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Fuel Engines by Fuel Injection in front of Catalytic Converters. Master of Engineering
(Mechanical Engineering), Major Field: Mechanical Engineering, Department of
Mechanical Engineering. Thesis Advisor: Assistant Professor Ekathai Wirojsakunchai, Ph.D.

136 pages.

In the current study, a technique, called raw fuel injection, is selected for heating up
exhaust temperature sufficient to treat methane via Diesel Oxidation Catalyst (DOC). The
benefit of using this technique lies in low energy consumption with minimal system complexity
and costs as seen in many diesel aftertreatment operations. The raw fuel injection system is
installed into the tailpipe of DDF engine where the first DOC is installed in order to increase
temperature and the second DOC is installed downstream of the first DOC in order to treat
methane. Engine speed, lambda, engine-out exhaust temperature, and raw fuel injection

amounts are varied to investigate impact of various factors on reducing methane.

Results showed that the exhaust temperature of 200°C and Lambda of 1.7 was
sufficiently high for oxidizing diesel fuel in DOC. Once this condition was met, the key
important parameter on reducing methane is not only fuel injection amount (resulting in exhaust
temperature variations), but also the characteristic of engine-out exhausts. Fuel injection
amounts could be optimized with the characteristic of engine-out exhaust and CH, conversion
efficiency. Therefore, modified exhaust characteristics via raw fuel injection demonstrated

improvements in reducing methane emissions from DDF engines.
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12

Exhaust
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@r: EGR valye ECR codler p o
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Alr
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1 [settiing
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MNN 3 1AAITLUY EGR
31: Kim and Lee (2006)

d" o U A 4 1A 1 o

UoNNUMIUITUA EGR 15% 15 1uAs99eua HCCI WUNMUNaNIENUADAIINAY
v

uagdasimsgudennuioulunszuenguiios naz lidwwansznuaesasimsduiaos

v ¥ 3 J o A
uTNul%ﬂlWﬁQ%ﬂﬁjﬁﬂ [Canova et al. (2007)] UONVINUMITRALVY 2 IIHIZIINAUNITINY
1511 Hot EGR 11az3j3s03#1904 Throttling Mtz awii1iiSum CH, naz NOx anad 90%
o w A [ a Y 9 1 ] 3
inag 50% auaiay L“LJ?NZIJTﬂﬂ"liﬂ‘ﬂ“llf’NL‘]Jﬁ'Jvlwllﬁ$Qmﬂ@jﬂﬂluﬁﬂﬂm11ﬁmﬁﬂﬁﬁ LW]@EJNlliﬂ

[ [l 2] = 9
@]”I‘JJW‘U'N]lllﬁﬁﬂiﬂﬁﬂlGMTmﬂT‘%'NLWullﬂﬁNﬂ (Wannatong et al., 2009)

d' 1 v Y dy 1 [ Y [} =Y
vinfinannluirdeiinunnmssansw lvdlunszuengu liauisoanSum
cH, Tanuanazmsnfasuntasmsmn Indlunszuenguenndwmaldlszansammssiiau

A %
VDA TOIYUADAAN

a 4 d 4 a a aana
4. myaanaislule@eve unsessunaaromassiudlaszuuvlonlemedusaljizen

A Y 1 v Y A v a [ =y A = ,i’ a =\
@nu‘ﬂ"l@ﬂanuﬂumeuamm uawywaﬂiu”lmﬁwmmimsm@mmawmwmmm 5
a A 1 & a =) d' = j’ a 1
FUAAD 1YW, NOx, CO, THC ttag CH, cmmsa@mawysum'lmaamsmﬂumwawmwmim

9 A 9 A 4 (=1 ~ [ Y A S
ﬂ')ﬁlﬂ'lilﬂﬁﬂullﬂﬁﬂﬂ'lilw'lulﬂllGU’ENlﬂ‘i’f)\‘]flu@]’f]'mullllwSQW@ﬂﬂgﬁQWﬁiﬂlﬂiﬂQﬂuﬁW'lu
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a U 1 a a a 4 d A {
nasgumuquuany leidouazendwanelsz@ninmFinnuiouveunioseud 150150
Yo a A A a 9 = a U aan = A 3’,, st'
ulﬂi‘]Jﬂ’J']iJufJiJiﬂﬂ“VlQ(ﬂﬂﬂﬂ'liﬁﬂﬂJﬁWHTﬂﬂi%iﬁUUWﬂﬂqﬂlﬁﬂ!ﬂ)’ﬁlﬁ\‘i‘ﬂ{]ﬂifﬂ “]5\‘1@“]9]@]\‘111’31/]
: 4
N9vonvd lotdensoseud (Mouza et al., 1995; Heeb et al., 2000; Amatayakul and Ramnas
2001; Cinti ef al., 2002; Riveros et al., 2002; Zhang and Kim 2002) ¥39a51m3tnailfnsennu
1 = 0/ = a 1 aan d%l L% 1 aan =

seninas W le@enuszuuwen loi@edusal§asenvuegnuasisalfnsennil (Catalyst)
1182 Light off Temperature (LT) §1315011eUN159DY Arrhenius equation 10T UIIAIDY VDY

m3nalnsen 4+8 <> c+D lagsaumsi 13

—E
k=Aexp (= (13)
v (=)
HazenNIIMINALNNI 1NN 14

{5, oA R
—. — KIA]"[B] (14)

' A 1 A @ a ann ' A J AR g 1 A
Iﬂﬂﬂ’l k ﬂ@ﬂ?ﬂ\?ﬂﬂl@\i@@]ﬁ’]ﬂ’lﬂﬂﬂﬂaﬂiﬂ’l A1 A4 ﬂ'ﬁ)LW\lﬂW]@iﬂﬁ’lNﬂGB\?Lﬂ‘Llﬂ']ﬂ\W'I A1 E

[ aan [ ~ L 1 ~ 9 A
ApNAIUMINTzaUYDI s e (Ki/mol) lauaaslinaning 4 a1 R Aeainsivesniadin

U a o C4 % G o w a aan
8.314 J/Kmol A1 T Avgaimglduysal (K) 3919981 m uag n Aod1auveInsinaljnsen

U

Energy
Feactants

Froducts

Feaction Coordinate

~ A g aan 9 . . <
NMNN 4 llwuaﬂlﬁullﬁﬂ\jﬂaﬂiﬂ’]ﬂ']iﬂ']ﬂﬂ'ﬂlliﬂu (Exothermic reaction) ﬂlf]\iﬁ'ﬁﬂjh],ﬂ

flan: Department of Chemistry (2010)
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Tasilseiifinansznudesasnmafaljisemsedssansamveaunseslen leide

13139 YT TAI (Turns, 2000)

Y ¥ 9 A~ Y v y X ~a

1. ANUAUNVIUUDIFTITAINU 1uﬁ13azawmmmwwummmmwmmnw%zu
o a aan <3 da! A o g Y A @ da!
’E]ﬂﬁﬂ'lﬁlﬂﬂﬂ;]ﬂiﬂ'llﬁ’)sllu HBINIUIUDUMAVDITTITENAUNNTYFUNUNINVU

[

a gj 1 4 g
2. guvgd msdsduedluanziliquugiigeaziisasinisnalfiseniatu

U Y

A 9 A [ 2 A Az X
mmmﬂimaQammmmmunwawmqwuuazma@umiamumﬂwwﬂumﬂw

;4 1 H 4
[

A Aa (4 A A Aa o
3. NUNWITURE I‘JJmﬂﬁeUE]\‘iﬁ"liﬁQ AUNUNUNHITUATNINDL N@ﬁﬁ'lﬂ'lﬁmﬂﬂaﬂiﬂ'l

3 X A v v W 2
139UU mmmﬂnmiﬁuwﬁﬂumﬂﬂlu

@ 1 aan I 1 o Y a ann YX~4 2 4 @ l aan
4. awsalgisen duansaiinseihliinal§senlaizau esanndusalgnsen

vzt laandsaumsnszqualgnsen

9 Y v
5. wiaveIEITAIANIUagnULsIBaiioanas Tasead e Tuananaz wun

s = = A
ﬁ”l'iﬂigﬂ@ﬂblﬁjﬂﬁﬂ”liﬂﬂuﬂﬁglﬂﬂ Alkanes llﬂ’ﬂlllﬁﬂﬂiiflﬂ‘ﬂﬁ:ﬂ

manalfnaevesansna lllunsesen loidedausal§isenu Diesel oxidation

=K o aan A Ay 1 a o Y
catalyst (DOC) myﬂuﬂizuaumsmﬂgﬂsmﬂjmmimmu@mwuﬂﬂu (Heterogeneous) 4

eraa 130901 5 Tae Froment and Bischoff (1990) Taasune13dail

g’/ Y d‘ 9 = o aan 1Y =
1. Mass Transfer ﬁﬁ@]\mu‘ﬂhlﬁﬁ!flﬂlﬂ%$3Jﬂ1§‘1mﬂ§]ﬂ381ﬂul’€)\ﬂu Bulk gas 3UHI

&L a
WHNIVUDY mimﬁa‘u Substrate (Washcoat)

. . g’; 9y 1 d‘ dy a 1 aan = ]
2. Pore Diffusion #1503AUzLNT lNgnguvesiumy (@ssalfisoualidiuey

pt A a
NINTUUDINUND)

Y : Y
3. Adsorption INAMIRATUENTAIAUINOINUYATIVUN LAY
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Y
4. Catalytic Reaction Lﬂﬂmi‘l/hﬂ;]ﬂiﬂwm’dﬁ Tﬂﬂﬁu’aqﬂu Rate limiting step U943

1 d‘ [ ann [
Llﬂa$ﬁ1ﬁﬂﬂ1ﬂ§]ﬂimﬂu
. A o ann 3 9 a o 4 1
5. Desorption LJJEJ‘I/IT]J;]ﬂiEJ”ILﬁﬁ%!Lﬁ’Jﬁ"IiWﬁﬂﬂm“ﬂgﬂﬂﬁ@ﬂ@@ﬂNW
a o ' 1 { & a
6. Pore Diffusion i’ﬂﬁWaﬁﬂﬂ!“ﬂ%3LLWﬁ@@ﬂMWﬁﬁUW’Jﬂl@Q’dﬁlﬂa@‘u Substrate

7. Mass Transfer asnansaa vasen 1yl Bulk gas

CRBulk P Bulk
I | bulk gas flow
L - -
[ 1) (7) =
washcoat surface \ \

}
Cksu[-[ CP,Suﬂ'

1,7: mass transfer
2,6: pore diffusion
3.5: adsorption, desorption

4: catalytic reaction

R ... reactant species
P .. product species
ads ... adsorbed

d‘ gJ/ a aan Q'/ d‘ = a U aan
MNN S ﬂW‘WLLﬁﬂ\‘lﬂJu@]i’Juﬂ”|3Lﬂﬂ‘ﬂi‘]ﬂiﬂ?ﬂ]@\iﬁﬁﬂ’lulﬂ{lulﬂi’ENW@ﬂllﬂlﬁﬂlslf\i!iﬁﬂ{‘]ﬂimlmﬂ

Diesel oxidation catalyst (DOC)

131: Hayes et al. (1997)

Heck et al. (2002) na 1’J’NLM’E’)‘W%ﬁmT’L]\iﬂ’Nllﬁhwuﬁ%606@51ﬂ1ilﬂﬂﬂ§]ﬁ%&ﬂfﬁj
a 1 ] Aa o [ a aan I . . .
UNHU wmﬂumqqmwgnmﬁ ﬁ’ﬂfﬂimﬂﬂgﬂiEﬂL‘]JL!ﬂi%’U’JLlfﬂi Chemical Kinetic

9

(Wuaoud 3, 4, uaz 5) FWoanManalfnsnduiesnniindimlumsnaljasenios

Y

A a4 2 ° Y o a Aaaa A 2 A = @ 2
llazluﬂqmﬁj:ljNLW3J"]J1!1/]]1W@@]51ﬂ’]5lﬂﬂﬂaﬂiﬂ“WﬁJmulu@\iﬂTﬂuwaQQWHNTﬂ‘Uuﬂan

Re

. . g ~ o Y a aan < dg@l A
N32UIUNIT Pore Diffusion (YUADUN 6) ﬂ?iﬁlﬂﬂﬂ{]ﬂiﬂﬂi’ﬂlu Haguogmmg qmmmu

@ﬁi"lﬂ”lilﬂﬂﬂgﬂimﬁ] ﬂﬂﬂ’J‘]JﬂiJIﬂEJﬂiw‘]J’Juﬂ"li Mass Transfer ("UUG]’EJU‘VI 7) AIN NN 6
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Conversion (%)

Mass Transfer

~

Pore Diffusion

Chemical Kinetics

Temperature (O Q)

H a [ v J [ a Aaan a
ﬂTINﬁ 6 LLWHQMEST}L!LLﬁﬂQﬂ’J"I'JJleJWH‘ﬁ"Uﬂ\‘]E]@ﬁ?ﬂ”lilﬂﬂﬂgﬂiﬂ”l!tﬁ%@qmﬂ{]ll
31 Heck et al. (2002)

I 4 a 1 aan 4
Diesel oxidation catalyst (DOC) 1ilunsoanon loidaizusalfnievsomselonle
A Agq Y A I =\ 1 ann =~ a v W A
@onlFlunsoseuanaliasnsalgnseuaiilunszuiumsoendaduny THC uaz CO 1o
A < o q ¥a y 2 o = of 2 = D)
naswilu co, nagihldnannuiouduasaumsi 15 uag 16 AU I9d@ 150 1d DOC

< 7 A A 4 o {
ihuginsalivenugugungil lodeawigdesns lauaas 1iasnwi 7

1
CO+£O2 — CO, + Heat (15)

3
HC+£OZ—)C02+HZO+Heat (16)

H,0

Heat

MW 7 LAAINANNITTI9IUVDY Diesel oxidation catalyst
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. k) o A = a 1 aan @
Stein (1996) Ulﬂ‘VI@afJ\iﬂ13W1Q1usllﬂﬂlﬂiﬂ\1w@ﬂulmﬁﬂ!ﬂf\ili\iﬂaﬂﬁfﬂll‘ﬂ‘u DOC ny
4 J. e
INT0I8UAAFARDNNBMTALUUTIMBS TUB1SY (Direct Injection Turbocharged-Intercooled
. . . ' < A a A 1 Aaan .
Commercial Vehicle Engine) WUI1ANNLS 2Nwaseelenlo@eamas Qﬂ{]ﬂﬁ 81 (Space Velocity, SV)

a9y [ Y 1 <3 A = a 1 Aaan ~
ndnnamsaaatium co uaz THC laannanuialuaseslen le@adusalgnsenn
< 1 A = a aaa A Ay a 1 I 1 1 aan aAd
(3907 eInNnannal§nsennuAIuIun Ussiauaoaisisalgasenalnglu
A o [ = ~ Y ' 1 Aaan AaAd =
uwaiveduRedransnaalsuim Co uaz THC laannasisalfnseualnidlunuaion
) = dy 1 a Aan = d’d =) IS ]
P81A8Y  UBNIINUMITIIUIToUANHANRNUTMIRAITUNAMTUNANREUINAINITDAN
51 co wag THC ldannensisalgnsenalinauiiilsinaamsunamivnanogios ua
d’ = 1 0 d‘ = a 1 aAan = a a
iWegmunNganInna1 700°C wseon lerdaguslfnienvzlilsz@ninmuesmsan CoO
way THC 1ndiReanuileeann Light off temperature ¥o3a1515enonlndinesniu lauans 13
A < 1 ] Ao VA A S A A 1
A 8 UszauaemnlussgungiduviinesnainasessudaiUsuangann e Tnaru
d’ = a 1 aAan aS A ] d‘ . .
inseerlen lo@asusalfnserazidsuamuianaiiowin the Soluble Organic Fraction
(SOF) MpdsuuuAvNIRanTzUIUMIBandasuii i S uauviianas aoulurig
a 1 1 aan = A a o 9 ! aan A
gamglganuNaIsslgnssualinauniasunanivifSnadesnas msisalgnsouain
I = ] = s A 2] o a 49! Y L & o v
Wuasnuameuegiuasvzilsmamadama (SO, INATUTBY AIUUNITUIAIT159
Aaan { g a o Y o 1 1 4
gnseualintuarsunaiivuazwuaRounaunuludadiuiimuizaniedinisoan
S 1 4 o % I { o A
Y3 co THC azviin 1@ uaziiiorhans Methyl Ester $ailuansivlidsua co ua

A é’ 1A ] %’ Ly 49’ a o 79 Y [
THC tvuvuuadsuanvitaaaswau ludduyemas mmsauﬂﬂﬂizqﬂ@%mmu DOC

1S e co wag THC anadld

Efficiency [%] Efficiency (%]

100 \ 100+

400 500 "600 700 300 400 500 600 700 800
Temperature [K] Temperature [K]

o 1
e Cat C 0.35 g/dm® Pt == Cat D 0.07 g/dm® Pt =+ Cat E 1.77 g/dm* Pd |

M 8 unugiidundaslsz@niamuesaisuwaiiuuazniadonlu Doc

A3: Stein (1996)
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] ] A 5 A’I Aa Yy
Zhang et al. (2010) NA13IIN Lﬂ3?)\181!@]@“11'@1‘1)’&1"1@\13'JiJIﬂfJi“D’ﬂW“]ﬂiJ“l/l"lllﬂa (CHSOH)
I zil a P o A 5 Y A ) "y 1 12
S1E LIV GREREY mesmﬂmﬂﬁmfm@lmcmuam‘ﬂ?mmﬂwlluimmuuazwmueﬂmnmu
=y U dy YR [ v J 1 a =
15y THC tag CO u1nnN uf)ﬂﬁ]']ﬂullﬂﬁﬂ‘]%l']ﬂ’ﬂﬂJﬁiJWH‘ﬁigﬁ'JNiJaW‘H‘VINLI’E)L?RJSUEN
4 o - a v o J %) 1
L‘ﬂ%@\?ﬂuﬁalcﬁﬁl%ﬂLWﬁﬂﬁ’JNﬂUﬂﬂﬁWﬁ’Juﬂlﬂﬁﬂ%N'lﬂ!ﬂWGﬁmﬂWHﬂaﬂ@ﬂWﬂTﬁ (Fumigation Ratio)
J 4 @ J = %) J A 2 J =y
WU?WLﬁﬂ@ﬂﬁ?ﬁ?ﬂﬂl@ﬂﬂﬁN?ﬂ!ﬂW“IfLiJVHLl@a@ﬂﬂTﬂWﬁLWNﬁuﬁﬂNaiﬁﬂﬁNWﬂ! THC ttaeg CO
dﬂf A a Yy 1 t4 A ° = g
mnmummmmﬂﬂﬂmmTwuquﬁuyimiuﬂﬁzuaﬂqu W11 DOC FUYutu Engelhard
v '
CCX8772A mdanaauaad3aamnin 9 wuezsn iy THC, CO tazwmusaanad
A =\ A o Y a a o 49! .dy 1 = < 9 [
L‘L!E]\ﬁﬂﬂllfﬂi‘V]'V]ﬂ‘ﬂlﬂﬂﬂ?i@’ﬂﬂ“ﬁmcﬁuﬂﬂﬂﬂlu wonAUNU NI NOx aaadanudaile
o s 4 X g 4 4 o : o
Ma'luTasnulaoonlsa (NO,) NNAEANT 08 (HBI91AMTINUTAT1EIUYDUT a9

a

mueaneo1Mah e imaanas dawaliguugiinisw lniflunszuenguuazlSuim Nox
' a a v 4 ) a 3
anas uag NO, lumwisamanszuaumseendasuilu N, uaz 0, 14 e DOC 1ndAnas
wuMzih 19 NO, apauilosninamisamanszuiumsesndmsunuassslgnseualingu
Y Y 1
Tu pOC Aniuf3um Nox Jsaaasaie uenvntwuiniewii lvardiu Doc vhldsuw
19318004 111939910 the Soluble Organic Fraction (SOF) MogUUHIUDINUAANTZVIUMNT
a & (% 1 ann =1 dy 1 (&) A d? d’
peNFATUNUMIIYNTE AN U DOC HeNINUNUIMNTINUMEIMUBAINYWILBIIN
9 [ ' . o
msngarin lvesmammuealusowmiuveanssuengu (Crevices) tagmsauvoalas il
v ] 4 o 1 1 o =
NOUAINIIVDINTZUBNGY (Quenched) orhimasunivea lnariu DoC nuhldlsnm
2] 4 a a v @ a 4 o
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MNA 9 UAAIAILHUIVDI DOC

AN Zhang et al. (2010)

=~

Tuiagiiuszuuen loidedassgnsennldanlsuim cH, daulvgazil Substrate
<3| .. = ' aan = A = A o = '
iU Cordierite TaaNassa§asouatnaununiaifen (Pd) tazuwaniiy (Pt nadU0gLU

WUHIYOY Alumina (ALO,) WBI5INsINAUR3 o100V CH, AaaunIsh 17
CH, + 20, + Pd/Pt — CO, + 2H,0+ Pd/Pt (17)

Yamamoto and Uchida (1998) ladanyinmsihniuvesszuuen loideimasaljisend
o aan v o a % . | A = = A J
Ao uMyeenBan (Catalytic Oxidation) tioaalsum CH, luloidovounsosonud
[ Aada a ‘o v = A = a J aan A
MYFIINPANTYUHNAINI 658 K Taenfseuieunseslonloideisusalfnienni pd-
Pt/Alumina, Pt-Rh/Alumina, Pd/Alumina, 1182 Pt/Alumina Wi uaseaden loideidauslfnien
d‘d . =\ a A =Y =\ 9 1 d‘
% Pd-Pt/Alumina Jisz@nSmmlumsandSum cH, uazlioignmsldanuunninasesnon
= a ' aan d‘d J aan = a d‘ d’ o aan a % 9
lo@aFasalgnsenntiarssalfnseualinaguriaduiiosnin cH, ilgiseeendiatula

[

= = J G R a = A A a
ANUAITNUALAYN (Pd) Llﬁ)ﬂmﬂummwnﬂin1mﬁﬁw1mmEliJGluLﬂifNWf)ﬂUl@mm“]NLN

=

{56191 Pd-PyAlumina Taorinn 1404 15 g/l dawaliilsz@nsamuesnmisanves CH, uazil

v Y ] [
21913 1FuLINIY tazmsiulSuadisunaiiy Py Teenlane 7 g1 awmald
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A A a = Y A dy < Y A
dszaninmlumsaalSuiaves  cH, tazliongnslyaumuyantios tiesinais
= a . . | P ) Y ' aaa = a A
WiaReNEITaNANg Sintering (Juaungrianmiasisalgnsenatanlszansamn
o Y U a o dy 9 A = a 1 aan A 9
M) Tdannasunamiv uenanil lanaasunieson lodaFasljnsenieldau

[ & ' A A A 1 Aaan A 1 Aaan ~
11400 5 Tuanuanaseswen leidadusal§asenliasisslfnsouniiney  Pd-
Pt/Alumina lagdUSuadiunguaisnuaon 10 g1 uazaisuwaniu 10 gl el
Uszdninmaesnsan  CH, annasisslfnseuatinguunudu ldudasidaanini 10

111999 INENIUNAaMINAANS Sintering 1N NA 1S5RS o UATFIIADY

40

n
o

Total hydrocarbon conversion / %
o

o

500 1000 1500
Time on stream / h

Conversion of hydrocarbon at 658 K as a function of time
on stream for various catalysts. (@) Pt(10 g/1)-Pd(10 g/l)/alumina,
(A) Pt(10 gM/alumina, (O) Pd(10 g/1)/alumina.

d' a 9 Aa A o 1 ann = d' A‘
MNN 10 Lmuqmauuﬁmﬂszﬁmmwmimammm’mimﬂ;]ﬂsmmu LiJ’C)Lﬂii’J\‘]V\l@ﬂllﬂ

@orFusalfnsengnldauunndt 400 421
111: Yamamoto and Uchida (1998)

9 1 1 1 d‘ . o d‘
Persson et al. (2006) 1ana1 Tuaniiz lunan (Transient State) UDINITNINIUATON
Wonloideusal§Aze1ndl Pd/Alumina Hilsz@nsmmlumsaaiSunaves CH, ganii Pd-
Pt/Alumina lauaasl3aenini 11 ualuan1izaei (Steady State) Y9451 Pd/Alumina

= a a = ° J A 1 ' A o
wilseansnmlumsandSuin CH, 110N LU’ENi]TﬂGIf'NﬁﬂYJ%UlﬂJﬂQVIEU’ENﬂﬁTIN11!11!

IS a 1

wsoaronle@aus s etiguugl ligannuazaiswua@oud Light off Temperature

Q U

p 1 a o U ' { 4 %’ &
Y93 CH, ennNasunanuy mummmazmﬁmmmwwm%ﬁ%mﬂummﬂmﬁﬂmﬂ
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[ Y % 9 1 o Aaan = = I =) 4
mwa“lw 0, ‘llf)\?ul@u'l!.‘ll'lulﬂllﬂﬁﬂﬁj;]ﬂﬁfJ'l“I/lN!,ﬂllﬂ‘U’s’ﬂﬁ“V‘H!,a!ﬂﬂiJLﬂuﬁ']ﬁW'l!mﬂfJiJﬂ@ﬂllﬁliﬂ

1 VA Ao ' o A A a Aaa A .
(PdO) UINITNUNDIINQUNHNATNIN 600 C Lﬂﬁf’)\ﬁ/‘l@ﬂhlﬂlﬁﬂlﬂf\ili\1ﬂaﬂiﬂ']ﬂ1] Pd-Pt/Alumina

=

HlszansnmlumsaatSumves cH, ldannasisalfaseunlinauyiiag

100 0-0
0
80 4
$ 704
c
S 60+ /
-4 4
$ s0- /[
c
§ - K
c A/A /
< A {
20 4
10 ;
X e
04 AL e OES-O=0-0-0"
) Ll 2 T ¥ T b2 T ¥ T
300 400 500 600 700 800 900
Inlet temperature (°C)

Transient activity tests during heating. The methane conversion is shown
versus the inlet temperature to the catalysts for PdjpoPto (H), PdgoPty (@),
Pdg7Pt33 (A), PdsoPtsp (A), Pd33Pts7 (O) and PdgPryop (D).

@

a1 uwugiidundalsz@ninmmsihauvesaissaljaseualndunamiviag

nuaeuludaaiunaieaniy
31 Persson ef al. (2006)

o Y a A A a A '
Gelin (2003) lanadouisz@niamvesnisan CH, veunsesronloidoiFasa
Ufaselians Pa/ALO, naz PYALO, nuuIntuazldnunds wun Pa/ALO, uuu ez 14
Y A a A 1 1 9 Y A
Nuudlszaniamueanisan CH, g9n1  PYALO, ubin Inuuazl9auuad iedain
a o a . . FI 1 = 1 A = ?,’ 9y A
uWaMinaW50INA Sintering IAAnNW IR Avnulenadey Tasmsiaiuid 1 Tuases
WonlodeFusalfasemua wsesen lododusalfnsenniiars Pd/ALO, nunIntuas
1¥auudaay PraLO, uuvlui J1sz@nnimaesnisan CH, anaauin 11109910 0, ¥o4'1o
%,‘ o aan a v A = a U aan U Y o aan
ansavinlfnseeensadulunsesen lodasusalfnserdwald cH, iagase
a v o =) 1 ] <3 1 A = a U aan A
pONFIATUNUAsNIARBNAnAY taod1 lsnaunuInaseslen loidaFus sl gaserndians

a a <3 4 o
PYALO, nuulFauuda Hdszdnsnwvesmsan  CH, anauaniios 1iioa91nd1m1snim
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aan a o 4 a 1 aan ' 1 y 4] o 14
Ugmseeendasulunsowen lodadusalgnsonldiosegua aeuuilodamadanos la
4 4 a 1 Aann g 1 4 a 1 aan
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78.7 kJmol ' ) g4n71 PA/ALO, ( 76.3 kJmol ' ), Pd/SiO, ( 75.0 kJmol " ) tag Pd/Zr0, ( 77.0
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MNWAN 16 NIND1Y Substrate N1 1AL UY Wire-Mesh Honeycomb

A3: Mei ez al. (2004)
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Substrate ‘W‘]J’N‘ﬂﬂ’NZJLi’ﬂu‘ﬁ@ﬂﬂﬁlﬂﬂlﬂiﬂﬂﬂ’E]ﬂvlf)!ﬁﬂﬁf\ui\‘iﬂ;]ﬂﬁﬂ”l (Space Velocity, SV)

@1 Substrate NVIWIIAETINANUTZANTAIMNITAR CO Az THC ganiilane 1104910

[

wsatiguantansihanuieudinn langild ldinamsgadeanudewiloninidg

an

94 Substrate 18819 15 An MU AANUE TuFeeTveuaTearlon leidaFus s fasen
(Space Velocity, SV) g4 Substrate fi¥u191n Tanziilss@nSnmnisan Co wag THC ganh
Tang ifleaniniasesenleidadusal§iserifidsunsiiiu Substrate AvinnTang
mmiaaammuiﬁ’ﬁﬁuﬁﬁwmgﬂmmmmﬁ@ (Geometric surface area, GSA) N1ANI
Substrate 711111191n131iiA [Santos and Costa (2008)] WeN N1 P/ALO, iiudisa
U§ATeuafives CH, WU Substrate iinnanmaiaiilss@nsamuosnsan CH, gen
Tang 11104910 Substrate AVBNMINETATMITIRIIANLTOURINT Substrate AN

= a

o Y A o a A = a J aan U
Ia’l’ig 1/1161,14 Substrate ‘1/]‘1/]TJJ1%']ﬂL“lﬁ111ﬂll'E)mﬁﬂllGluLﬂi't’]\‘I‘V\Iﬂﬂqﬂlﬁﬂl%ﬂliﬁﬂaﬂﬁﬂ'l’qx‘iﬂ’ﬂ

Q U

Substrate N0 Tavz Iduaaa 1 3qan 1w 17 (Kikuchi ez al., 2003)

100

80

60

40
Pd/AlOfceramic honeycomb
Pd/SnO,/ceramic honeycomb
Pd/Al,O,/metal honeycomb

CH, conversion / %

tit

20

0 1 i 1 1 1
200 300 400 500 600 700 800

Temperature / °C

d' a 9 a A o 1 aan = = d‘d
MNN 17 Lmugmﬁuuﬁmﬂszﬁmmwmsmammm’msmﬂ;]ﬂﬁmmuwmmawu

3 @ 1 A o
Substrate L‘]Ju’Jﬁﬂ@Nﬂfuﬂﬂu

3N: Kikuchi et al. (2003)
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3.2 Particulate matter measurement
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PRE-CAT OEM OEM OD OD oD oD OD OD
MAIN-CAT IM IM M M M M M M
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1.1.1 dwlsdasgie Psinamsdadniuniunieslon lo@edusalgnze
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122 @wlsaune quugiings PRE-CAT 1az MAIN-CAT, Usz@n5nimaeq

n13an CH,

123 awlsauguie  quanlianieneninuaznIuniived PRE-CAT uag
a ~ z o Y A = Aa 1 aaa <3
MAIN-CAT, 1J33J']il!fnﬁﬂﬂu'liJLlﬁH"IL‘ﬂﬁ’E)QV\Iﬂﬂ‘lﬂLﬁﬂLGB\u'ﬁ\iﬂaﬂﬁfﬂ, AIULIITOUUD
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1.3 HanszNUILeIINAMAN YU YD PRE-CAT ldnaaeuiian1izmsiaiuluy
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1.3.1 sulsdasze guaniianianenmuaznuniives PRE-CAT
132 saulsmwne Usz@nsamuesnisaa CH, ¥09 PRE-CAT

133 daulsnrugune auauianienienmiazmMaalived MAIN-CAT, U5
= 90‘ o Y A = a 1 Aaan <3 A 4 a =
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A '
AMNATDIYUA
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Q U



59

A a = A J Y A o
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a ~ %l o Y A = a 1 aaa <
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INTD38UE, Lambda
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Bldyw

UAIRA1TUN 5%, 10%, Uag 15% duration time 11T 8RBV Mode 4
o a a { 4 4
1.6.1 @m1lsdaszie Lambda, YSuawanylule@enoonainnisisua

1.62 @wilsmune quuglnal PRE-CAT tag MAIN-CAT, sz@ninmves

A13aa CH,

1.63 samlsnruquie auduiianianenIntazn1anilived PRE-CAT  uag
a ~ 5°/ o 9 A = Aa 1 aan <
MAIN-CAT, ‘]Jilﬂﬂ!ﬂ"liﬂﬂ1!Tll1!‘WH']Lﬂ'i'f)\iwf‘]ﬂhl@!,ﬁfllclﬁﬁﬁﬂaﬂﬁfn, AITULIITOUUD
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P

v A = 1 ' a a a = A a a aan A
NIGA?! Gﬁﬁﬁﬂwaﬂﬂﬂﬁgﬁ‘ﬂ‘ﬁﬂ'lw"’UENﬂ'liaﬂllawHllﬂlﬁﬂ‘llﬂ\uﬂﬁ@\‘lwf)ﬂulﬂ!ﬁﬂﬂf\ui\ﬁjgﬂﬁﬂ'] Y\ Q)
a (2 A A A 4 = 9 A
NsaYSaNaNENEONNINNATOIWUAYDY Mode 1 D48 (LLﬁﬂQ%ﬂHﬁTﬂU@WﬁWQVI 7)
1A a Y Y A I o A w
WU'J'I?J“]J%?JWQHJQWEﬂlgﬂ']ﬂuf)ﬂﬂﬂl’)u Mode 2 11184910 Mode 2 11 EN1IEMTINNUNLOAT
Y H 1 4 ' a
funlaeaihisiu 81190190 Mode HONINHNUI Mode 6 N0 CH, THC tag CO w1

a

d‘ S 9}‘0 1 ' = tﬂ' S A
L“L!EN*NﬂiJQﬂ!ﬁﬂﬂﬂl@ﬂﬂWﬁlWWllﬁiJﬁ'] AN Mode 7 U151t NOx mntitesnnidsunm

U

a

o A 9 2 A 2 o ) o q Yt 9 =
MyoonFauNInuazoasdulaeuiniuaoudni diiguugivesnmam ludgaiie
d' a a &Y [ Y 49! d‘ a
wenvznanszuIUMseandasunumes luTnsiau launaUu [Heywood (1988)] tiiaii1sa
Y51uuaiyiin1gwenvyod PRE-CAT U493 Mode 1048 wuSuia CH, uag THC laina
~ [ [ < 1 = 9 9
msulasunlas uasdralsnamununainsaantsua co ldnuasniu Mode 1, Mode 2,
A a A A A do A o Y =)
1ag Mode 6 Ho9Inguugniveslei@eesnainiasessuaaunu 11 ld PRE-CAT
Usz@nimnvednisan CO @1 loNsaNsuauaniyiniaeenved MAIN-CAT WU
=Y (=Y 4 ] o 1 [ <3 1
Ysua cH, uaz THC himeamslasuuilausuifedny PRE-CAT uang1e lsnaiunuin
Mode 6 liamnsnanifsunm co 18 ileaningungiivesloideNoansin PRE-CAT aunu 'l
o 1 < 1 i A [ {
M1 MAIN-CAT Tiansaantsuna co 18 Usziduasuuiloiiarsandsnnusuan (Ap) 1
Aa 49@1 9 ~ 1 A g
1NAUU YU PRE-CAT (uﬁmmaga"lﬂumawm 7) W31 PRE-CAT N1Juved OEM (Mode 1
Y] 1 4 g
1Az Mode 2) HANUAUAANINAIIVBY OD (Mode 3 D4 Mode 8) 14189910 PRE-CAT Niluveq

OEM 1yu19N81In1U049 OD [Heck e al. (2002)]
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y o 9

d‘ a2 v = 1 d' =t d’ = a 1 aan
m319i 7 WSunawansranveslode lugren ludaihidundunseslen lo@asasalfnze

IMEP  Ap Emissions CH, THC CO  NOx 02 PM
Mode
bar kPa Measurement ppm ppmC ppm ppm %vol mg/m3

1 1.9 1.24  Engine-Out 4514 7230 3200 8 11
After PRE-CAT 4040 6550 2400 10 11 0
After MAIN-CAT 3991 5798 100 9 11

2 5.1 3.76  Engine-Out 2904 4925 2000 35 11
After PRE-CAT 2853 4465 200 40 11 13
After MAIN-CAT 2719 4199 0 37 11

3 2.83 0.24  Engine-Out 4788 7730 3000 5 12
After PRE-CAT 4721 6877 0 8 12 0
After MAIN-CAT 4479 6867 0 6 12

4 3.15 0.2  Engine-Out 3254 5085 2000 22 11
After PRE-CAT 3288 4713 0 27 11 0
After MAIN-CAT 3240 4487 0 24 11

5 2.48 0.16  Engine-Out 5253 8024 5500 3 12
After PRE-CAT 5284 7151 0 4 12 0
After MAIN-CAT 5146 6539 0 4 12

6 2.85 0.19  Engine-Out 8221 15324 9000 5 12
After PRE-CAT 7790 14478 8800 6 12 0
After MAIN-CAT 7699 13851 9200 5 12

7 2.54 0.39  Engine-Out 1669 3357 1300 75 12
After PRE-CAT 1699 3214 0 79 12 3
After MAIN-CAT 1603 2987 0 66 13

8 2.64 0.11  Engine-Out 5837 10110 2700 9 8
After PRE-CAT 5781 9198 0 11 8 0

After MAIN-CAT 5423 8574 0 10 8
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v v ]
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o o = U Y =) = a \ aana
3. mammualSinanhdiuvesszuumsaaihduntiunsesronled@ad asalfnsen
3.1 528181U0ININA (Duration time)

$ 1 1 ’.3 ] I o A [l Aa a
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Lﬂ%@ﬂﬂ@ﬂqﬂlaﬂl%ﬂliﬂﬂﬁﬁnﬁﬂﬂg{ (Asad et al., 2007; Wirojsakunchai et al., 2009) unoe1els
3 1 o ° 3 . < X o
AeunundSunaniiuansanviua la lasldnisaailu Duration time #uiluralveod
Ny ~ ) o ' o v A A o ]
380 Needle valve 113270 NN 36 lauaaidiog1amsmauyeaiinadomvualy 1
o v A L) 1 d' d' o Y = d'
FOUMITMINUVBIHINANINDY 1000 msec WLUINNANND 50 Hz M 15zezna1vednisnan
' v Y A YA . . 3
100% tN1NU 20 msec Tumsnaasdldidenlen 5%, 10% 4ag 15% duration time 1u

] P Y
@]’J@Eﬂ\‘lﬂluﬂﬁﬁﬂlﬂﬂwﬁﬂi%ﬂﬂlﬁ@ﬂ%?ﬂﬂiﬂTﬂ!UWNu AIUUIA1VDINTUN Needle valve T

WIRAWNND 1, 2 1A% 3 msec MNAIAL

Period set = Time on = 1000msec

=

50Hz = 20msec

10% = 2msec

|

Y 1 3 o A . .
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1 1 %’ v 4 = a 1
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Ugmsendedldfuaiussdunaz faghawnsonuusinugeldgane Idinadgmarldsees
v & = A Yo 2 o A &~ < Yy v o
szuUge aniutadenld iR aveniumudugadivab@ ez IuMI1Fs a1 2-5 bar)

1 Y o ¥ o 4 a ] Aann ] 2
daraldszuumsiainiuvedtmsfadniuniunieslen lodaFasalfns e hidesldls

=

9 o [ o o Y A o X Y1 A Y v A
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o [ ¥ a a @ 1 I
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o [ = g ] I 1 =
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1 ¥ a a I o 4 [ g’.a [
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HSIAUVBINITRA 1ANATOUTIAUVDINITAAN 4 bar, 5 bar 11A2 6 bar lasivualigungl
? o { . . { 1 I
Y991135% 40°C 1WA 50 Hz 110¢ Duration time 10% AINNNNIITNAADI WA UazDd
HooRNgafD 6 bar, 5 bar 1Az 4 bar MudwULAAL 131U WA 37 111999109 6 bar Heavq
? o < A A < Y A v < v A A A
iurnadn uazlinnuenivaniluazessdosduiga uasgalsaaunuiulodai 6 bar
. . ] = 9 A [ v A %’ @ a o Y
18z Duration time 5% lueu1sofaeenu laiioanrnusiauluiinatiiuunnnu v g
v A [} o ] gj/ 9 [ I v A a
Needle Valve Turaia luansovhaulugsiaaduls uazussau 6 bar iflunssauiganu

1 9OI -7
ANTZUUMI AT U INTaNU e

37A 37B 37C

~ 1 v 3 ? o a A o
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= = 90‘ v 3 A A =
322 ﬂﬁﬁﬂ‘]&l1Naﬂﬁ%“l/l‘]JGUfNﬂﬁﬂWL!13J’LlL‘]JuangfNFJEJEJLM’E)Qmﬂﬂ’JHJﬂSUE’Nmiﬂﬂ

' I =2 = ? o &
mamaamauuﬂumﬁﬂﬂymaﬂiz‘wummmm@ummﬂuaz@mdaﬂ
4 A 2 v = a A
IHBDNITINAITUDUBDINITIRA llﬂ“l/lﬂﬁf)ﬂﬂ’ﬂhﬂ‘ll@\‘]ﬂ"liﬂﬂﬂ 50 Hz, 60Hz uag 70 HZTﬂ‘(’J

4
a o

Mvualiguuglveiiniyu 40°C 596U 5 bar Az Duration time 10% AINYNNITNAADA

] I Y A @ A 1 ] < A o A A H ]

wunanuiuazessdsslndimeatunand i luning 38 uasd1alsnauiieAananudaua
2 P . ! 1 2 Y A J <3

60 Hz ¥u'liuag Duration time 5% WU luaITDRAANUT MBI 1n NN T

v A o < 1 = Y
WRamauGEwnu lumaniodala

38A 38B 38C

a ' v ? o A A P~
MNAN 38 uaaInIme1enNsuanall uazeodrpeveatintiu lagRanaud: 50 Hz (38A),

60 Hz (38B), 1iaig 70 Hz (38C)

A I a
HUYLYiA: gounmsnaaeuuszuuia
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y, :
323 fﬂiﬁﬂ]&ﬂwﬂﬂiz‘ﬂﬂﬂlﬂﬁf‘lﬁaﬂiﬂllulﬂuﬁg’ﬂ’ﬂﬂNﬂﬂlﬁ@ﬂ‘mﬂi%ﬂm’mﬁlﬂﬁ
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N1INA
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1 I = = 3
N5NAaeIRNNYUNMSANEINGNTENUVDINTRAL NI Uaz ooy
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Mvualigungiveaingdu 40°C 598U 5 bar 1azANUD 50 Hz ATNNNNSNAGDY WU
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= I A 2 1
ix‘]J‘Uﬂ”liﬂﬂ‘Ll”IﬂJ‘Lmﬂﬂﬂi’)f’JﬂiJ”IL‘]Jua%@@&ﬂﬂﬂ‘nﬂﬁﬂ”l’lz uam"l,’fﬂumwm 39 UBNIINUNUN

G
9
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mummﬂuazamN@ﬂuﬂwqmmm"hmmwm 39C 1UBINN 5% duration time INQAILVULUN
v a A o o o Yy A < ¥ A ~ .
Glummmaawnmuﬁu VIWGl,ﬁiJﬂ’J'lllﬂ13ﬂllﬁﬂlﬂua$ﬂﬂﬁﬂﬂﬂﬁuﬂq@ 1agN 15% duration

. J I v a A o o Y A I A
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39A 39B 39C

a ' (=] ? o 2 A . .
MW 39 uaaamnmemsuanauiuazooidosveaiu lngnan: 5% duration time (394A),

11% duration time (39B), ta¢ 15% duration time (39C)
~ I a
T‘i?»l"lﬂ!‘ﬁ@: ’G’fﬂ'lﬂﬂﬂ?ﬁﬂﬂﬁ@ﬂlﬂuﬁgﬂﬂlﬂﬂ

1 { [ . a I
INHANITNAADINUIINITNANUTIAU 5 bar, A7149 50 Hz HAZRUNYU 40°C 11l u
d' d' = %’ Ly Y 4’ = a 1 Aaan d'
ﬁﬂ"l?l%‘ﬂ!,‘ﬁll”lzfﬁJ'VIf,jﬂ‘llﬂx‘liz‘]_l‘]JﬂTiﬂﬂunJu‘ViuHﬂi’f)\W\l’f)ﬂbl’f)Lﬁ'ﬂW\iLﬁ\iﬂg]ﬂifﬂ IUBDNN

a 3w g Yt - d
ﬁmﬁamumuu,ﬂuazaawlaa”lw 5%, 10%, 1tag 15% duration time
2 A a
4. 1YaL19YAVDUBIINAI

g L= zé a ;A [ 14 4 o [ 9 1
HIUALEa (B2) “lix‘lilﬂﬁﬂﬂl‘:]imwaillﬂ@ﬂﬂ“l“]fﬂ 0.0283% Iﬂﬂi]’m, NIUSDUUBYINI

2 v ' a v A a A It
0.0I%TﬂfJil’Jﬁ HagUHIUBYNIN 0.0S%IﬂfJ‘IJ'i‘JﬂG]ﬁ Qﬂ(lG]fL”IJLlLG]f’E)LWﬁﬁﬂlﬂﬂlﬂi@\iﬂuﬁﬂl"]jﬁ

]
v A = a

{ a a ¥ o I ¥ a o
L%meimuam% Raw fuel injection Wluaa (B2) Wwhiduasangnran Taguien

U
g @

dan. 109 Wmry) Tagdmiiedun 1 wiien wa. 2551 “onnuauauLlAveINIY
a 9°/ = Y ~ Ao Aa d 9

sysumAtaziiudea (82) udadldluaisian 8 Tashimasssumaiudoyanin
v Aaov = = d 1 = 1 = A =S A

gonfudvenazmalulas Uan. FuduanassznnuaoungAINIeU W.A. 2553 Dufou

@ ? o a I oA Y o a ? o oa

AUEIEU W.A. 2554 agiiiuama (B2) umnilszuaainiiduama (B0) wag WiNuawa

A
(B5) §iA1 LHV, H/C, SG 81999 naniuiseuazmalulad dan. wuenninil (A/F), uag H/C

MU Iag MW (Heywood, 1988)
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H VY [ a g [}
M319N 8 31wAzIDIANUANLAYRINITITNIALALU UL (B2)

ITEM Natural Gas Diedel (B2) Unit
LHV 34.14 42.8 MlJ/kg
MW 22.198 170 kg/kmole
(A/F), 11.711 14.5

H/C 3.24348 1.8

o/C 0.25589 -

N/C 0.03533 3
SG 0.77 0.83

31: Heywood (1988) uazaa1udveuazing 1ulad Uan. (2553)

{ o o 1 o %) aa @
1NAT1N 8 mmmmuam‘m@mﬁ1mu%’@ﬂammWamumcﬁﬁiimmmwawm

9
v

A9 91U (%Energy Ratio, %NG) ttaad 13 1uaun150 20 (Wannatong et al., 2009)

(LHV por =ikt g )
T rorr = S 1 (20)
.LH.,\;,;xmm;.+'.LHr|:.me

WNG =

H ¥ 9
Tag  %NG ﬁ’f] 231 IUVINAINNUYBDN CH, uazwawmg%mamwm

1 24 a
Age A0 Wad9veslTinans 19veamssIsNING (kg/h)
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4 0 71 0 After PRE-CAT 3289 4713
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5 64.55 2.86 After PRE-CAT 2859 3739
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Duration Energy Fuel
Emissions CH, THC
Mode Time Ratio Energy
Measurement
(%) (%) (kW) (ppm) (ppmC)

5 0 71 0 After PRE-CAT 5284 7151
After MAIN-CAT 5146 6539

5 64.87 2.98 After PRE-CAT 1834 2248

After MAIN-CAT 627 1006

10 61.66 4.23 After PRE-CAT 0 426

After MAIN-CAT 0 418

15 59.1 5.22 After PRE-CAT 0 645

After MAIN-CAT 0 0
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Aa N 7 o ' 2
gl loideoon11nAT09euAA 1IN Mode 4 taziidsuim CO, CH,, uaz THC 00n91N
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d‘ a = a U

] dl A ’.f v 9 d' aan 1
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u
. 9
o
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Y

Ysum cH, nag THC Iddewald hignsouguugings PRE-CAT 1ag MAIN-CAT 14

a

{ 4 a 4 I
aas13lunmi 554 uag 55B) ilesnnguugii letdeeenninasesoud 170°C ugumngil

U

naunu i ld liensoinal§isemianiilu PRE-CAT uag MAIN-CAT 1@ (Chiew et al.,

2005)

v A

= %’ @ Y A =S a 1 aan ~ .
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1 < 4 4 a
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a

di 4 = Y =1 = -d' d' d 9 :7 = Aa
IN3038UA 200°C aqLm’anuqmmm"lmﬁamaﬂmﬂLﬂimfmmauwmgmuﬂimm CO,

= A 4 o YA a A
CH4, iag THC GluvlﬂlﬁﬂﬁlﬂﬂiﬂﬂlﬂﬁﬂﬂEJL!G]3J'lﬂ‘l/]'li1’illﬂ§$ﬁ‘1/]‘ﬁﬂ'l1/‘lﬂ15ﬁﬂ CH4 UIn IﬂﬂLﬂW'IZ
= Y 9 A = a ' aan A . . 1A a a
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1 1 1 <3 ~ a = A o = Y1 A
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NN 55 QUNHUNGI PRE-CAT (55A) 110291 NNA1 MAIN-CAT (55B) 7 5%, 10%,
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. ) . R
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waasldnnaro 8960 IAlunni 56A) daunaNgungiivas PRE-CAT #1071 Mode 4
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4 = 4 4 J
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a [ a

] Y
AT RAT8 (N 5%, 10%, 118 15% duration time) WUNQUHNNHAI MAIN-CAT NUAUD

U

=) (4

300°C, 355°C, uaz 394°C awany (uaas13lunImi 56B) Fallnas MAIN-CAT gainigiia
7171 Mode 4 13199910 Mode 7 145UMIDOMAIINS0UIN PRE-CAT 1108011 Mode 4
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Y
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WﬁﬂﬂﬂuTNuﬁuTlﬂi@QW’E)ﬂ"l’f)!ﬁfJ!GN!,ﬁﬁﬂ{‘]ﬂiﬂ”l (N1391 300 IUIN) NUPUHQUaNaINLIA

a == 9 <3 U A A a g @ Y A =) a
330 21119739 14178115907109 Mode 4 LL!’ENﬂiﬂﬂluﬂlﬂ‘!%ﬂﬁfﬁmﬂlﬂﬂuﬁu%ﬂﬁ@ﬂﬂ@ﬂjﬂlﬁﬂl%ﬁ

Y =

isagaseniu dadan MAIN-CAT 1d5umsniemanudeounin PRE-CAT uaguvgiilu
1R Qd‘ a Aaan = 9
MAIN-CAT g ludsguvigiinawisamaljisemaniiesq
g A A = A o o a 2 o
Usziduaonuiionnsanmaudoanasnusunizyes PRE-CAT Tagmsnainiy
Y A a A ' aan = . . 1A
wiiuaseelon lordeas s §nsenit 5%, 10%, waz 15% duration time WUTA1 11.26 kJ/°C,
o w d‘ Lé S Qy A [ )
10.31 kJ/°C 1ag 9.49 kJ°C awaray (uaas 13 lunmi 57) delimaunldeandsausumnz g

171 Mode 4 10391 Mode 7 Tgmaanusuwiz lumsiiugangiininnii Mode 4 tilog91n

v
a (2 o
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5 . 15%
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B3 6
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Mode 7

. § .
MNN 57 AFU)ADINAINUTUNIZYDY PRE-CAT 91 5%, 10%, 1482 15% duration time

UDI Mode 7

demvsand3una cH, uaz THC Tu'leidefinaeonyes PRE-CAT 1z MAIN-CAT
Wm'uﬁa%ﬂﬁni“uwﬁ'uﬂds'mvxl@ﬂ”lmﬁm%m'qﬂﬁﬁ“%m (R 5%. 10%, 1Az 15% duration time)
danal®f PRE-CAT 112z MAIN-CAT sunsaaatSuna THC Idianifesud liansoan
e cH, 18 (ansdoya 13 lumansdi 15) ilesnngmnginda PRE-CAT tiaz MAIN-CAT

A2 3 v =< 1A A 9
INVUVUINUDY ‘:BQIIZJLWfNWﬂ‘VIﬁ']iJ'ﬁﬂﬁﬂﬂ%M']m CH, hlﬂ

defnsanyse@nsamvesnisaa CH, iag THC Taonsdadhuiunidusselen'le
FoiFusalfAsendt 5%, 10%, 1az 15% duration time WUITsEANTIWVEIMIAN CH,
19.35%, 18.29% LA 20.58% ANA1AU (uﬁm"lﬁumwﬁ 58A) nagldseNansnmueInIsan
THC 14.48%, 24.90% 110z 38.23% awday (waraslSlunnd 58B) Fafiseansamveanis
an CH, uag THC #1071 Mode 4 1{194910 Mode 7 fiuna co, CH,, uaz THC Tu'leidudi
ONNIATEIWUANDINTI Mode 4 danalifguygiings PRE-CAT uag MAIN-CAT g4ni1

Mode 4



M151391 15 1518 CH, uag THC 01 5%, 10% 11ag 15% duration time Y89 Mode 7

99

Duration Energy Fuel
Energy CH, THC
Mode Time Ratio Energy
Consumption
(%) (%) (kW) (ppm) (ppmC)

7 0 71 0 After PRE-CAT 1698 5214
After MAIN-CAT 1603 4987

5 66.98 2.11 After PRE-CAT 1398 4663

After MAIN-CAT 1346 4581

10 64.4 4.10 After PRE-CAT 1249 4538

After MAIN-CAT 1364 4023

15 62.88 5.35 After PRE-CAT 1271 3947

After MAIN-CAT 1326 3309
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MW 58 Usz@nTnmuesnisan CH, (58A) taz THC (58B) vosszuuven loidef 5%, 10%,

1ae 15% duration time U8 Mode 7

a

1 o { < 4 J
G]’E_]il1Ul@a]}‘ﬂ’lﬂ’liﬂﬂﬁ@ﬂﬁﬂj’lﬂﬁjiaﬂm@\uﬂ%@\jﬂu@ 1900 rpm, Lambda 1.3, Haggunny

U
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WUIANUIEITOVVOUAT 038U RNV ToIF oA Mode 4 1Al Lambda #1031
1 4 o J o

Mode 4 ttazii3 i CO, CH,, ag THC Noandnin303euUanINna1 Mode 4 11vualé PRE-CAT
I I A A A ] A =
{Huves OD 1ag MAIN-CAT 1Huved IM WoN015a1in199en PRE-CAT lusieh lufia
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= 4 o J { J 4
Y5 co Tu'leideesnainaieasudinn il Mode 4 (tdasdoya 13 lua1s1ei 7) dewuile
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a 3

o Y A A a 1 (aaa A~ \ . ' )
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B39 A3019 5% duration time Y84 Mode 8 @115naAl3Hw CH, taz THC lauinna

Y
a [ A X

YB3 Mode 4 11199910 Mode 8 Hgunnlnad PRE-CAT MUIUNINAT Mode 4 391513 MAIN-
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QU QU

]
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Y
CH, ntaz THC laundusunu (taasdoya 13 luaisd 16)
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Wennsanidsz@ninmuesnisan CH, uaz THC Tagmsaainiurtiuaioslonle
@ us TN 5%, 10%, 1ag 15% duration time WUNNUsZANTMNY0INITAA CH,
88.44%, 100% uay 100% aua1ay waadlluani 61a) vaziilszansamusinisan
o w d‘ = Y =
THC 80.77%, 90.10% tag 90.48% a1uaay (uaad 13 1un1ni 61B8) 8413731 Mode 8
gangil loideoana1ninTeseuainIny Mode 4 uah 5% duration time Y99 Mode 8
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¥ A

[ = z Y] 9 A = a 1 aan A .
whndedminiuminaseslen lodeFuswl§nser (i 5%, 10%, uaz 15% duration
. A < A % A = A sa

time) NANIFTITOVVOUATOWUA 1900 rpm HAZUHAN 1DITIDONIINIATOIBUAN 230°C

WU Lambda 1.3 H152@n5n1Mv090150A CH, §9n71 Lambda 2.1 11999109 Lambda 1.3

a [T

11/3um CO, THC, ag CH4 110071 Lambda 2.1 d9Wali Lambda 1.3 Jgaiviniingd PRE-

[ A ¥ o 4 a
CAT uag MAIN-CAT g4n71 Lambda 2.1 uenaniitierigaiainiuniuasesen loideid

1591361 D111 Lambda 1.3 @1113505nB19UHYINET MAIN-CAT 1@111N71 Lambda 2.1

m31ai 16 Y5 CH, ttag THC 5%, 10% 1ag 15% duration time Y93 Mode 8

Duration Energy Fuel
Emissions CH, THC
Mode Time Ratio Energy
Measurement
(%) (%) (kW) (ppm) (ppmC)

8 0 71 0 After PRE-CAT 5781 9198
After MAIN-CAT 5423 8574

5 65.42 3.23 After PRE-CAT 2593 4144

After MAIN-CAT 675 1944

10 61.03 3.98 After PRE-CAT 45 1286

After MAIN-CAT 0 1001

15 58.77 5.47 After PRE-CAT 0 963

After MAIN-CAT 0 915
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DYNOEXACT APA TOP ACCURACY AC DYNAMOMETERS

MWAUINA 5 MND1Y AC Dynamometer

31: AVL (2005)

Technical Features

* Full four-quadrant operation with high speed and torque dynamics

* Voltage intermediate circuit using IGBT technology

* Torque calculation with 4 kHz for air gap / 1 kHz for shaft.

* Optional zero torque simulation.

* Optional simulation of gear shifting oscillations in the drivetrain.

* Torque response time better than 3 ms

¢ Current harmonics < 4.5 %

* Power factor 1

* Grease lubrication for bearings; re-lubrication via nipples

Machine

Cradled AC dynamometer with a squirrel cage rotor, which is heat-shrunk onto the shaft enabling
high speed and low vibration.

Features:

* Construction design IM-B3

* Protection class IP 23

* Forced air cooling

* Bearing temperature monitoring by PT100 on DE and NDE side

» Winding temperature monitoring by PTC resistors (warning and shut-off)

* Fan can be switched off for acoustic measurements; with automatic switch on at winding



temperature warning.

* Optical speed encoder with 1024 (4096 for some versions) pulses per resolution.
* Ambient temperature during operation: +5 to +40 °C

* Ambient relative humidity: max. 95 %, non-condensed

* Overload capability 25 % (1 min in 15 min)

Technical Features

* Full four-quadrant operation with high speed and torque dynamics
* Voltage intermediate circuit using IGBT technology

* Torque calculation with 4 kHz for air gap / 1 kHz for shaft.

* Optional zero torque simulation.

* Optional simulation of gear shifting oscillations in the drivetrain.
* Torque response time better than 3 ms

¢ Current harmonics < 4.5 %

* Power factor 1

* Grease lubrication for bearings; re-lubrication via nipples

Machine

127

Cradled AC dynamometer with a squirrel cage rotor, which is heat-shrunk onto the shaft enabling

high speed and low vibration.

Features:

* Construction design IM-B3

* Protection class IP 23

* Forced air cooling

* Bearing temperature monitoring by PT100 on DE and NDE side

» Winding temperature monitoring by PTC resistors (warning and shut-off)

* Fan can be switched off for acoustic measurements; with automatic switch on at winding

temperature warning.

* Optical speed encoder with 1024 (4096 for some versions) pulses per resolution.
* Ambient temperature during operation: +5 to +40 °C

* Ambient relative humidity: max. 95 %, non-condensed

* Overload capability 25 % (1 min in 15 min)
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AVL FUEL BALANCE & FUEL TEMPERATURE CONTROL

MWAUINN 6 MND1Y AVL Fuel balance & Fuel temperature control

31: AVL (2005)
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Vessel capacity:

1800 g

can be switched to 900 g/ 450 g/ 225 g

Systematic measurement uncertainty: | Us = 0.12 %
Maximum measurement frequency: 10 Hz

No. of measurements (average): 1...99
Ambient temperature: 5..50°C
Fuel temperature: -10 ... +70 °C
Fuel supply pressure to the system: 0.1...0.8 bar

Fuel supply flow:

max. consumption + 100 kg/h

Fuel circulation capacity at 50Hz:

standard 240 I/h, optional 450 I/h

Fuels:

Otto (EN228), Diesel (EN590), up to 6% Biodiesel

(EN14214) and 20% alcohol

With FlexFuel option: up to 100% alcohol and

biodiesel

Pressure control (option):

feed pressure: ~0 ... 6 bar (rel.)

turn pressure: ~0 ... 0.5 bar (rel.)

special ranges available on request

Temperature control range:

adjustable from appr.10 °C* ... 80 © C**

* depending on cooling water temperature

** depending on heat return flow of the engine and

fuel

properties — gas bubble formation has to be avoided

Temperature stability:

better than 0.02 °C

Heating power (option):

1.6 kW

Cooling power:

1.6 kW at 10 °C spread and 0.5 bar cooling water

differential pressure
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Interfaces AVL 733S:

RS232 (AK compliant) or 733/730 protocol

Analog 0 ... 10 V (optional)

Digital I/0 (optional)

Interfaces AVL 753C:

2x RS232 (AK compliant)

Analog 0 ... 10 V (optional)

Digital I/0 (optional)

Power supply:

230 V,50 Hz

220V, 60 Hz (option)

100 V, 50-60 Hz (option)

115V, 60 Hz (option)

Power consumption:

2.25 kW

Dimensions:

770 x 1350 x 345 mm (W x H x D)

Weight (dry):

135 kg
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Property Test Method Specific Value Result
Appearance Visual Pass Pass
Ash, Mass% ASTM D482-03 0.01 max. <0.01
Carbon Residue on 10%,
ASTM D4530-07 0.05 max. <0.05
Distillation
Residue, Micro Method, % (m/m)
Calculated Cetane Index or ASTM D976-04b or 47 min. 56.5
Cetane Number ASTM D613-01
Color, ASTM ASTM D1500-04a 2.0 max. LO.5
Corrosion ASTM D130-04
Corrosion, Copper Strip 3 hr. at 50 1 max. la
°C, number
Density at 15 °C, g/mL ASTM D4052-96 0.81-0.87 0.8325
(Reapproved 2002)
Distillation : ASTM D86-01
10 % Recovered, °C To be reported 214.6
50 % Recovered, 'C To be reported 284.0
90 % Recovered, "C 357 max. 355.1
Flash Point, PMCC, °C ASTM D93-07 60 min. 73.0
Lubricity by HFRR, mm CEC F-06-A-96 460 max. > 460
Pour Point, 'C ASTM D97-96a or 9 max.
Pour Point, ’C ASTM D5950-02 9 max. 0
Sulfur Content, Mass % ASTM D4294-03 0.035 max. 0.0283
Viscosity, Kinematic at 40 °C, ¢St~ ASTM D445-06 or 1.8-4.1

(mm2/s)
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MS1INUINT 2 (91D)

Property Test Method Specific Value Result
Viscosity, Kinematic at 40 °C, ¢St NIR 1.8-4.3 3.4018
(mm2/s)
Water & Sediment, vol. % ASTM D2709-96 0.05 max. <0.05
Methyl Ester of Fatty Acid, Vol. % EN 14078-03 1.5-2 Not Tested

131: PTT Aromatics and Refining Public Company Limited Certificate of Quality (2010)

MIHUINT 3 ToYaN15IUVUATOBUR Mode 1 D19 8

Fuel Gas
SO1 Split EGR Throttle Air
Mode Balance Consump
(CA) (%) (%) (%) (kg/hr)  (kg/hr)  (kg/hr)
1 45/0 0 93 24.5 68.42 0.78 2.55
2 60/8 0.6 80 32.0 100.00 1.19 3.72
3 45/0 0 95 32.0 68.40 0.68 2.47
4 35/0 0 96 24.5 65.09 0.62 2.14
5 45/0 0 95 24.5 45.42 0.45 1.62
6 35/0 0 96 24.5 35.50 0.68 2.00
7 45/0 0 50 24.5 91.09 1.09 2.69

8 25/0 0 95 24.5 37.62 0.62 1.77
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210 GR v82 (mm)
Haa 15
NN pre-cat 190
M1 main-cat 885
T1 15
P1 15
El 15
mos lumnsa N °00
P2 660
E2 660
T3 1,305
P3 1,305
E3 1,305
S1 1,955
S2 2,155
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HORIBA MEXA 7100 DEGR

MWAUINA 7 7N HORIBA MEXA 7100 DEGR

31 Horiba (2010)
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MWUINA 5 doyavesginsainaziaiesiiodn leideues HORIBA MEXA 7100 DEGR

Measurement cO CO, NO/NOx
min min max min
Components max (%vol.) max (ppm)
(ppm) (ppm) (%vol.) (ppm)
Range 0-100 0-12 0-5000 0-20 0-10 0-10000
Principle NDIR NDIR CLD

Sample Line

One line for raw exhaust gas without dilution (direct measurement line)

Sample Gas Flow

Approximation 15 L/min

Response Time of

Analyzers T10-90

less than 0.9 s less than 0.8 s

less than 0.9 s

within +1.5% FS (range

under 20 ppm), within

Noise within +1.0% FS within +1.0% FS

+1.0% FS (range over 20

ppm)

Measurment THC o, CH,

min min max min
Components max (ppmC) max (ppmC)
(ppmC) (%vol.) (%vol.) (ppmC)
Range 0-10 0-50000 0-5 0-25 0-10 0-50000
Principle FID MPD FID

Sample Line

One line for raw exhaust gas without dilution (direct measurement line)

Sample Gas Flow

Approximation 15 L/min

Response Time of

Analyzers T10-90

less than 0.4 s

less than 0.75 s

less than 0.4 s

Noise

within +1.0% FS

within +1.0% FS for zero

within +1.0% FS
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