature, the discharge coefficient, the dimensions of the single channel, the substrate
thickness (Es) and permeability (ks), and the soot mass in the channel.

Two factors are unknown and must be tuned in this calculation process:

e the discharge coefficient Cp
o the second is the above-mentioned (pk), product.

These two factors govern the pressure drop characteristics of the experimental apparatus. The
tuning process is based on the comparison of the experimentally measured and the calculated
discharge characteristic of vessel pressure versus time.

The output of this calculation, which is written in Fortran 77, is a graph of vessel pressure as
function of time, during the discharge process. The calculation can be done either for a single
channel (made of Cordierite or SiC), clean or loaded with soot, or just for the discharge
nozzle, without any filter channel connected, for validation purposes.

4.1.3 Computer calculation procedure

The computer calculation procedure consists of two discrete parts, as can be seen in the
flowchart of Figure 4.8. In the first part, the real air mass outflow from the vessel up to the
neck (converging nozzle of complex structure — see drawing in appendix) is calculated by the
use of equation (4.2) for choked flow or (4.3) for subcritical flow. In the second part, the
vessel pressure is calculated, by use of state equation (4.4). During the discharging process,
two conditions of flow may prevail, choked or subcritical flow. The mass flowrate at each
time step is computed according to the critical pressure ratio using the appropriate formula.
From the second time step and on, the vessel pressure is iteratively determined, by means of

the outgone mass for the ith time step (the Mreal has already been calculated):

dmg) = M) - dt (4.9)
and the remaining mass in the vessel:
Myiy = My — dm(i—l) (4.10)

that updates the vessel pressure by means of the equation of state (4.4). Then the filtration
(superficial) velocity U is calculated by equation (4.8). The latter velocity is used in (Ap)c
calculation with the aid of equation (4.1).
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Also, because the filter is discharging to the free atmosphere, Ap can be assumed equal to the
difference between pressure at throat and atmospheric pressure:

Ap = pT - patm (411)
from equation (4.11)we get:

pTc = (Ap)c + patm (412)
Thereby two pressure values have been estimated for the throat region. This is a checkpoint
for the code. The above values must satisfy the condition of equality in the same region
(throat). If the difference between the two calculated pressures is small enough, or
Pre = Pr. _ 901 then, the calculations are continued for the next time step. Otherwise the

Pre

previously mentioned process is repeated with another guessed pressure value in the throat
until the solution for this time step has been converged. Afterwards the code enters the next
time step calculations and this procedure terminates when the vessel pressure has reached
ambient pressure.

4.1.4 Results and discussion

Single channel traps

As already mentioned, the final objective of the combined experimental and computational
method, is the determination of values for the product (pk),. However, a validation of the
computer calculation procedure is necessary. Thus, a set of validation tests was first
performed. The validation procedure involved the determination of the discharge coefficient
Cp for both single-channel filter specimens (made from Cordierite and SiC respectively).
Each validation test consisted of a particular experiment, in which each mini filter before
being loaded (virgin filter) was connected to the vessel and the compressed air was discharged
through the filter channel. Since the second term of equation (1) is equal to zero (no soot on
the filter), we could tune the unknown value of discharge coefficient to match the
experimental curve. The validation curves for both filter types (cordierite and SiC) are
presented in Figure 4.9. It can be seen that the code behaves better with the SiC mini-filter,
whereas in the cordierite case there is a small but observable deviation from the
experimentally measured curve. Concerning the calculated values for Cd factor a higher
statistical mean value was calculated in the case of SiC filter (0.96 vs 0.73 for Cordierite).
The observed differences could be attributed to the lower hydraulic diameter of the SiC filter
channel.

Afterwards, the single-filter specimens are loaded, with soot emitted by the engine
operating on 25ppm DPX9- doped fuel at the previously described operation points (see Table
4.4). Subsequently, they can be connected to the measuring device and the experimental curve
of the discharge process be recorded. The next step is to weigh the filter specimen, thus
measuring the soot mass collected in the mini filter. The tuning process for the estimation of
the (pk), is based on the fitting of the experimental discharge curve of the loaded mini-filter
with the calculated curve with the computer calculation process.
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Figure 4.9 Code validation-Cd estimation curves for Cordierite (a) and SiC (b) single channel filters.

Two representative curves of vessel pressure- versus- time characteristics with a loaded
Cordierite mini-filter that were employed in the tuning process are presented in Figure 4.10a.
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Figure 4.10 Representative curves of (pk)p parameter tuning in various filter loads and engine operational
points. (a) cordierite single channel filter, (b) SiC single channel filter.

The tuning is implemented by comparison between the experimental and computational
curve. The computation is seen to behave well with the simulation of the two experiments,
resulting in different (pk), product values for the two different soot loading levels. For the
Cordierite case it is observed that the greater soot mass retards the discharge process of the
pressurized air, and the (pk), decreases as the mass of the accumulated soot increases. The
results for a number of tuned values of (pk), as function of engine operation point are
presented in Table 4.5 and Figure 4.11a. According to these results, the variation of (pk), with
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the engine operation point over the low and medium range of speed and load is measured in
the range of 3.5E-12 to 1.15E-11 kg/m.
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ic,;.’._
i
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RPM

(a)
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1 i *
2000 2500 3000
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Figure 4.11 Map of (pk)p parameter as function of engine operation point. (a) cordierite single channel filter,
(b) SiC single channel filter

In order to investigate the same effect with a different filter material, a new set of
measurements was performed with the SiC single-channel filter. Two more coupled curves of
experimental and calculated pressure discharge curves are presented in Figure 4.10b. Also in
this case it is observed that for higher soot mass the air discharges slower and the (pk), value
decreases, and the values determined lie in the same range as with the cordierite samples, as
would be expected. The values of the determined (pk), product as function of engine
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operation point are presented in Figure 4.11b. The results for the two types of filter materials
are summarized and presented in Table 4.5. Here it should be mentioned that a similar
research carried out with an IDI engine by Sorenson et al as reported in [111], resulted in
lower (pk), values. This could be attributed to the significantly higher VOF content of the
exhaust gas of indirect injection diesel engines.

Operation Point Cordierite Single Channel SiC Single Channel
Speed (1pm) | Torque (Nm) | 19 0% | (pkop (kgfm) | o0 00 | (ko (kgim)
1250 30 10 7.00E-12 4 5.50E-12
1250 60 12 1.00E-11 8 5.60E-12
1250 80 5 3.90E-12 6 5.30E-12
1250 100 7 6.40E-12 7 6.20E-12
1800 30 9 7.95E-12 8 1.10E-11
1800 60 5 4.10E-12 8 5.85E-12
1800 80 4 4.10E-12 6 3.80E-12
1800 100 4 4. 80E-12 6 3.70E-12
2200 30 10 6.00E-12 8 4.00E-12
2200 60 9 7.60E-12 7 3.50E-12
2200 80 12 1.15E-11 8 8.30E-12
2200 100 3 3.90E-12 4 3.40E-12
3000 30 5 4.70E-12 7 3.50E-12
3000 60 6 3.50E-12 5 5.00E-12
3000 80 7 1.00E-11 6 9.10E-12
3000 100 8 1.10E-11 5 9.90E-12

Table 4.5 Summarised results for (pk), parameter for various single channel filter loads and engine operation
points.

A more detailed analysis of the above- mentioned experimental results shows that (pk),
product does not depend only on the accumulated soot mass, but it is also a function of engine
operation point. That is, the pressure discharge versus time curve, which is employed in the
indirect determination of the soot loading of each filter channel, is affected at least by the
collected soot mass, the engine speed and torque, and the presence of a fuel additive
component. Furthermore the role of adsorbed hydrocarbons on the soot particulate and the
ceramic substrate must be considered [86] and research in this subject is underway in
LTTE/UTh.

As a general conclusion for both types of filter material, it can be observed that the higher
soot mass is associated with a decrease of the (pk), parameter value. This is apparent on
Figure 4.12 at which the (pk), parameter is determined for various filter loading experiments
at the same engine operation point. This could have the meaning that the decrease in soot
permeability prevails over the increase in soot density during the assumed compression of the
particle layer at higher soot loading levels.
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Figure 4.12 (pk), value calculation for various filter loading levels with engine running on the same operation
point (3000 rpm — 40 Nm).

Full-scale filters

As reported above, experiments with full-scale filters were also performed in order to
investigate the exhaust flow characteristics and soot mass distribution along the filter channels
during the loading and regeneration procedure. Figure 4.13 presents the vessel pressure
discharge curves obtained at selected channels equi-distantly positioned along a filter
diameter, after loading at the following two characteristics points:

Final Wall Wall
Speed load b temperature- temperature -
ackpressure .
center periphery
2000rpm 90Nm 150mbar 390°C 370°C
2000rpm 90Nm 450mbar 410°C 390°C

The coincidence of the curves in the case of filter loading to 150mbar backpressure,
indicates a uniform distribution of soot mass (and possibly exhaust gas flow). This is not
observed in the case of 450 mbar filter backpressure. As it can be seen, at least two different
zones are observed as the measuring device is removed from the central (hotter during
operation) to the outer (colder during operation) channels, since the pressurised air is shown
to discharge faster through the central channels than through the circumferential. This could
be attributed to the effect of VOF present in the thick particulate layer, which should
preferentially condense on the colder outer channels after engine stop, thus differentiating
permeability characteristics between filter core and periphery channels, that would be
expected to be comparable during hot operation.
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Figure 4.13 Pressure drop measurements along a diameter for a full-sized filter loaded up to 150mbar and up to
450mbar pressure drop (measured at 2000 rpm — 90 Nm).

The role of the wall temperature gradient during an incomplete regeneration to the soot
mass distribution is further investigated with the experimental results of Figure 4.14 The
resultant curves refer to the determination of the product (pk), in central and peripheric
channels, after filter regeneration at engine speed of 2800 rpm and 180 Nm load , which
results in filter wall temperature varying from 610°C (filter centre) to 580°C (filter periphery).
In order to exclude any secondary effects from fuel additive residuals, the filter was loaded
without a fuel additive at a speed of 2000rpm, and a load of 90Nm up to the backpressure of
150 mbar. The variation of the vessel discharge curves moving from the centre to the
periphery indicates incomplete regeneration at the filter periphery. This is due to the lower
wall temperature measured (thermal regeneration!). This behaviour during a partial
regeneration would result, during a subsequent loading phase, to a significant differentiation
of the exhaust flow distribution, with the exhaust flowing mainly through the central region of
the filter. This mechanism could also explain the different loading behaviour between a new
and a previously incompletely regenerated filter.

Finally the role of fuel additive was also investigated. After prolonged filter operation
with the engine having consumed about 1000 It of diesel fuel doped with 25 ppm Ce additive
running in loading and regeneration modes at various operation points, a new set of
measurements along a filter diameter was performed. At this case the filter was completely
regenerated. The results of Figure 4.15 indicate that the pressurised air discharges faster
through the circumferential channels than through the central. This means that the fuel
additive ash is concentrated mainly on the central region of the filter. Again, such an
observation can be explained by the previously proposed mechanism, because the central
filter region tends to regenerate more completely than the outer region, thus attracting a higher
total exhaust flow during a large period of time.

124

Institutional Repository - Library & Information Centre - University of Thessaly
02/06/2024 02:52:36 EEST - 18.221.61.122



200
110 1) —=— 1.1 (T filter wall: 580 oC)

180 | [ |22 \ —e— 2.2 (T filter wall: 610 oC)
= \ | s3] / -+ 3.3(Tfilter wall: 610 oC)
£ e | )% s 4.4 (T filter wall: 580 oC)
Qo —— Clean Trap
>
3
$ 140 r
o

120 |

100 1 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1

0O 20 40 60 80 100 120 140 160 180 200
Time (sec)

Figure 4.14 Pressure drop measurements along a diameter after the regeneration of a filter loaded until 150mbar
at 2000 rpm 90Nm with 0 ppm fuel additive.
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Figure 4.15 Pressure drop measurements for a complete regenerated filter after engine consumed about 10001t
diesel fuel doped with 25ppm additive (ash effect)

4.1.5 Concluding remarks

— A simple measuring device and a computer calculation procedure have been developed
to assist the experimental study of soot loading distribution in wall flow diesel
particulate filters.

— The measuring device records vessel pressure versus time as the pressurized air from a
vessel discharges through selected channels of a particulate filter or through single-
channel specimens of Cordierite and SiC.
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— The pressure recordings taken by use of this simple and easily implemented device and
methodology, are employed in the estimation of the product (pk), as demonstrated in
this section.

— The results indicate that the product (pk),, (soot layer density times permeability), for the
specific engine and filters- combination, lies in the range of 3.5E-12 to 1.15E-11 kg/m,
both for a cordierite and a SiC single-channel filter specimen, fitted to the specific
engine.

— Study of the soot layer density times permeability variation indicates a significant
influence by engine operating point and also soot loading.

— The above simple (pk), estimation methodology may be extended to give also an
indicative picture of the distribution of soot and fuel additive ash loading among the
channels of a full-sized filter, as shown in selected cases.

— Further development of the above methodology is expected to improve our confidence to
the accuracy of estimation of soot and additive ash loading in full sized filters.

4.2 Flow Distribution Effects During Loading and Catalytic Regeneration
(Pitot Tubes Experiments)

In this section, the role of flow maldistribution is investigated. Loading and regeneration
tests were performed at carefully selected engine operation points with markedly different
levels of engine exhaust gas mass flowrate. The results indicate that there exist complex flow
maldistribution phenomena that vary during the loading phase interacting with the soot
maldistribution and VOF adsorption-desorption phenomena, which are not directly reflected
to the behaviour of the pressure drop curve versus time. This work aims to present the
importance of flow maldistribution in diesel filters and set the scene for the improvements
should be done in the modelling of pressure drop and regeneration characteristics.

4.2.1 Experimental

The measurements were performed on a SiC filter fitted to the exhaust system of the 2.0
liter HDI turbocharged engine, running on the test bench, on carefully selected steady state
operation points. The engine and diesel filter specifications are presented in Table 4.2 and
Table 4.3. Figure 4.3 presents the experimental layout of the filter loading and regeneration
experiments. Temperatures were measured simultaneously at the exhaust pipe 50 mm after
turbine exit, at the inlet of the filter, and inside the filter, along a filter diameter 1.5 cm deep
from the end.

The existence of flow maldistribution is investigated in this section by means of flow velocity
measurements downstream filter (no catalyst in front), during:

e The loading phase

e The regeneration phase
The experimental determination of flow velocity is done with the use of Pitot tubes as the
most appropriate method to meet the high temperature and corrosive conditions inside the
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exhaust system during the engine operation. The measurements are made at the filter exit for
the following reasons:
e Pitot tubes could distort the velocity field upstream filter
e Pitot tubes would be quickly clogged with soot emitted by the engine (subsequently
collected by the filter)
e Flow maldistribution downstream filter accounts also for the effects of in-channel
flow variation that could not be measured with simple equipment.

Figure 4.16 presents the experimental layout of the exhaust gas velocity measurements. Two
Pitot tubes were placed, the first one at the center and the second at the periphery of the filter.
The distance between the measurement point and the channel exit was about twenty cell
diameters as the theory demands for a complete development of the flow profile at the exit of
the filter. The monitoring of the pitot tubes is carried out by means of recording the signal of
a differential pressure sensor generated by the difference between the total or Pitot pressure
and the static pressure. Assuming that the exhaust gas stream behaves as a steady-state one-
dimensional flow of an incompressible frictionless fluid, we may use the general relationship
between the velocity and the pressure caused by the gas moved over the Pitot tube (total
pressure minus static pressure) [112]:

2Ap
V — C pitot 7
= C\ [ ™

Where C is a Pitot tube constant (calculated during the calibration process presented in the
Appendix as 0.97 for the first and 0.99 for the second pitot tube) and pq the exhaust gas
density determined by measuring the temperature at the Pitot tube inlet.
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Figure 4.16 Schematic diagram of Pitot tubes assembly on engine exhaust system at the exit of the filter
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Steady state loading experiments

The steady state filter soot loading experiments were performed with the engine running
with 25ppm Ce DPX9-doped fuel. Engine speed points were selected to cover a range
between 2000 and 4000 rpm as more representative of the full range of City and Extra-Urban
driving conditions, and engine load was varied to result in a range of filter wall temperatures
from 300°C to 400°C. As presented in [72] this range of filter wall temperatures results in
varying VOF content of accumulated soot between 2 and 9 percent and allows the study of the
effects of VOF adsorption-desorption and stochastic regeneration. After completion of each
loading scenario the filter was regenerated and cleaned with a reverse flow of water in order
to exclude any secondary effects from fuel additive ash residual. The loading test protocol,
carefully designed based on the engine maps, is presented in Table 4.6.

Process N (rpm) Torque mir (g/s) T exhaust | TFinlet TF wall TF wall

P (Nm) g (C) (°C) | center (°C) | side (°C)
1800 80 35 410 385 380 365
Loading 3000 40 68 316 307 304 290
4000 30 91 402 391 388 364
. 2000 180 58 533 516 510 490

Regeneration

3000 160 91 600 584 580 550

Table 4.6 Experimental protocol

Regeneration experiments

Two typical regeneration modes that appear under actual vehicle operating conditions were
studied:

e The first one involves high speed and load engine operation associated with high
exhaust gas mass flow rate and high exhaust gas temperature.

e The second involves medium speed and load engine operation resulting low flow rate
and low exhaust gas temperature.

Each regeneration process was initiated after loading at the respective engine operation
point, until the same level of filter loading is achieved by a step increase in engine load. The
engine was left to run for 10 minutes on 2000rpm and 40Nm before the regeneration strategy
is applied, duration considered long enough for thermal and chemical equilibrium to be
reached. The regeneration engine operation points are presented in Table 4.6.

Soot loading distribution measurements

In order to confirm the measurements with the Pitot tubes and indirectly evaluate the soot
loading distribution from filter centre to periphery, the expansion device described in the
precious section and [69] was employed in a series of measurements at selected inlet channels
of the engine filter after the end of the loading process. The exhaust pipe of the vessel was
carefully connected to the inlet of typical, representative trap channels and the pressure drop
characteristic was recorded as shown in Figure 4.5.
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4.2.2 Results and discussion

Loading experiments

As already mentioned, the steady state loading experiments were performed to investigate
the flow and soot loading characteristics along the filter channels under various mass flow
rates and filter wall temperatures. Initially a low mass flow rate (35g/s) loading experiment is
performed with the engine running on speed: 1800rpm load: 80Nm resulting a filter wall
temperature of the order of 370°C as measured at the center of the filter by thermocouple
T/C9. The results presented in Figure 4.17.

We could observe three characteristic parts in the recording of the filter loading process:

o The first incorporates the phase of the beginning of loading until the accumulation of
soot mass becomes uniform. During this initial short phase, the backpressure and velocity
increase rapidly due to the filling of filter surface pores. After this initial period, the
particulates start to accumulate on the wall surface and the pressure drop curve takes a
more linear form. It can be observed that the exhaust gas velocity for all this period is
higher in the central region of the filter, indicating that the flow passes mainly through
the central channels of the filter. This behavior could be attributed to the effects of the
inlet pipe and inlet diffuser geometry that enforces the flow through the central region. As
the accumulated mass increases, the core velocity decreases and the flow is diverted
towards the outer area of the filter, resulting in an increase of the peripheric channels’
velocity.

o In the second part, the loading process is continued without any changes to the soot
loading profile. The velocities at the centre and the periphery are equal and tend to
decrease as a result of the increase of filter backpressure. This increase of filter
backpressure due to the increase to the accumulated soot mass within the filter channels
compensates the velocity differences between the center and periphery and makes the
flow distribution more uniform.

o In the third part of the loading process, the effects of stochastic phenomena start to
show up. A sudden decrease of the filter backpressure associated with an increase in the
filter inlet temperature, exceeding 380°C. This is shown to disturb the previously
described uniform flow distribution. We could suspect that a VOF desorption process
could take place in the central channels of the filter where the temperatures are higher.
Comparison of wall temperatures at filter centre and periphery shows that periphery is
systematically colder than the centre by about 25 °C. Presumably, VOF desorption would
cause a permeability increase of the soot layer of the central channels of the filter,
resulting in a reduction of the flow resistance through this region. Thus, a marked
increase of exhaust gas velocity at the central region of the filter is observed, indicating a
nonuniform redistribution of the flow field over the filter channels.
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Figure 4.17 Low mass flow rate (35g/s) loading scenario. Exhaust gas velocity is measured simultaneously at
the exit of exit of the central and peripheric channels of the filter during loading at 1800rpm, 80 Nm with
25ppm additive. Evolution of filter backpressure is also monitored. The effects of filter wall temperature on the
loading process are measured by thermocouple T/C9 (closer to the centre) and T/C8 (closer to the periphery).

The percentage of VOF that could eventually remain adsorbed on the dry soot accumulated
in the filter, mainly depends on the filter temperature [72]. If the filter temperature exceeds
the range of 380-420°C, most VOF is vaporized and only dry soot remains accumulated on
the filter wall. On the other hand, prolonged operation of a heavily loaded filter with dry soot
under low load and speed conditions can lead to the readsorption of heavy hydrocarbons
emitted in the particulate layer, thus increasing its VOF content.

In order to confirm the above observations, a set of measurements was carried out with the
expansion device. The results are presented in Figure 4.18. Two different zones are observed
as the measuring device is moved from the central (hotter during operation) to the outer
(colder during operation). The pressurized air is shown to discharge faster through the central
channels than those at the periphery indicating that the flow resistance due to the VOF
desorption is lower. It must be mentioned that this type of measurements are performed after
the engine stops, at filter wall temperatures that not exceed the 150°C. Thus, a part of VOF
that was present in the thick particulate layer could possibly condense on the colder outer
channel walls after engine stop, resulting to a variation of permeability characteristics
between filter core and periphery channels.
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Figure 4.18 Estimation of soot mass distribution after the low mass flow rate loading scenario of Figure 4.17.
Pressure drop measurements were performed with the expansion device described in Fig. 4 at specific channels
along a diameter of the filter.

As a next step, the loading process was repeated with the engine running at 3000rpm-
40Nm resulting in a medium exhaust gas mass flow rate of the order of 70 g/s and a filter wall
temperature of the order of 350°C. The results are presented in Figure 4.19 Again, a higher
exhaust gas velocity is initially observed at the central region of the filter. In comparison with
the previous low mass flow rate loading point, the difference between the central and outer
velocity is lower indicating that the increase of backpressure deviate a part of the flow
through the outer channels. With increasing filter soot loading, this effect is counterbalanced,
due to selective loading of the central part. After a period where the flow seems to be
stabilized to a relatively homogenous distribution, a reversal of the flow distribution is
observed. This could be attributed to stochastic regeneration phenomena at the soot of the
filter periphery, which is expected to be VOF rich due to the lower wall temperatures. The
VOF content on this operation point is varying from about 6% at the central to 9% at the
circumferential channels and due to its very close contact with the catalyst oxides may be
oxidized at temperatures bellow 250°C. Thus we may assume that a slow regeneration process
takes place at specific points of filter periphery where the soot loading, composition and
temperatures are favorable. This slow regeneration reduces the flow resistance through the
periphery allowing the increase of velocity through this region. Another phenomenon that
could be involved in producing the above behavior is the appearance of significant inertia
effects at high flowrates, due to the upstream piping and inlet diffuser causing a swirl flow
component.
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Figure 4.19 Medium mass flow rate (68g/s) loading scenario. Exhaust gas velocity is measured simultaneously
at the exit of the central and peripheric channels of the filter during loading at 3000rpm, 40 Nm with 25ppm
additive. Evolution of filter backpressure is also monitored. The effects of filter wall temperature on the loading
process are measured by thermocouple T/C9 (closer to the centre) and T/C8 (closer to the periphery).

The measurements with the expansion device confirm the above results. As shown in
Figure 4.20 the vessel discharge curves indicate two distinct zones as the nozzle is moved
from the central to the peripheric channels. The pressurized air discharges faster through the
circumferential channels than through the central channels. This means that the stochastic
regenerations happening in the VOF-rich peripheric channels, produce a lower soot loading
zone. This could be responsible for the redirection of exhaust gas flow from the central
towards the outer filter area.

The study of the effects of exhaust gas mass flow rate on flow and soot maldistribution
during loading is completed with a high flow rate — high exhaust temperature loading test
obtained with the engine running on 4000rpm- 30Nm. This point results to a mass flow rate of
the order of 90g/s and a filter wall temperature of the order of 390°C. The results are
presented in Figure 4.21. As in the previous cases, the flow initially passes through the central
core of the filter. In this case the velocity difference between center and periphery takes its
lowest value and is compensated very early by the increase of backpressure as result of soot
accumulation within the channels. After this period, a reversal of the flow is observed without
any stabilization to a uniform flow distribution as in the previous cases. This could be
attributed to the selective loading of the central part of the filter. Thus the previous described
inertia phenomena may enforce the concentration of particulates at the central channels. After
this phase a new reversal of the flow is observed which is associated with a continuous
increase in the measured velocity at the filter center.
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Figure 4.20 Estimation of soot mass distribution after the medium mass flow rate loading scenario of Figure
4.19. Pressure drop measurements were performed with the expansion device described in Fig. 4 at specific
channels along a diameter of the filter.

This phase is characterized by a rapid increase of the filter wall temperature measured at
the centerline, indicating that a regeneration process takes place at the center of the filter
where the temperatures are higher. This mechanism results to a partial regeneration of filter
and is responsible for the significant differentiation of the exhaust flow distribution and the
subsequent loading maldistribution, with the exhaust flowing mainly through the central
region of the filter.
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Figure 4.21 High mass flow rate (91g/s) loading scenario. Exhaust gas velocity is measured simultaneously at
the exit of the central and peripheric channels of the filter during loading at 4000rpm, 30 Nm with 25ppm
additive. Evolution of filter backpressure is also monitored. The effects of filter wall temperature on the loading
process are measured by thermocouple T/C9 (closer to the centre) and T/C8 (closer to the periphery).
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The test with the expansion device confirms the above observation. The results of Figure 4.22
indicate that the pressurized air discharges faster through the central channels than through the
circumferential channels. This fact hints to a possible partial regeneration that took place at
the central part of the filter.
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Figure 4.22 Estimation of soot mass distribution after the high mass flow rate loading scenario of Figure 4.21.
Pressure drop measurements were performed with the expansion device described in Fig. 4 at specific channels
along a diameter of the filter.

Regeneration experiments

The processes taking place during catalytic regeneration are quite complex and not yet well
understood. The instability to the appearance and evolution of regeneration at the temperature
range from 250°C (appearance of erratic regeneration) to 600°C (thermal regeneration) is one
of the most significant problems since it is related with the filter durability. Monitoring of
flow velocity at the core and periphery of the filter during regeneration can supply important
information on the role of flow distribution. Two regeneration scenarios were investigated
here: a low flow rate-medium exhaust gas temperature and a high flow rate-high exhaust
temperature scenario.

In the first regeneration scenario, a filter previously loaded at 1800rpm- 80NmM was
subsequently regenerated at 2000rpm with a step increase from 40 to 180Nm (mass flow rate,
58g/s) resulting in a temperature increase of the order of 250°C. The recordings of flow
velocities along with filter backpressure and filter wall temperatures are presented in Figure
4.23. It can been seen, that for specific levels of wall temperature and filter backpressure the
regeneration is initiated and the shape of flow velocity curves directly correlates with the
temperature. Initially due to the previous loading history the flow is higher through the central
region of the filter indicating that a non-uniform soot loading distribution exists. After the
step load increase, a slow increase in the flow velocity at the central region is observed
indicating the initiation of regeneration due to the higher temperatures that accelerates the
soot oxidation. The velocity through the periphery reduces during the regeneration of the
central part as result of the flow deviation. However, as the regeneration process continues
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and the temperature at the periphery increases, the soot oxidation is transferred to the outer
channels, thus increasing flow velocity until the completion of regeneration where steady
state conditions are obtained again.
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Figure 4.23 Low mass flow rate regeneration scenario of a previous loaded filter at 1800rpm 80Nm. Exhaust
gas velocity is measured simultaneously at the exit of the central and peripheric channels of the filter during a
step increase in filter inlet temperature, produced by changing the engine operation point from 2000rpm and
40Nm to 2000rpm 180Nm. Evolution of filter backpressure is also monitored. The effects of filter wall
temperature on the regeneration process are measured by thermocouple T/C9 (centre) and T/C8 (periphery).

In the case of high mass flow rate-high temperature regeneration mode a filter previous
loaded at 3000rpm -40Nm was regenerated with a step increase from 2000rpm- 40Nm to
3000rpm- 160Nm (mass flow rate 91g/s) resulting in a temperature increase of the order of
320°. The results of Figure 4.24 show that initially the flow velocity at periphery is somewhat
higher due to the previous loading history. Higher wall temperatures at the central part
resulted in the initiation of regeneration there. The resulting soot depletion in this part, forced
the flow to pass mainly from the centre, allowing the appearance of higher oxidation rates of
soot by exhaust gas oxygen. Thus a rapid increase to the flow velocity at the centre associated
with a higher heat release rate due to the higher exothermy is observed. At the same time, the
flow velocity measured at the periphery is minimized indicating the existence of significant
flow maldistribution. Afterwards, regeneration sets up also in the periphery and finally the
flow is homogenized again, with a somewhat higher flow through the centre.

The above-described regeneration scenarios led us to conclude that the time lag in the
regeneration of the outer filter channels observed in the experimental results could be
attributed to flow maldistribution effects.
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Figure 4.24 High mass flow rate regeneration scenario of a previous loaded filter at 3000rpm 40Nm. Exhaust
gas velocity is measured simultaneously at the exit of the central and peripheric channels of the filter during a
step increase in filter inlet temperature, produced by changing the engine operation point from 2000rpm and
40Nm to 3000rpm 160Nm. Evolution of filter backpressure is also monitored. The effects of filter wall
temperature on the regeneration process are measured by thermocouple T/C9 (closer to the centre) and T/C8
(closer to the periphery).

4.2.3 Concluding remarks

— A systematic effort was made to record and explain flow maldistribution effects across
the channels of a diesel filter during loading and regeneration operation.

— Full- scale tests of the loading and regeneration behaviour of a particulate filter
installed on a modern diesel engine run on catalyst doped fuel, are employed in this
investigation.

— Loading tests were performed at 3 engine operation points with markedly different
levels of engine exhaust gas mass flowrate. In these tests, it becomes apparent that
there exist complex flow maldistribution phenomena that vary during the loading
phase, which are not directly reflected to the behaviour of the pressure drop curve
versus time. These phenomena are shown to affect the distribution of collected soot
mass in the different channels of the filter, and, consequently, the regeneration
behaviour.

— The evolution of flow maldistribution phenomena was also studied in a number of
regeneration experiments. It was confirmed that the variation of volatile organic
fraction in the filter and the associated partial catalytic regenerations at low
temperatures are interacting with flow and soot maldistibution in a complex way.
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— A specially designed test rig for cold flow pressure drop and velocity distribution
experiments will be employed in future, more detailed investigations of the flow
maldistribution behavior of diesel filters.

4.3 Cold Flow Distribution Experiments in a Wall Flow Diesel Particulate
Filter

In the previous presented experimental study it was apparent that tests under real engine
operating conditions encounter problems to the understanding of the complex maldistribution
phenomena due to the high temperature noisy environment of the exhaust system and the
difficulties to control the operating conditions (particulate loading, mass flow rate in the filter,
exhaust gas properties). In this work a more detailed investigation of flow maldistribution in
diesel filters with the aid of a specially designed test rig for cold flow pressure drop and
velocity distribution experiments is sought. Also a flow uniformity index was adopted, in
order to quantify the measured flow maldistribution by a single number for each case.

4.3.1 Experimental

The existence of flow maldistribution is investigated in this section by means of flow
velocity measurements. The measurements were performed on a specially designed cold flow
test rig, capable of simulating engine-operating flow conditions using ambient air. It consists
of an Eaton model 45 supercharger which is powered from a 5.5 HP, AC electric motor. The
power is transmitted to the supercharger through a belt drive system capable of two different
transmission ratios by use of two sets of interchangeable pulleys:

e The first ratio is 2 and results in a supercharger speed of 5600 rpm and a corresponding
mass flow rate of the order of 60 g/s which represents a medium speed - medium load
engine operation point.

e The second ratio is 1.75 and results in a supercharger speed of 4900 rpm and a
corresponding mass flow rate of the order of 45 g/s which represents a low speed - low
load engine operation point.

The low and medium flowrate test points were selected as more representative of city driving
conditions. The particulate filter with the other components (diffuser and catalyst) is mounted
on the test rig, about 500mm downstream the supercharger and is supplied with ambient air.

The experimental determination of flow velocity is done with the use of a hot film sensor
(TSI VelociCalc Air Velocity Meter Model 8346). The sensor is attached to an electronically
controlled support device able to move with a pitch of 0.1 mm in the vertical and horizontal
direction, scanning the face of the measurement area at each test. The layout of the measuring
system is presented in detail in Figure 4.25.

Two of the most popular ceramic filter types were tested:

e acordierite filter (17/100)

e asilicon carbide filter (14/200)

The properties and the geometrical characteristics of the two types of filters are presented in
Table 4.7. Apart from the different material, the two types of filter represent two different
design approaches: The SiC filter is made up from sixteen individual filter blocks, which are
connected with a special impermeable cement while the cordierite filter is constructed as
single monolith. These special characteristics are expected to demonstrate different flow field
characteristics. In the case of SiC filter two different filter lengths were tested: 150 and 254
mm respectively.
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Figure 4.25 Schematic representation of the cold flow velocity measurements test rig. Supercharger installation
and filter configuration are shown, along with the digitally controlled velocity scanning device and the data
acquisition system.

In order to investigate the effect of catalyst to the flow distribution two configurations were

tested:

e the first involves measurement of the velocity profile downstream the filter, when an
oxidation catalyst with a cell density of 400 cells per square inch is installed upstream
and

e the second involves measurement of the velocity profile downstream filter with the filter
assembled directly downstream the inlet diffuser.

The velocity profiles at the exit of the inlet diffuser and the catalyst were also measured as a

necessary step to the understanding of the interaction of flow fields in the various

components.

Table 4.7 Properties of the full scale filters used in the study

Property Cordierite SiC
Diameter (mm) 143.8 143.8
Length (mm) 150 152.4 and 254
Cell concentration (cells/in?) 100 200
Material Density (kg/m®) 2510 3080
Porosity (%) 43 42

Cell Size (mm) 2.54x2.54 1.49x1.49
Wall thickness (mm) 0.6 0.4

Wall density (kg/m?) 1000 1800
Mean pore size (um) 33 9
Permeability (m?) 0.64E-13 3.7E-13
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The velocity measurements were performed at carefully selected points for the
investigation of the effects of the special structure characteristics of each type of filter
material. In the case of the SiC filter the measurements were carried out at each block at the
center and near the edges at a distance of about two cells from the cement borderline. In order
to have comparable results the same measurements protocol was applied in the case of the
cordierite filter.

The velocity profile for each type of filter material and configuration was measured at
three different points downstream the channels’ exit: 15 mm or about 10 cell diameters,
30mm or about 20 cell diameters and 80 mm, to understand the development of the flow
profile by the mixing of the laminar jets exiting the channels. Comparison among the three
profiles was also employed as a cross-checking method (a gradual damping of the flow field
fluctuations should always be observed).

Measurements of a loaded SiC filter were also carried out, in order to understand
differences in flow distribution in loaded filters. For this purpose, the SiC filter was fitted
along with an upstream catalyst, to the exhaust of a 2.0 liter displacement HDI turbocharged
passenger car engine, running on a steady state medium speed, medium load operation point
with 25ppm Cerium doped fuel. As presented in [72] in this region the filter wall temperatures
are varying in the range between 280 and 3500C resulting in a varying soot VOF content from
9 to 6 percent. This allows us to study VOF adsorption — desorption effects in the process.
After the filter is loaded to an additional backpressure of the order of 40mbar, (that is, 80mbar
total backpressure), it is dismantled from the engine and fitted to the flow maldistribution
measurements test rig. The process was repeated once more, up to a total filter backpressure
of 120 mbar, that is, three times the backpressure of the clean filter. The experimental layout
of the filter loading experiments is presented in Figure 4.26. The details of the measurement
protocol are presented in Table 4.8.

Engine: 2L- HDI running on 3000rpm, 40Nm

AR

O O O O Oxidation Particulate

Catalyst Filter

N —— | (= =) | u| =

AP Filter

Figure 4.26 Experimental layout for the filter loading tests.

Maldistribution Factor

In order to quantify the uniformity of the flow velocity at the cross section of the filter
monolith it is possible to use a quantity known as maldistribution factor (MF). In the case of
cells with equal surfaces a MF can be defined based on the ratio o/p (Standard deviation over
mean value of velocity distribution) by the following equation [113]:
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MF :1—\/12("‘“_%]2 (1)

Where wi; is the local velocity for the i-th area and w, is the mean velocity over the monolith
exit defined as

w, = %Zn: w, (2)

and n the total number of (equidistant) measurement points along a diameter. The expression
is formulated in such a way that in the case of a completely uniform distribution, the value of
the maldistribution factor takes the maximum value of 1.

Table 4.8. Summarized results of velocity measurements performed at a distance of 30 mm from filter exit.

Experimental Parameters
= = 2 g g
Name of e} =3 = ; 2
studied = @ s IS =
= = - X
parameter S = £ @ S
> © 17 s 3
= 5 = £ 5
LL ‘- :
= 8 6 T
Cordierite 40 mbar
Filter type (17/100) 150 mm Catalyst in front 45 gfs (clean filten)
SiC (14/200)
150mm
Filter geometry SiC (14/200) Catalyst in front 45 gls |40 r:nfti)ﬁrr
254mm (clea er)
No catalyst
Presence of SiC (14/200) 254 mm gl 45 g/s 40 mbar
Catalyst Cata'yst in front (Clean fllter)
45 gfs
Gasmassflow | g (147200) 254 mm Catalyst in front g 40 mbar
rate 60 g/s (clean filter)
80 mbar
Soot . .
accumulation SiC (14/200) 254 mm Catalyst in front 45 g/s 120 mbar

4.3.2 Results and discussion

First a set of indicative measurements was performed to assess the flow distribution at the
exit of the inlet diffuser and the oxidation catalyst. The velocity measurements were carried
out with a gas flow rate of the order of 45¢/s at a distance of 15mm, which is approximately
equal to the usual distance between the diffuser exit and the catalyst or filter inlet. The
resulting velocity profile is presented in Figure 4.27. As expected, the flow is concentrated in
the central region of the diffuser resulting to the formation of a core where the velocities are
high. The inertia forces of the flow in combination with the diffuser geometry are responsible
for this behaviour. The mean velocity is 20m/s and the calculated Reynolds number is of the
order of 35,000 indicating that the flow in the inlet of the catalyst or filter is turbulent.
Outside the core of the incoming flow, recirculation zones are known to exist that affect the
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flow and pressure distribution at the inlet of the catalyst or the filter that can be sensed also
with the specific hot film sensor and layout.
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Figure 4.27 Velocity profile obtained at 15 mm downstream from exit of the diffuser with an exhaust gas mass
flow rate of 45g/s. Maldistribution factor: 0.12.

As next step the catalyst was assembled downstream the diffuser and velocity
measurements downstream the catalyst exit, at a distance of 20mm were performed with the

same gas flow rate (45g/s). The resulting velocity profile is presented in Figure 4.28.

Welocity (m/fs)

Figure 4.28 Velocity profile at 30 mm downstream from exit of a 180mm long catalyst. Exhaust gas mass flow
rate: 45g/s. Maldistribution factor: 0.71. It should be mentioned that a certain degree of reverse flow is observed
near the periphery.
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We could observe that the channels at the central part and at the periphery of the catalyst
have higher mass flow rates than the channels in - between. The higher velocities are
measured at the central region and the lowest at a radius about 80% of the catalyst radius. As
mentioned above, this behavior is expected as a result of the upstream flow field that leads the
incoming flow mainly through the central part of the monolith. Due to the interaction between
the recirculating flow and the incoming flow a part of the gas is directed away from the center
and is forced to flow through the outer channels of the catalyst. This may explain the higher
velocities near the periphery of the catalyst. In the literature, the same type of behaviour was
reported in catalytic converters by Holmgren et al [114] who report that the velocities near the
periphery are not necessarily the lowest. Also the numerical study of Chacravarthy et al [115]
predicts the appearance of high velocities at the outer channels of the catalyst as result of the
recirculating flow at the inlet.

Flow measurements with the filter installed downstream a catalytic converter. Effect of filter
material.

In this series of measurements, Cordierite and SiC filters were mounted alternately on the
test rig with a catalytic converter in front. The measurements were carried out downstream the
filters, at distances: 15, 30 and 80mm from filter exit face, with a mass flow rate of 45 g/s.
The resulting velocity profiles for each type of filter at the distance of 30mm are presented in
Figure 4.29. Although the velocity profile obtained for each filter type is affected by the
upstream catalytic converter, a more uniform flow is observed with case of a cordierite filter.
The calculated maldistribution factors: 0.66 for cordierite versus 0.52 for SiC (see Table 4.9)
confirm this observation.

In the case of a SiC filter, the design configuration with the separate blocks connected with
cement, seems to be responsible for the severe flow maldistribution observed at the exit. It
seems that each block behaves as an individual filter component with its flow field, which
incorporates a region at the center of the block where the velocity is maximized while the
lowest velocity is observed near the cement borderline. Thus, the total flow field of the SiC
filter is composed of individual flow fields produced inside each filter block. Overall, the
measured velocities with the Cordierite filter are lower than those measured with the SiC filter
(Vmean = 4.9m/s for the case of cordierite filter vs Vimean = 5.6m/s for the case of SiC filter).
This could be attributed to the lower free flow area exposed by the SiC filter, due to the
negligible permeability of the adhesive cement connecting the modules [60].

The results of velocity measurements along a filter diameter at 10 and 80mm distance
downstream filter outlet face are presented for Cordierite and SiC filters in the comparative
charts of Figure 4.30. The velocity fields obtained very close to the filter exit demonstrate
higher velocities near the periphery, indicating that the previously measured flow field at the
exit of the catalyst is reversed as the flow passes through the filter channels. This could be
attributed to the development of recirculation zones at the inlet section of the filter, which
force the flow to the outer channels. However, as the measurement distance increases, the
velocity differences between center and periphery are dampened and the flow profile becomes
more uniform. The observation that the flow is made up of individual (laminar) jets that
interact as the distance from the exit increases, seems to agree with of this behaviour.
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Figure 4.29 Velocity profiles at 30mm from exit of a 150 mm long cordierite (a) and a 152 mm long SiC filter
(b). Exhaust gas mass flow rate: 45g/s. Maldistribution factor: 0.66 (a), 0.52 (b). A certain degree of reverse flow

is observed near the periphery.
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Figure 4.30 Comparative charts of the velocity measurements performed along a filter diameter at various
distances downstream channels exit for the cases of cordierite (a) and SiC filter (b).

Effect of filter length

For the study of the effect of filter length, the velocity profile downstream a longer SiC
filter with 254 mm length was measured. The other geometric characteristics of the filter were
the same and the gas mass flow rate was kept unchanged (45g/s). The velocity profile
measured is presented in Figure 4.31.
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Figure 4.31 Velocity measurements at the exit of a 254mm - long filter with a mass flow rate of 45g/s.
Maldistribution factor: 0.60. It should be noted that, as expected, the longer filter makes the flow more uniform
(that is, it demonstrates lower maldistribution factor than the 150 mm filter).

By comparing it with the respective of Figure 4.29b for the 152 mm length filter, it can be
observed that the shorter filter demonstrates higher velocities at the centers of the blocks. The
more detailed comparative chart of Figure 4.32 confirms this observation, indicating that the
maximum velocities measured at the center of each block are higher in the case of the shorter

filter.
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Figure 4.32 Comparative presentation of the velocity measurements performed along a filter diameter, for the
cases of a short (150mm) and a long (254mm) SiC filter. The effect of filter length on the flow maldistribution is
obvious in this figure.
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The calculated maldistribution factors: 0.52 for the case of 150mm length filter vs 0.60 for
the case of 254mm length filter (Table 4.9) indicate that, as expected, the long filter produces
more uniform flow. This behaviour could be attributed to the increased pressure drop as the
channel length increases. The differences to the flow velocity are reduced due to the higher
friction-losses and the pressure field causes the redistribution of the flow through the channels
with lower pressure drop (channels with lower mass flow rate). Of course, the optimum
channel length would depend also on the type of filter, geometry of channels as well as the
material permeability etc.

Effect of catalyst

In order to investigate the effect of catalyst to the flow distribution inside the filter, the
catalyst was removed and a new series of velocity measurements were performed with the
SiC filter assembled directly downstream the inlet diffuser. The measurements were
performed at a distance of 30mm from channels exit, with a gas mass flow rate of 45 g/s. The
resulting velocity profile is presented in Figure 4.33. By comparing it with the one obtained
with the upstream catalyst installed (Figure 4.31), it is observed that in this case the flow is
preferably driven through the central region of the filter with the maximum velocities
measured at the center of the central blocks. A secondary zone with high velocities is
observed near the filter periphery. Presumably due to recirculation zones at the inlet section, a
part of the incoming flow is directed through the outer cells of the filter. In the intermediate
area, reduced velocities are observed, with the minimum values measured near the cement
borderlines between the outer and the central blocks.
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Figure 4.33 Velocity profile obtained at a distance of 30 mm from exit face of a 254mm SiC filter. In this case,
there is no catalyst in front of the filter. The maldistribution index takes a lower value than with the catalyst in
front of the filter (0.54 instead of 0.6). Higher velocities are measured in the central core region. Exhaust gas
mass flow rate: 45 g/s.

The calculated maldistribution factor 0.54, versus that of 0.6 for the case of catalyst in
front, (Table 4.9), indicates that the presence of the catalyst distributes the flow more
uniformly. As mentioned above, the interaction between the pressure and the flow field inside
the catalyst channels results to an equalizing effect to the flow distribution. Thus, the initial
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flow maldistribution due to the inlet diffuser effect may be partly compensated by the use of
the catalyst in-between. However, as presented in the comparative chart of Figure 4.34, the
presence of the catalyst has also a reverse effect on the velocity distribution. The velocities
are maximized near the periphery in contrast with the no-catalyst configuration where the
maximum velocities are appeared at the central region.
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2 —&—Filter: SiC, without catalyst, mfr: 45g/s
—=— Filter: SiC, with catalyst, mfr: 45g/s
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Figure 4.34 Comparative presentation of velocity measurements performed across the exit channels of a SiC
filter: with and without catalyst installed between diffuser and filter. The effect of the catalyst in the flow
equalization is obvious in this figure. However, there continue to exist significant velocity variations across each
one of the four unit filters.

Effect of gas mass flow rate

The measurements of the flow velocity at the exit of the SiC filter (with the catalyst in
front) were repeated with the increased mass flow rate of 60g/s. The resulting velocity profile
at the distance of 30mm is presented in Figure 4.35. By comparing it with the velocity profile
obtained with the flow rate of 45 g/s (Figure 4.31) it is concluded that the qualitative
characteristics of the flow field is not affected by this variation of the gas mass flow rate.
However, the resulting value of the calculated maldistribution factor is now lower: 0.57 vs 0.6
(Table 4.9), indicating that the flow maldistribution becomes worse with the increased flow
rate. Based on the processing of the experimental results presented in the comparative chart of
Figure 4.36, the differences between the maximum and the minimum velocities appeared to
be larger for the case of the increased flow rate. The increased inertial forces of the flow are
considered to be responsible for this behavior.
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Figure 4.35 Velocity profiles at 30mm from exit of a 254mm SiC filter with increased exhaust gas mass flow
rate (60 g/s). Maldistribution index:0.57 A certain maldistribution deterioration with exhaust flowrate increase is

observed.
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Figure 4.36 Comparative presentation of velocity measurements performed along a filter diameter with a
medium (45g/s) and an increased (60g/s) exhaust gas mass flow rate.

Effect of soot loading level

The study of the parameters affecting the flow distribution inside the filter is completed
with measurements performed to a loaded SiC filter. The filter is loaded with the engine
running on a medium operation point (speed: 2600rpm, load: 40Nm, exhaust gas mass
flowrate: 45 g/s), up to the following two soot loading levels:
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Final back pressure (mbar) | Wall temperature, center | Wall temperature, periphery
80 280 260
120 300 285

The velocity measurements where performed on the test rig with the same gas mass flow rate
(45 g/s) at the distance of 30mm from channels exit. The resulting profiles for both cases are
presented in Figure 4.37. As can be seen, a crater appears at the central region of the filter
flow field in the case of loading up to 80mbar. This crater indicates that the flow resistance
through the central region is higher, presumably due to the higher accumulated soot mass in
the central channels. However, according to the measured flow field in the case of the clean
filter it would be expected that due to the higher velocities near the periphery, the soot loading
in this region would be higher. The observed behavior could be partly attributed to the role of
the temperature field inside the filter that is not taken in account here (the measurements are
performed with ambient air instead of exhaust gas) and may differentiate the shape of the
flow field due to the variations to the fluid viscosity between center and periphery. Under real
operating conditions the higher temperatures in the central region of the filter lead to an
increase in viscosity that affects (increases) the flow velocity. The opposite phenomenon may
be observed near the colder periphery leading to a reduction of flow velocity. The volatile
organic fraction (VOF) of the thick particulate layer could also affect this behavior. The VOF
of the particulate layer has been calculated to vary from about 6% at the central to 9% at the
circumferential channels [72] and may be oxidized at temperatures below 250°C. Thus,
stochastic regenerations could take place at specific points of filter periphery where the soot
loading, composition and temperatures are favorable. These slow regenerations could
decrease flow resistance through the periphery allowing the observed increase of velocity
through this area.

“elocity (m/s)
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Figure 4.37 Velocity profiles at 30mm from exit of a loaded 254 mm SiC filter. Flow maldistribution is
evaluated with two different loading levels: 80 (a) and 120 mbar (b). The measurements were performed with a
mass flow rate of 45g/s. Maldistribution factors (0.61 (a) and 0.63 (b)) are improved compared to the clean
filters.

With increasing filter soot loading up to the level of 120mbar (Figure 4.37b), the
previously observed crater disappears and a more uniform flow field is established. The
continuous redistribution of soot and flow profile that takes place as the accumulated mass
increases and is triggered by the effects of the temperature field [106] is considered to be
responsible for this complex behavior.
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Figure 4.38 Comparative presentation of the velocity measurements performed along a filter diameter in the

cases of: clean filter, filter loaded up to 80 mbar and filter loaded up to 120 mbar (250mm SiC filter in all cases).
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The velocity measurements along a filter diameter presented in the comparative chart of
Figure 4.38 indicate that the velocities near the periphery are systematically higher than those
at the central area, which is mainly influenced by the variations to the soot loading profile.
The reduction of the mean flow velocity (Table 4.9) depends on the pressure drop
characteristics of the soot layer formed on the channel wall (layer thickness - permeability.
Based on the calculated maldistribution factors for both cases (0.61 for the 80mbar - loading
case and 0.62 for the 120 mbar - loading case) we could conclude that soot accumulation
partly compensates the initially observed maldistribution. But the overall exhibited behavior
is quite complex.

Table 4.9 Summarized results of velocity measurements performed at a distance of 30 mm from filter exit.

o S _ 5
g S €% 3
= 22 =R =
R o E > £ 5
Name of studied 52 £ S5 =
Y— = o =3
parameter 6 S E3 €3 2
g3 E= IS 3
S =3 re =
S =
Cordierite (17/100) | 9.2 (Periphery) 0.93E3 0.66
Filter type
SiC (14/200) 13.8 (Periphery) 1.41E3 0.52
150mm 13.8 (Periphery) 1.41E3 0.52
Filter geometry
254mm 11.0 (Periphery) 1.12E3 0.60
No catalyst 12.2 (Centre) 1.24E3 0.54
Presence of catalyst
Catalyst in front | 11.0 (Periphery) 1.12E3 0.60
45 gls 11.0 (Periphery) 1.12E3 0.60
Gas mass flow rate
60 g/s 13.7 (Periphery) 1.40E3 0.57
80 mbar 10.9 (Periphery) 1.11E3 0.61
Soot accumulation
120 mbar 10 (Periphery) 1.02E3 0.62

4.3.3 Concluding remarks

— A specially designed test rig for cold flow velocity distribution experiments has been
developed in order to measure flow maldistribution phenomena in wall flow ceramic
diesel particulate filters.

— The effects of the following design parameters are tested: filter material, (SiC vs
Cordierite), filter length, (150mm vs 250 mm), presence of catalyst in front of the filter.

— The effects of the following operation variables were also tested for the SiC filter:
Exhaust gas mass flow rate (45 vs 60 g/s) and soot loading level. The results indicate that
the flow field at the exit of the filter is complex and presents significant flow
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maldistribution that must be taken into account in any attempt to model filter loading and
regeneration behaviour. This is true not only for the clean filter but also for the loaded
one.

— As expected, the flow maldistribution is significantly influenced by the presence of a
diffuser and a catalytic converter upstream the filter. The influence depends on the
specific design of each component.

- The specific geometry and design of the filter significantly influence flow
maldistribution. Thus, a more uniform flow was observed in the case of a monolithic
cordierite filter. On the other hand, a SiC filter made up from 16 individual blocks
connected with cement demonstrated a worsened flow distribution.

— An increase in the length of the SiC filter from 150 to 250 mm resulted in a better flow
distribution.

— The presence of a catalytic converter in front of the filter resulted in a more uniform flow
distribution at the filter level. Moreover, a certain degree of reversal of the velocity
profile, with somewhat higher velocities near the periphery was observed, especially with
the cordierite filter.

— An increase of the gas mass flowrate did not affect the qualitative velocity profile.
However, it resulted in a marked decrease of the calculated maldistribution factor
(worsening of flow distribution).

— The accumulation of soot inside the filter channels tends to make the flow more uniform.
This process is slower and more complex than usually anticipated. During the process,
the flow is continuously redistributed. The same is true for the soot profile across the
filter channels.

— Better understanding of these phenomena will require significant additional experimental
study. Future investigations should include the following additional measurements: Hot
flow measurements, pressure field measurements and turbulence intensity measurements

4.4 Soot Deposition Characteristics as Function of Engine Operation Point
and Filter Loaded History.

In this section the soot deposition morphology and characteristics inside the channel on
SiC filters are investigated with the use of electronic microscopy (SEM). A novel procedure
was developed in order to be able to study the filter in the SEM at various points along the
channels and measure the soot layer thickness. Based on the soot layer thickness
measurements, a calculation of the density of the collected soot for the specific engine
operation point and loading was attempted.

4.4.1 Experimental

A novel procedure has been developed for the microscopic study of soot deposition
characteristics on SiC filters. The procedure is schematically described in Figure 4.39.
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Figure 4.39 Experimental procedure.

The procedure is based on the slicing of a unit filter in 9 individual pieces of equal length.
The pieces are numbered and fitted together again, in a special canning device that ensures
their hermitic connection and the minimization of the gas leaks during operation. Thus, a filter
is produced that can be easily dismantled to pieces that can be inspected on the SEM. The
specially engineered unit filter is installed on a single cylinder DI diesel engine (0.5 |
displacement), where the loading and regeneration experiments can be carried out. The engine
and filter specifications are presented in Table.4.10.

The filter was loaded with the engine running on the medium operation point of speed:
2400rpm, load: 12 Nm with 25ppm Ce doped fuel. The presence of the catalyst inside the
particulate made the soot layer observable in the SEM without the need of other type of
processing that may change the chemical or deposition characteristics of the layer. On the
other hand the presence of the catalyst was expected to give us a lot of information about the
catalysed soot deposition characteristics. SEM images were acquired with a Jeol 5310
Scanning Electron Microscope in the secondary electron mode with an accelerating voltage in
the range of 10 to 25 KV.

Table.4.10 Engine technical data and diesel filter specifications

Engine manufacturer RUGGERINI

Engine type DI 1cylinder engine

Displacement 497 cm?®

Rated power /rpm 5.5 kW/4000 rpm

Rated torque/rpm 25 Nm/2400 rpm

Diesel Filter Manufacturer Ibiden

Filter Type SiC 14/200 cpsi (cells per square inch)
Filter Dimensions (WxHXxL) 34 mm x 34mm x 150 mm

Cell pitch 1.89 mm

Filter Wall thickness 0.4mm

4.4.2 Results and discussion

As first step SEM photos of a virgin filter piece were taken in order to be employed as
reference point to the study of soot deposition. The photos of Figure 4.40 show a cross section
of the virgin filter and a close up of the ceramic wall substrate where the SiC microstructure is
observed. The characteristic uniform pore distribution of the SiC material reported by other
researchers is also confirmed here [111, 116]. This is the main reason for the lower pressure
losses of SiC filters in comparison with Cordierite, which is characterized by a more
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amorphous structure. However as it can be seen the passages through many of the large pores
are very narrow indicating that the pores have small contribution to the filtration. This means
that depth filtration mechanism is weakened in this filter material.

My

g e

Figure 4.40 Scanning electron micrographs of a virgin filter piece

As next step loaded filter pieces of the filter device were inspected in the SEM. The loading
was performed at the specific engine operation point with a total duration of 9 hours divided
in 3 equal phases with the engine and filter to be cooled before the beginning of each phase.
According to the particulate emissions of the engine at this point (3 g/hr) an approximate
mass of 25 grams was collected. After the end of the loading phase, the filter was dismantled
from the exhaust system, and the nine pieces have been separated and examined in the SEM.
A number of photographs have been taken, that are presented below. Figure 4.41 presents a
typical photo of a loaded central channel taken near the middle section of the ceramic. The
following could be observed:

e The soot layer has a uniform distribution across the four edges of the channel wall. This
indicates that the gas flow is equally divided to the four walls of the channel. However as
presented below the same is not observed in the case of channels placed near the filter
periphery revealing the role of the 3D effects.

Figure 4.41 SEM micrograph of a loaded central channel of a middle piece of the segmented filter.
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e The shape of the soot layer becomes oval at the corners. This results to the increase of the
accumulated mass at the corners. This information may be useful in the design and the
modelling.

e The soot layer seems to be detached from the wall. This finding is in contrast with other
published SEM photos. For example, we mention, for comparison, a scanning electron
micrograph of a slice of a loaded DPF published by PSA and IFP researchers (Figure
4.42 [103]). One could assume that the detachment happens during the cooling of the
filter due to the drying of the soot that makes the layer stiffer.

Deposit layer

channel

Figure 4.42 SEM micrograph of a slice of a heavily loaded DPF (reproduced from [[103]]).

One more micrograph of a peripheric channel located near the filter corner is presented in
Figure 4.43. A non-uniform distribution of the soot across the four channel edges could be
observed. This could indicate that 3 dimensional effects of the flow maldistribution are
important even in this small sized filter.

Figure 4.43 SEM micrograph of a loaded peripheric channel of a middle piece of the segmented filter.

A higher flowrate through the central region of the filter could be the cause of the increase of
the accumulated soot mass on the two adjacent channel walls, which are oriented in the
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direction of the central core. As a general conclusion, the special characteristics of the exhaust
flow can be traced on the deposited soot layer, differentiating its shape and thickness. Again,
a certain degree of detachment between the soot layer and the ceramic wall is observed.

A close up of a layer cross section is presented in Figure 4.44. In this figure, three distinct,
consecutive soot layers can be observed. They have been produced by the carrying out of the
loading in the three consecutive phases. The separation of the layers indicates that the quality
of the soot differentiates from the one to the other loading phase. This is attributed to the
stochastic nature of the engine particulate emissions that among others are influenced by the
ambient conditions (air temperature and humidity). The variation to the engine emissions
results to a variation to the catalyst concentration of the particulate that makes observable the
separate layers.

Figure 4.44 Soot layers (various loadings)

The interface between the ceramic wall (left) and the soot layer (right) can be observed in the
micrograph of Figure 4.45. A certain degree of intrusion of the soot particles inside the pores
of the ceramic can be observed. However the soot is mainly accumulated on the cell wall
indicating that the prevalent mechanism is the surface filtration, which is the largest
contributor to the pressure losses during loading.

Figure 4.45 Boundary soot layer-ceramic substrate
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The soot particles that have intruded in the SiC structure can be observed in Figure 4.46 (in
bright white colour). They are attached on the much bigger amorphous porous ceramic
granular structure. Responsible for this is the flow that pushes the particles on the stationary
ceramic particles. The degree of intrusion depends on the morphology characteristics of the
ceramic substrate. The correlation between the soot particles size distribution and the porosity
and pore size of the ceramic is thought to have significant role to the filter pressure drop.
Although the increase of the pore size results to lower pressure drop for a clean filter, this
effect may be counterbalanced in the case of the loaded filter due to the lower porosity of the
soot layer.

Figure 4.47 SEM micrograph of the soot deposited on the channel wall

The soot layer morphology observed with SEM presented in Figure 4.47 reveals two main
classes of particulates:
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= The first class consists of fine mode particles that are almost spherical with an
approximate diameter of the order of 0.5 um. These particles originate from the
nucleation of the primary carbon and volatilised fuel and oil species in the combustion
chamber.

= The second class consists of clusters of catenulate aggregates that in turn composed of the
previous described spherical fine mode particles. The primary particles are adhered
together constituting agglomerated clusters with an approximate size of the order of 2.5
um. These agglomerates are usually broken off after a certain degree of growing from the
deposition of the small primary particles onto the surface.

By comparing the micrographs of figure 4.47 and figure 4.46 it is concluded that the pores
of the soot layer are smaller than those of the ceramic substrate. This fact is responsible for
the lower permeability of the soot layer which as mentioned in the previous section is affected
by the accumulated soot mass. The higher soot mass results to lower permeability indicating
that the pores become narrower due to the compression of the layer.

Finally, the soot layer distribution along the filter channel is presented. The thickness of
the layer along a central channel was measured by processing the micrographs of the nine
individual segments. The results are presented in Figure 4.48. It can be seen that the soot layer
thickness increases near the inlet and the plugged end of the channel. The maximum value
was measured at the end of the channel while the minimum was measured at the middle
section of the channel. The results indicate that the soot distribution along the filter channel is
nonuniform. We are not aware of analogous investigations in the literature to compare with.
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Figure 4.48 Soot layer thickness along a central filter channel.

Based on the soot layer thickness measurements, a calculation of the density of the
collected soot was attempted. The mass of the accumulated soot is measured by weighing the
filter pieces. The volume of the accumulated soot mass can be defined from the measurement
of the soot layer thickness assuming linear variation along the filter channels. However the
accurate calculation of soot density makes necessary the measurement of the soot layer
thickness in all the channels due to the existence of soot maldistribution between the centre
and periphery. Here we present this calculation for the third filter piece, which, as can be seen
from the diagram of figure 4.48, appears equal distribution at the central channels. It is
assumed that the layer thickness does not significantly vary from the centre to periphery. This
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is a realistic assumption for our experimental case due to the low filter dimensions that limit

the effects of the 3d phenomena. The results are presented in the next table:

Soot mass Layer thickness Layer length Number of Volume Density
(kg) (m) (m) channels (m®) (kg/m®)
0.5E-3 0.08E-3 16.7E-3 162 5.34E-6 93.6

4.4.3 Concluding remarks

The SEM findings can be summarized as follows:

— The soot layer is not uniform across the different channels. However, this could be
affected by the specific (segmented filter) layout employed in the loading.

— A longitudinal variation of the soot layer thickness was also found: The inlet and
outlet sections present a higher layer thickness than the interior sections.

— Detachment of the layer from the wall was observed in many cases. It must be
investigated whether this resulted from the segments dismantling procedure, or from
shrinking of the soot layer after cooling out and drying of the filter.

— The accurate measurements of soot thickness taken from the SEM pictures are
employed in the more accurate determination of the density of collected soot.
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5 Comparative Discussion

This thesis concerns further investigation on yet unsolved issues in catalytic regeneration and
pressure drop characteristics of wall-flow diesel filters. It focuses on the catalytic regeneration
with Ceria fuel additive, which is currently in use in hundreds of thousands of diesel
passenger cars, but its main findings could be useful in the study of other fuel additives
(Manganese, Ferrocene, Copper etc). The investigations carried out in the frame of this thesis
are focused to assist the design optimisation of the ceramic filter itself, the fuel additive
dosing device and the post-injection system.

Now, detailed physical models of the diesel filter operation, especially the regeneration
process, are increasingly employed as analysis and design tools in this process. This is the
reason why the main findings of the experimental work carried out in the frame of this thesis,
are always cross-checked with our in-house diesel filter modelling software, in order to
improve understanding of the processes involved and also improve the capacity of our
computational tools. One main goal of this chapter is to demonstrate the synergy between the
various experimental investigations carried out in this work in order to develop improved
engineering models that enhance our understanding of the diesel filter operation and can be
used as component, system and control design aids.

By now, it should have become clear to the reader that the filter is a very complex multi-phase
chemical reactor working in transient conditions, which is possibly the most demanding and
challenging application in heterogeneous catalysis. The soot has to be filtered while at the
same time the formed layer is by itself a filter medium causing the continuous change of the
reactor characteristics and subsequently it has to be oxidized bringing the reactor back to its
initial state. Its performance is significantly affected by the following:

e Time series of exhaust gas properties (temperature, flowrate and velocity filed, species
concentrations). For a specific engine, these depend on the succession of engine
operating points (driving cycle etc). On the other hand, the effect of engine type (size,
speed range, combustion chamber, injection system, turbocharging, EGR etc) can also
be of profound importance.

e Time series of particulate (mass) emissions, size distribution and characterization. The
physical structure of the particulate depends on a variety of variables like fuel
injection and combustion chamber characteristics, engine operation point, weather
conditions, turbocharging and EGR.

e Exhaust gas flow field upstream the filter. The filters inlet flow field is affected by the
design characteristics of the engine exhaust system (exhaust manifold geometry,
downpipe geometry, presence of catalytic converter, inlet diffuser etc).

e Flow through the various channels, (variable property) soot layer and channel walls
(porous media).

e Soot accumulation in the different channels (3D - variable reactor geometry and
conditions, dictated by variable soot layer and catalyst particle size distribution).
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e Soot oxidation by catalyst particles (produced by fuel additive combustion). Catalysts
are used to lower the soot oxidation temperature.

e Soot Volatile Organic Fraction oxidation by catalyst particles.
e Soot oxidation by exhaust gas oxygen.

In this complex reactor environment, we spotted the following main points where the
regeneration process lacks a good understanding and modeling capability:

e Reaction scheme and kinetics of the catalytic regeneration process

e The role of the volatile organic fraction of the particulate (adsorption, desorption,
stochastic regeneration)

o 3D effects during filter loading (flow maldistribution, instabilities during soot loading,
soot maldistribution).

o 3D effects during catalytic regeneration (flow maldistribution at filter inlet, soot
maldistribution, effect of filter material and design).

e Correlation between pressure drop and accumulated soot mass.

(The last point is essential for the design of a reliable regeneration onset control system).

In the following, we summarize the main findings of this work with regard to each one of the
above issues.

5.1 Reaction Scheme and Kinetics of the Catalytic Regeneration Process

The extensive TGA experiments with soot samples taken directly form the filter channel,
supplied us with valid kinetics for the thermal and catalytic regeneration of the soot and VOF.
This information is not yet fully exploited. Thus, the 1D model version validated in this work
lumps the VOF effect on the kinetics parameters of the carbon oxidation.

Another important area investigated by means of the validation experiments, was that of the
Ceria oxidation — reduction cycling during regeneration. In this context, it is of interest to
understand how the lower state Ceria (that has reacted with the neighbouring soot) could be
brought again to the higher (oxidized) state by reacting with the exhaust gas oxygen. This
fundamental question has not yet been answered by the fundamental researchers [70]. During
our validation procedure, we comparatively tested two possibilities

e Continuous oxidation of the lower state Ceria, (as indicated in our reaction scheme)

e Deletion of the Ceria oxidation from the reaction scheme
The second option, that corresponds to the assumption that only the oxygen initially stored in
the Ceria is available for catalytic soot oxidation, did not work. That is, it was indirectly
reconfirmed that the lower state Ceria can be oxidized and used again for the oxidation of
further soot in the neighbourhood, until it completely loses contact with the soot and becomes
ash that is deposited in successive layers on the wall, and new soot is deposited above during
the subsequent loading of the filter. The re-oxidation of the lower state Ceria was first
suggested by de Soete [110], and first employed in DPF modelling in [66].

As regards the effect of Ceria concentration in soot (and indirectly, of Cerium additive in
fuel), it was found that, above 25 ppm, the effect on the kinetics of soot oxidation by Ceria
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was proved to be negligible, both in the TGA experiments and in the engine bench
experiments. This confirms the findings of other researchers [103].

5.2 The Role of the Volatile Organic Fraction of the Particulate.

The VOF content of the soot collected on a specific filter layout was measured on the TGA,
as function of the engine operation point during loading, and the central or peripheric position
of the specific channel in the filter. Useful desorption kinetics information was extracted from
the TGA recordings. However, this information has not yet fully exploited in the modeling.
VOF oxidation kinetics are exploited in the updated reaction kinetics. However, for the time
being, lumping of VOF is made on the soot oxidation kinetics. That is, in the apparent
Kinetics parameters presented in the 1D code validation runs, it is obvious that increased VOF
content reduces the activation energy of catalytic soot oxidation. Attempts to model stochastic
regeneration behaviour are not yet successful.

5.3 3D Effects During Filter Loading

Flow maldistribution in diesel filters had not yet been studied before this work. The
experimental investigations carried out here (hot and cold flow experiments), indicated
significant maldistribution, at least in the specific filter layouts examined. Also, instabilities
during the soot loading process were recorded, for the first time. We have been able to
measure, indirectly, soot maldistribution, based on a novel methodology. Soot maldistribution
was also found to be significant. This could not be assessed by means of the pressure drop
signal, due to the nature of pressure drop dependence on the parallel flow resistance of all
channels. In addition to the soot maldistribution, we also noticed a maldistribution of VOF
content in soot, between central and peripheric channels. Furthermore, a correlation of soot
with flow maldistribution was attempted, with promising results.

5.4 3D Effects During Catalytic Regeneration

The validation work of the 3D ANSYS-CATWALL interfacing developed by other group
members, allowed a better assessment of the effects of flow maldistribution, soot
maldistribution, the effect of filter material and design. More specifically, certain design
problems of the specific SiC filter tested were revealed and reported to the manufacturer.
These problems relate to the 3D structure of the specific filter (made up of rectangular filter
blocks, bound together by means of adhesive cement), and could not be studied with 1D or
2D models. Flow maldistribution was found to be responsible for the significant delay
between the onset of regeneration of central and peripheric channels, which reaches
sometimes the order of several minutes.

5.5 Correlation Between Pressure Drop and Accumulated Soot Mass.

As already discussed, the pressure drop signal carries important information on the
accumulated soot mass on the filter that cannot be ignored. On the other hand, this
information is encoded in the pressure drop signal in a very complex way, interacting with
soot distribution between channels, VOF content, exhaust gas thermodynamics etc.

The experimental investigations presented in Chapter 4 revealed the existence of significant
soot and flow maldistribution.
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6 Conclusions and Future Outlook

e Aim of this work is to improve our understanding of diesel filter regeneration reaction
scheme and kinetics parameters, as well as pressure drop characteristics and their
dependence on 3D effects on flow, soot and VVOF distribution.

e A secondary objective is to improve in-house engineering models of diesel filter
regeneration and pressure drop, as well as their employment in design, in order to move,
also in this interdisciplinary area, from “trial and error” to “engineering”.

e Although the diesel filter is in series production and installation today and in near future
by an increasing number of automotive manufacturers, an extensive literature search
shows that there is a lack of fundamental knowledge on the regeneration reaction scheme,
kinetics and the complex phenomena determining filter pressure drop characteristics.

e The reported lack of knowledge could be the result of the interdisciplinary nature of
diesel filter studies: On the one hand, the chemist tries to research fundamental kinetics in
soot produced artificially, or collected in layouts not typical of the real reactor. On the
other hand, the emissions control engineer tests the full-scale performance of the real
system, which deprives him of the opportunity to focus in the details of the process.

e The application of mathematical modeling during the last decade, allow us today, in a
certain extent, to bridge the gap between the two distant perspectives, and design
experiments of fundamental nature, but also in a typical reactor environment, close to the
real one. The results of the application, in this PhD work of such a unified approach are
summarized below.

e As regards the regeneration kinetics, the novel device and process for soot sampling
directly from the channel developed in this work, allowed, for the first time, the reliable
determination of real soot kinetics.

e As regards the soot maldistribution, the novel experimental device and process for
indirect determination of flow resistances of the different channels is already employed
by other researchers and developers as a test aid for better understanding of individual
channels performance in specific filter system design.

e As regards the determination of the (pk), product (density times permeability of the
collected soot), a novel device based on a single channel filter, in combination with a soot
morphology characterization by means of scanning electron microscopy is expected to
lead to a new test procedure for better assessment of soot deposition characteristics in
specific filter system design versions, and their effect on the pressure drop characteristics.

e As regards the assessment of flow maldistribution, the novel device and methodology
developed, for cold flow velocity measurements downstream filters, is a simple but
effective testing technique that gives a wealth of information on the loading and
regeneration behaviour of different channels in various filters design versions.
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e The above improvements in our understanding of the filter operation are mirrored in
improvements in our in-house computational tools. An extensive validation of the
updated 1D and 3D codes (CATWALL and ANSYS-CATWALL) is reported in
Chapter 3. Of course, we cannot state that we can model diesel filter regeneration,
especially the low flowrate and stochastic one, in a level comparative with our
catalytic converter modeling. But this is also due to the complexity of the diesel filter
operation process, which is mainly due to the significantly more complex reactor
conditions discussed above. The modeling improvements that have been done in
parallel with the experimental work by other researchers of the same group based on
the feedback of this experimental work, along with the improved knowledge on the
kinetics and pressure drop parameters that came out of this PhD work, significantly
improved the accuracy, predictive ability and scope of application of our models.
Furthermore, due to the lack of published experimental results that could be employed
in real world model validation, the experiments employed in the validation work are
available for benchmarking with models developed by other researchers.

e Another important category of improvements refers to the testing procedures
employed as a support to diesel filter systems design. Some of them are already
adopted by other researchers and developers, after their publication or communication.

e Last but not least, during the evolution of this PhD thesis work, the significant
advances made in new components that are integrated into automotive powertrain
systems are accelerating. These include, for the case of the diesel engine, diesel filters
and diesel NOXx traps, electronic throttles, advanced common rail injection systems. In
parallel, the on board computers embodied in the ECU are becoming faster and better
equipped with memory and networking capabilities. Thus, more detailed physical
models of complex systems, like the diesel filter, are now demonstrating real time
capability, and control system tools and theories are becoming more applicable to
these complex systems.

e A significant challenge for the automotive engineer is to determine how the total
system, comprising aftertreatment devices, sensors, actuators and ECU, can be
optimized to deliver increased efficiency and durability at reduced cost and increased
reliability and robustness.
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7 Appendix: Experimental

During this Ph.D. study, a variety of measurement equipment was used. Also, a number of
experimental devices and test rigs, have been designed and constructed in-house, and were
employed in the testing of the filter loading and regeneration behaviour, the extraction of soot
and VOF oxidation kinetics and the investigation of flow and soot distribution phenomena.
The above-mentioned equipment and experimental devices are briefly described here. Some
more details are given in the appropriate chapters.

7.1 Equipment
Engine benches

The loading and regeneration tests described in this thesis were performed on two test
benches. The first one is presented in Figure 7.1 and comprises a large scale commercial
Diesel engine manufactured by PSA (model: DW10ATED). It is a high pressure, direct
injection (HDI), 1997 cc, 4-cylinder (in line), 4-stroke turbocharged diesel engine rating a
maximum power of 80 kW at 4000rpm and a maximum torque of 250Nm at 2000rpm. The
engine is equipped with an electronically managed high-pressure common rail injection
system. With the common rail system, an extremely fine spray of fuel is possible, thus
ensuring an excellent quality mixture with combustion air. This result is attributable to the
system's extremely high operating pressure (1,350 bar), the injector's extremely small orifices
(roughly 200 microns in diameter) and an ideal injection curve ensured by continuous
monitoring of each component in the system with an electronic control unit.

Figure 7.1 Large scale engine test bed

The engine is coupled with a Froude-Consine (model: AG 150) eddy current dynamometer
rating a maximum brake torque of 250Nm (measured at the shaft) and a maximum speed of
8000 rpm. The power and torque capacity diagram of the dynamometer is presented in Figure
7.2. Dynamometer load measurement is carried out via a strain gauge load cell and speed
measurement is carried out via a magnetic pulse pick up that monitors the rotation of a sixty-
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tooth wheel mounted on the dynamometer shaft. The load cell specifications are presented in

Table 7.1.
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Figure 7.2 Power and Torque capacity diagram of the dynamometer

Table 7.1 Load cell specifications

Non-Linearity %FSO +/- 0.03
Hysterisis %FSO +/- 0.03
Thermal Zero Shift %FSO/ °C +/- 0.002
Thermal Sensitivity Shift %Reading/ °C +/- 0.002
Operating Temperature Range 0-60 °C

The dynamometer is controlled via a direct digital controller (Froude-Consine, model: Texcel
100) housed in the control room (Figure 7.3). The torque controller accuracy is £1.25 Nm. A
throttle actuator designed and manufactured in the lab for the specific engine is used for the
control of engine throttle. The actuator comprises a geared motor (DC 12V) driving an output
shaft carrying a pulley that drives the engine throttle pulley, through a belt system that
includes a torque-limiting clutch for safety purposes. A potentiometer informs the controller
for the exact position of the throttle. The resolution of the throttle actuator is 0.1 degree and
the response was measured to 0.5s for full travel.
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Figure 7.4 Engine throttle actuator

The second engine bench is presented in Figure 7.5 contains a small-scale diesel engine
installed as a soot generator for the loading of small-scale filters according to the process
described in chapter 4. It is a direct injected 497 cc Rugerrini diesel engine (model: brio 91)
with a maximum power rating of 5.5 kW at 4000 rpm and a maximum torque rating of 25 Nm
at 2400 rpm. The engine is coupled with a generator (MS100LG by MSM generators) with a
maximum power rating of 6 kW loaded with a set of 4 resistances with a maximum capacity
of 1.5 kW for each resistance. During this experimental work the engine was always operated
at a constant speed of 2400rpm and a constant load of 3 kW, which is about 50% load.
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Figure 7.5 Small scale engine test bed

Exhaust gas analysers

The engine emissions tests include simultaneous measurement of HC, CO, CO, and NOy
concentrations in exhaust gas with a set of separate analysers. The analysers are placed near
the exhaust pipe (sampling line length: 0.5m) in order to increase the response of the
measurements and avoid any secondary effects due to the condensation of the sample in the
sampling pipes. Especially in the case of HC emissions measurement in order to avoid the
condensation of the high boiling components the sampling line is heated.

For the Hydrocarbons measurement, a couple of flame ionisation analyzers (J.U.M model:
HFID 3300A) are used. This is a heated analyser that includes a flame ionisation detector
(fuel gas: Hydrogen) designed to continuously measure the concentration of total organic
hydrocarbons in a gaseous sample. The analyzer is calibrated to measure Hydrocarbons as
CsHs. The specifications of the analyser are presented in Table 7.2.

Table 7.2 Hydrocarbons analyser specifications

Detector type FID
Measuring ranges 0-10/100/1.000/10.000/100.000 ppm
Sensitivity 1ppb
Response <1.2sec (95% FSD)
|Linearity 1%
Sampling rate 25cc/min

The measurement of CO concentration is performed with a Signal (model 2200) analyser that
uses for the detection the property of the gases to selectively absorb infared radiation in a
narrow range of wavelength (NDIR method). The specifications of the analyser are presented
in Table 7.3.
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Table 7.3 CO analyser specifications

Detector type NDIR

Measuring ranges 0-100/500/1000ppm, 0-1/5/10%
Sensitivity 0.7% (flow sensitivity)
Response 15sec (90% FSD)

Linearity 0.50%

Sampling rate 1000cc/min

The measurement of CO, concentration is also performed with a Signal (model 2200)
analyser with the infared detector controlled to recognise the wavelength that CO, absorbs
infared radiation. The specifications of the analyser are presented in Table 7.3.

Table 7.4 CO, analyser specifications

Detector type NDIR

Measuring ranges 0-1000/5000/10000ppm, 0-1/5/10%
Sensitivity 0.9% (flow sensitivity)

Response 7.5sec (90% FSD)

Linearity 0.60%

Sampling rate 1000cc/min

The measurement of NOy concentration is performed with a Signal (model 4000) analyser
that uses the chemiluminescent method for the detection. As only NO can be detected by
chemioluminescence a converter that consists of a heated tube is incorporated for the
conversion of NO; to NO. The specifications of the analyser are presented in Table 7.5.

Table 7.5 NO, analyser specifications

Detection method

Chemioluminescence

Measuring ranges

0-4/10/40/100400/1000/4000/1000ppm

Sensitivity 0.9
Response 5sec
Linearity 0.50%
Sampling rate 200cc/min

UEGO sensors

For the measurement of exhaust gas oxygen concentration before and after the filter (needed
for the calculation of oxygen consumed during regeneration) two wide range oxygen sensors
so called UEGO (Universal Exhaust Gas Oxygen sensor) made by NGK (model: TL-6312-
W1) was installed and linked each one via a controller (model: TC-6110C) to the data
acquisition system. The controller was calibrated by the manufacturer to measure in the range
of A/F=14.57 (A=1) to A/F=50 (Figure 1.1). The specifications of the sensor and controller
are summarized in Table 7.6.
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Table 7.6 UEGO sensor specifications

UEGO sensor TL-6312-W1

I, (pumping current)

-0.05 to 0 mA (A=1), 3.859 t0 5.314 (O, 16%)

V,, (pumping voltage)

-2t025V

Sensor element tip Temperature

750 to 950 °C

Controller TC-6110C

Measuring range

A/F=14.57 to A/F=50 (H/C : 1.85)

Output

1 (A/F=14.57) t0 5.34V (A/F=50)

Correction Error (Vou-1) x 0.02 V

Amplifier Error +0.02V
Temperature Error +0.03V
5
4
— TC-6110C
> 3 1|
o
>
2
1
T T T T

14.57
14)-118 22 26 30 34 38 42 46 50

AlF

Figure 7.6 UEGO sensor characteristic curve

Pressure transducers

During this experimental work absolute and differential pressures were measured. Absolute
pressure measurements were taken at the engine inlet pipe before and after the valve that
regulates the EGR flow and at the engine exhaust pipe before and after the turbocharger. Also
an absolute pressure transducer was used for the measurement of pressure drop during the
expansion process of the vessel used for the determination of (pk)p product (chapter 4). All
the transducers were piezoresistive WIKA (model: ECO-TRONIC) measuring at the ranges 0-
0.5/1/2/4/6bar with the specifications of Table 7.7.

Table 7.7 Absolute pressure transducers specifications

Transducer type Piezoresistive

Response ms(10-90%) <5
Hysterisis %FSO <1
Reproducibility %FSO <0.3
Thermal Zero Shift %FSO/K 0.4/10K
Thermal Sensitivity Shift %Reading/K 0.3/10K
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The diferential pressure transducer used for the filter backpressure measurements was a
JUMO 0-500 mbar delta pressure range (4 ADI-55), calibrated from the manufacturer with a
full-scale error of 0.01. The specifications of the transducer are presented in Table 7.8. The
pressure transducer was verified on a weekly basis, using a Druck (Model DPI 510) dual
range pressure controller. The DPF pressure drop was validated at ten independent points
from 0-500mbar.

Table 7.8 Differential pressure transducer specifications

Transducer type Inductive displacement transducer
Error (under standard conditions) %FSO <1%
Response ms(10-90%) <20
Hysterisis %FSO <0.1
Ambient temperature error (10-50 °C) %FSO/ °C 0.05/°C

Thermocouples

During this experimental work temperatures were measured at various engine and filter
system points. The measurements were performed with K type thermocouples with the
following characteristics: material: NiCr-Ni, measuring range: —65/+1150 °C, dimensions:
J1x200mm.

Data acquisition system

The DAQ system allows graphical presentation and storage of real-time measurement data.

The systems hardware incorporates:

e a model 6024 National Instruments PCI card (analog input channels: 16 single ended,
digital 1/0 channels: 8, measurements accuracy: +0.074%) which obtains the signals
from the pressure and flow transducers mounted on the engine and filter systems, the load
and speed sensors of the dynamometer and finally the exhaust gas analysers.

e a model 6033 National Instruments PCI card with (analog input channels: 64 single
ended, digital 1/0 channels: 8, measurements accuracy: +0.052%) which is linked in a
multiplexing way with a model SCXI 1100 card (analog input channels: 32 differential,
measurements accuracy: +0.03%, linearity: +0.008%FS) used for the collection and
amplification of the temperature signals of the thermocouples mounted at various engine
and filter points.

For the acquisition a virtual instrument (V1) was designed in LABVIEW 5 environment. The

VI is separated in the front panel (Figure 7.7) that serves as the user interface and the block

diagram (graphical source code) designed with the synthesis of the functions and structures

called from the built-in libraries of the program. As can been seen in Figure 7.7 at the bottom
of the front panel are presented the numerical values of all the recording data in bar graphs
shape and optical alarms for the case of engine coolant overheating and depletion or
outpouring of the fuel tank. At the center of the front panel there are two real-time waveform
graphs showing the evolution of record data in time. The entering of data such as the path and
filename of the recording file, the scanning rate and the buffer size, data for SCXI and
acquisition card, thermocouples types and analysers measurement ranges is also needed for
the operation of the VI.
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Figure 7.7 Graphical presentation of data acquired by the cards in Labview environment.

The connection diagram of the V1 is separated in two sequences. In the first sequence are
defined as strings of constant values the names of each column in the record file. The second
sequence initializes the acquisition cards, acquires, post-process and saves data in the record
file. The VI hierarchy is shown in Figure 7.8.

Fuel consumption Data storage Thermocouples DAQ card
measurement recording recording

N N N N

N\
H B H H BB

Figure 7.8 Hierarchy of the VI connection diagram
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During this experimental work the sampling rate of the cards was controlled to 80kS/s
(defined according Nyquist theory) and the obtained data was subjected to a moving average
process resulting to a final sampling rate in the range between 0.1 and 1Hz.
The obtained accuracy for each type of measurement can be defined based on the ratio o/
(standard deviation over mean value of measurement). The value of this ratio for each type of
measurement for a set of 600 measurements obtained under a typical steady state experiment
with engine operating at the medium point of speed: 3000rpm, 40Nm is presented in Table

7.9.

Table 7.9

o/u ratio for all the measured quantities under a typical steady state experiment
Standard

Type of measurement Mean value deviation olu
Engine speed (rpm) 3017 2.54 0.0008
Engine torque (Nm) 41.12 0.16 0.004
Pressure (bar, measured at exhaust) 0.87 0.01 0.012
Temperature (°C measured at exhaust) 264.58 0.45 0.001
AlF 43.32 0.23 0.005
HC concentration (ppm) 84.83 0.86 0.011
CO concentration (ppm) 814.82 12.48 0.015
CO, concentration (%) 4.85 0.01 0.003
NO concentration (ppm) 200 3.25 0.016
Air velocity (m/s) 10.84 0.05 0.005
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Figure 7.9 INCA measurement and calibration environment

The more sophisticated system of ETAS that allows access to ECU measurement data as well
as request changes to internal ECU calibration variables was also established. The system
incorporates an intermediate module to load the programme and the maps stored in the
EPROM of engine ECU and an interface module (ETK) to link the ETK module with the PC-
based measurement and calibration software (INCA). Required measure and calibration
variables and their parameter settings are called from the engine ECU with the use of ASAM
interface and stored and easily assigned to the same workspace. The configuration of the
workspace used in our experimental work is presented in Figure 7.9.

Thermal analysis

Thermal analysis of soot samples was performed on a Rheometric Scientific STA 1500
simultaneous TGA-DSC analyser, which consists of a microbalance with a hangdown that is
placed in a very accurately controlled electrical oven with a maximum temperature of 1500.
Two ceramic crucibles (volume: 100 pl) a first one containing the sample and a second one
empty as reference can be placed on the hangdown as presented in the figure. The temperature
under each crucible is measured with K type thermocouples and the temperature difference is
employed to the calculation of the heatflow (mcal/s). The combined monitoring of heatflow
(DSC analysis) and sample mass variation (TGA analysis) makes possible the identification
of the processes, which can occur during soot oxidation. Non-isothermal tests were performed
with each sample, with a heating rate of 10°C per minute. The experiments were carried out in
air (for the characterization of the catalytic soot oxidation processes and the extraction of soot
and VOF oxidation kinetics) and also in nitrogen environment (for the determination of VOF
content). A gas flow of 10ml/min in the case of synthetic air experiments and of 35ml/min in
the case of nitrogen was maintained over the receptacle chamber. The analysis data was
recorded by the data acquisition system with a scan rate adjusted to 1 sec.

view from view from
above below

location reference

. crucible
location sample

crucible

sample crucible

thermocouple .
p reference crucible

thermocouple

Figure 7.10 Illustration of TGA-DSC device hangdown

SEM

Sem images were acquired with a Jeol 5310 Scanning Electron Microscope in the secondary
electron mode with an accelerating voltage of 25 KV.

Electronic balance
An electronic balance Kern (model: 822-43) with a precision of 0.1g and a weighing range of

0.1 to 6200g is used for the monitoring of engine fuel consumption (Figure 7.11) and the
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other weighing processes (e.g. weighing of filters after loading for the determination of
accumulated soot mass) performed during this work. The balance is linked to the PC via the
RS232 serial port, which is read by the LabVIEW software allowing the real-time collection
and graphical representation of the measurements data.

A

Figure 7.11 Use of electronic balance to measure engine fuel consumption.

7.2 Materials
Wall flow filters

The wall flow filters used in this work were SiC 14/200 provided by Ibiden. The design
characteristics of this filter type are presented in Figure 7.12. It consists of separate blocks
(four central and twelve peripheric) connected each other with the use of impermeable
cement. The thermal and mechanical properties of the materials and the resulted filter
structures are presented in Table. 7.10.

Ceramic substrate Unit filter Filter block Full filter structure
Mean pore diameter: 9um Cell pitch: 1.89mm Width: 34mm Diameter 143.8mm
Porosity : 42% Wall thickness: 0.4mm Length: 150, 254, 380mm  Adhesive thickness: 2mm

Cell density: 200 cpsi

)

=

,_aEE:!':\
o
5 e o

NG

Figure 7.12 Design characteristics of Ibiden 14/200 SiC filters

3M Interam expansion ceramic fibre mat with a thickness of 5mm was wrapped around the
filters and the resulted structures was placed inside steel shells (St 37) so that the mat to be
compressed about 3mm to avoid gas leaks.
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Table 7.10 Thermal and mechanical properties of Ibiden 14/200 SiC filters

Bulk density (kg/cm®) 1.80 0.72 1.26
Bending strength (MPa) 52 21
Young’s modules (GPa) 48 19 102
Thermal expansion coefficient ( /°C) 4.0x10°® 4.0x10° 2.7x10°
25°C 686 738 738
B 250°C 1005 1007 1007
Specific heat 500°C 1123 1152 1152
(I/kgK) 5
700°C 1182 1193 1193
1000°C 1219 1280 1280
25°C 29.2 0.184 0.184
o 250°C 18.0 0.215 0.215
Thermal conductivity 500°C 125 0222 0222
(W/mK) 5
700°C 10.1 0.219 0.219
1000°C 7.6 0.303 0.303
Chemicals

The diesel fuel used in this experimental work is in conformance with the 2000 European
standard of EN590 containing less than 350mg/kg sulfur.

The fuel additive used in the loading and regeneration experiments is based on Cerrium and
provided by Rhodia with the commercial name of Eolys DPX9. The fuel containing the
additive was prepared in batches of 4 litres using volumetric tubes for the precise
measurement of the fuel and additive quantities. The additive was very well mixed with the
fuel before entering the engine fuel pan with the use of an electric mixer.

7.3 Experimental Devices
Single channel filters

Single channel filter specimens were prepared by breaking up a full sized filter to be
employed to the measurements of (pk)p as described in chapter 4. The canning of the filters
was configured to be connected directly to the engine exhaust for loading or the expansion
device for the (pk)p measurement. The construction characteristics of these filters are
presented in Figure 7.13.
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(porous substrate)

Adiabatic material

Figure 7.13 Single channel filter specimens

Expansion device for (pk)p estimation and soot maldistribution measurements

A novel experimental device designed and employed to the estimation process of (pk)p
product in single channel filters and the measurement of soot maldistribution in full scale

filters. The configuration of the device is presented in Figure 7.14.

Inside diameter: ®8mm Solenoid valve (response 0.1s)
80mm

Single channel filter

1S
e
o
Pressure transducer/°°, Full scale
WIKA 2bar filter
@1.4x0.2mm
Vessel
V: 5L
N

Figure 7.14 Expansion device design characteristics

The device consists of a pressure vessel with a volume of 5It, which initially contains about 2
bar of pressurized air. Monitoring of the expansion process is carried out by means of
recording the signal of a pressure transducer (WIKA 2 bar) that is also mounted to the vessel.

A solenoid valve opens on demand by the data acquisition system, and triggers the expansion
of the compressed air from the vessel through the channel walls to the atmosphere. Two
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alternative types of discharge nozzles were designed and machined on the lathe, to allow the
measuring device to be fitted to mini-scale filters and to specific channels of full-scale filters.

Pitot tubes

During this work Pitot-static tubes were prepared in order to measure the flow velocities in
the high temperature corrosive environment of engine exhaust pipe. Two L-shaped Pitot tubes
were constructed from co-axial tubing according to the specifications presented in

Figure 7.15.

Total or Pitot Pressure Port
Static or Reference Pressure Port

.

D=6mm

40D

Four holes diam.: 0.12D
Snaced 90° anart Sensing Tip

O i
w? o Il 2 /‘>, — 8D —»

Figure 7.15 Basic Pitot-static tube construction

According to the theory the inner tube conducts the total pressure from the sensing tip to the
total or Pitot pressure port whereas the outer tube provides a path from the static pressure tap
to the static or reference pressure port.

The calibration of the pitot static tubes was carried out by placing them at the exit of a pipe
connected to an electric blower that supplies air at various mass flowrates controlled to result
in a variation to the air velocity in the range of 3 to 30m/s (Figure 7.16). The pipe was quite
long (about 3m) so that the air stream at the pipe exit to be fully developed. As reference
instrument for the velocity measurement was used a hot film sensor (TSI model 8345) that
also used for the control of the blower mass flowrate to result to the desired flow velocity.
After the measurement of velocity the pitot-static tube was placed at the exit of the pipe and
the differential pressure between the total and static pressure was measured with the use of a
differential pressure transducer (Cole&Palmer piezoresistive transducer, measuring range: 0O-
1kPa). According to the theory this pressure is correlated with the air flow velocity according

to the relationship:
Vg =C 2Ap pitot
Pg

Where C is a Pitot tube constant and pq the exhaust gas density set equal to 1.2 for the ambient
conditions of the calibration experiments.
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Figure 7.16 Pitot-static tubes calibration experiment
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Figure 7.17 Calibration curves of the Pitot-static tubes used for the exhaust gas flow velocity measurements.
The calibration performed at ambient conditions with a TSI hot wire velocity sensor to be used as reference for
the flow velocity measurements.

The differential pressure was validated at twelve independent velocity points. The results for
each pitot-static tube are presented in Figure 7.17. Based on the processing of the
experimental data the value for the constant C was defined as 0.97 for the first and 0.99 for
the second pitot. The mean error calculated in the range of 3 to 30m/s is 4% for the first and
2% for the second pitot.

Cold flow measurements test bed

A cold flow test rig for the investigation of flow maldistribution phenomena in wall flow
Diesel filters by means of flow velocity measurements was designed and manufactured. The
layout of the test rig is presented in Figure 7.18. It consists of a positive displacement Eaton
model 45 supercharger (displacement: 0.75l/rev) which is powered from a 5.5 HP, AC electric
motor (speed:2850rpm, frequency: 50Hz). The characteristic curves of the supercharger are
presented in Figure 7.19. The power is transmitted to the supercharger through a belt drive
system with an electromagnetic clutch to be included in the supercharger section.
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Figure 7.18 Cold flow test rig

The system of the particulate filter (diffuser + catalyst + filter) is mounted on the test rig,
about 500mm downstream the supercharger and is supplied with ambient air under various
mass flowrates. The experimental determination of flow velocity is done with the use of a hot
film sensor (temperature compensated, TSI VelociCalc Air Velocity Meter Model 8346). The
specifications of the sensor are presented in Table 7.11.

model 45 5psi (35kPa)

0.2 20
0.18 +— - 18
—e—mifr (kg/s) /
0.16 +— 16
© —=— power (hp) /
% 014 {— 14
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2000 4000 6000 8000 10000 12000 14000 16000

Figure 7.19 Power and mass flowrate curves of the supercharger us function of rotating speed for a pressure

drop of 35 kPa.

Supercharger Speed (rpm)

Power (hp)

The sensor is attached to an electronically controlled support device able to move with a pitch
of 0.1 mm in the vertical and horizontal direction, scanning the face of the measurement area

at each test. The mechanical and electronic parts used for the construction of the moving

device were taken from a typical plotter.
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Table 7.11 Air velocity transducer specifications

Transducer type Hot film

[Measuring range m/s 0to 30
r,:r::g: rglct;é/ ét:oné;))erature compensated in the %ESO <3%
Response ms(10-90%) <200
Repeatability %FSO <1
Operating temperature °C 0-93

The moving device is linked to the PC via the parallel port and the coordinates of the

measuring positions are programmed in HPGL language.
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