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Premixed Dual-Fuel with Diesel Oil Pilot [1], [2], [8]

Direct Injection Dual-Fuel with Diesel Oil Pilot [3], [4], [5], [9], [10]

3.1 Premixed Dual-Fuel with Diesel Oil Pilot

3.1.1 Approaches to High Thermal-Efficiency in High Compression-Ratio
Natural-Gas Engine, [1]
7" International Conference and Exhibition on Natural Gas Vehicles NGV2000, October
2000 Yokohama Japan, Kyoto University and Fukui University of Technology
I Av A [ 9y & Aa o A 4 a 9 v A .
Lﬂl!\ﬂl!’lﬁ]ﬂ!ﬂﬂ’)ﬂﬂﬂﬁi%’uﬂﬁ‘ﬁiﬁﬁﬂﬂﬂ‘ULﬂSE’NEJllGﬁgﬂigﬂJﬂﬂ’JfJﬁ'Jmﬂu (SI Engine)
A o A v o . af T = A o A v
HAZINTBIIUAYATSIUANILNTTDA (CI Engine) ‘lu‘muﬁ)zﬂannﬂmwwzmimaummzmﬂm&
N159ALUY Premixed Dual-Fuel with Diesel Oil Pilot in a Diesel Engine (DDF) /33191 Pilot
diesel 10mm3/stroke (an equivalence ratio of 0.17) U8 Injection timing 10 degree BTDC.

. A Jaq ¥ & A s < A
Wide open throttle (WOT) Tﬂﬂlﬂﬁﬂﬂﬂuﬂﬂﬁl%ﬂﬂﬁﬂﬂlﬂumﬁ’f)\ifluﬁ"’llu1ﬂlaﬂ 857 WY

Gas oil

‘ Injector

Exhaust gas <

[Seoke] | njachon

H B p—

Dynamometer

gﬂﬁ 3.1.1 Experimental setup for Pre-mixed Natural gas with Diesel pilot [1]
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g'ﬂﬁ 3.1.2 Basic characteristics of performance and exhaust emission compared with a diesel
and spark-ignited operation [1]
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vl,aiﬂﬁﬂ151]'0uwtﬂﬂflnﬂﬂTHW'llell%lllﬁiJu”im (Unburned HC) VDIUATDIYURN
{ o 1 [ c&’ a a <
(2) ‘ﬁEIG]5Tﬁ'JUW'ﬁiJ'EnﬂWWG]@LG]YE]LWQQWH'I (High equivalent ratios) ZLNANTIUDNUBDN
A 14 = ~ A a < g’/ s 3 .
1NI938UA (Knock) FIANITUNANITUDAUUNAT Equivalent ratio of total fuel szana 0.9
(3) Injection nozzle, Pump plunger, Pilot fuel amount 4i@¢ Injection timing uiinanszny
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3 19 3.1.3 Efficiency and exhaust emissions at increased pilot fuel amount with charge air

throttling [1]
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@ aunsoaadSualalasmiveuimaainnswm lvd liauysel (Unburned HC) finse
TvaadinsthunanuazaalSuauniud (Smoke) Mgz InangaldlasmslSuvuiavos
v A Y I A @ 3 o Y é' .
wnaldanauiemsnszaiediveniigu launiu (Nozzle orifice 0.24 mm and plunger
0o q ¥ Yy 7 2
0.75mm) ‘V]']ﬂlﬁﬂ']'iLW'lllﬁﬂJﬂJﬂ'J'lﬂJﬁiJ‘]JuﬁmﬂJ']ﬂsllu
A 5 . . A . . v 2
(5) nnse Tviaae (Low equivalent ratios) MIINNLTU VDY Pilot diesel IHUINIUFINITD
mivdszaniammeanuieunardiansoantSina lode lame
[ < { o 1 [ c&’ a
(6) mmiﬂi’jmﬂumiuﬂﬂ (Knock) ﬁ@@]51'@'3uWﬁ'll’E]’lﬂTﬁ@]@ﬁfﬂLWﬁQﬁu'l (High equivalent
ratios) 18 Iagn13aal3unat Pilot diesel 1losaumnirzagyildmswn Indlusuns afulyl
(7) @ws ﬂLﬁithi;Nijﬂ"UﬁN Equivalent ratio (Upper limit of equivalent ratio) ﬁgﬂm‘ﬂuﬂﬂH

] a
Tagn3ilonaeMsnILANBIAINITAEILA (The pilot injection timing) vz e
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3.1.2 Alternative Ignition systems for CNG in Diesel Applications, [2]
12" International Pacific Conference on Automotive Engineering, April 2003 Bangkok,
Melbourne University
I aw Yy a o A 14 a gy v A .
L‘]_]u\i']u’JﬂEJﬂWiGl"]SLLﬂﬂ‘ﬁﬁiiJ"b'Wlﬂ‘ULﬂiﬂﬂﬂuﬁﬂﬂ‘i%mﬂﬂ’)ﬂﬁ’)m&u (SI Engine) 4ag
A J a gy [ . < A J ~ v A A
RNIDIYUAIATSIUAAIYNTIDA (CI Engine) L']Juﬂ?ﬁﬂﬂﬁ@ﬂlﬂi@ﬁﬂu@]LlﬁﬂUm&UﬂuﬁllUUﬂ@
Pure Diesel, Premixed Dual-Fuel with Diesel Oil Pilot (Diesel pilot ignition: DPI), Spark
v Y 9
ignition (SI) and Hydrogen Assisted Jet Ignition (HAJT) Tufilagnadeenuuuuus nniy
A S Y Aq ¥ A . . ° ]
Lﬂﬁi’)\iﬂi‘lﬁﬂuuﬂﬂ‘l’ﬂ%ﬂﬂﬁﬂﬂ 658 %% Compression ratio 16.5 NIN1TNATDUVLUALINY
' { < o 1 A
ﬂTﬂTiVIﬂﬁﬂﬂﬁﬂ’JﬂJﬁ’Ji’ﬂU 1350 rpm un-throttled 15318 Pilot diesel QﬂﬂWﬁuﬂﬂWIﬂﬂLWN
Y v v
Trnnyuauiisneainaniz Tnaagege gamieruna Pilot diesel Nl lumsnadoy 5%

Y 1 %
Tasriviin vazliaanuaulunisna 7.3 bar BMEP

thermal efficiency (%)

25 1
20 A
15 4 £l
10 T T T
0.01 0.1 1 10 100
NOx(g/kWh)

—o— diesel only —a— pilot ignition
—&— spark ignition —&—HATL

thermal efficiency (%)

Pl 1/ 3.1.4 Indicated Thermal efficiency versus BMEP and indicated specific NOx [2]
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A g & a ~ :) =3 = a 4
(1) TDIYUALUNATITNTIONNTSUU vm1S$Twaﬂmmﬂmwzmmawy”luTmmuaaﬂ"l%ﬂ
° 1 A = A [ aa 1] ~ [l
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A s Y a = A a J
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FANIUATDIYUAALY R L‘WiW%Lﬂﬂmi’Ni]"Iﬂlﬂﬂﬂ"lim"l]lﬁij}clui’)ﬁi"mq\ﬁﬂﬂ (Rapid combustion)

J { Y . . . . o Y a o A
Yo IuHaun1naines Stoichiometric mixture W lvAAANUAUIBZ Y VHYINGININ
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—o— diesel only —a— pilot ignition
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3 1/# 3.1.5 Indicated specific NOx and HC versus BMEP [2]
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3.1.3 Emissions and fuel consumption of natural gas powered city buses versus
diesel buses in real city traffic, [8]
Vito-Flemish Institute for Technological Research, Belgium
< Ao o Y o ao A s ' < A
L‘].]‘Llﬂ13’Jﬁ]fJLLfI$Wﬁuu1ﬂ13clsb'!!,ﬂﬁ‘ﬁiﬁwm@]ﬂﬂLﬂiﬁ]\?ﬂu@ TﬂﬂllﬂﬂﬂﬂﬂlﬂuﬁTNﬂquﬂﬂ
Pure diesel bus, Stoichiometric CNG bus tag Lean burn CNG bus
] 9
sovfarildmadounanualiniueny 12 was sl Gross weight 19 tons MAIVDY
A Jd 1 1 = I I o a . L. 1
INTDIYUADYTTHIN 150 D3 200 kW Wusosuaneson 1uua (Automatic transmission) Li§1
ll < @ '
E’JEJNIliﬂ@"lllﬂ\iﬁﬂ]"lmmﬂﬁnﬂsllﬂ\i Gear ratios
Diesel bus: Direct injection diesel engine with mechanical diesel pump
Stoich. CNG bus: Multi-point injection CNG engine with closed loop stoich. control

Lean burn CNG bus: Central gas mixer CNG engine with closed loop lean burn control

Lean burn CNG engine: fuel consumption vs.
lambda (vehicle tests - real city)

A7 AT XM
P& T
*

Fuel consumption (g/s)

3 1 3.1.6 Relation between fuel consumption and lambda for lean burn engine [8]

3.1.6 LLEADNA1 Lambda Y09 Lean burn engine 18NS ILANOATIAIUNEL

1

d'q./ Q’I A dy a 4‘ d' a
pimAnaFaaslseine 1.4 VIBG]S"Iﬂ"IiﬁHL‘IJﬁ?NW’E]LWﬁQ1:(\‘1"] envzanlsuauany

ke =SD.



16

1 < 1 a
"lUI@]iﬁlui’Ji’)ﬂ”lC]iﬁ (NOx) memiﬁmﬂﬁwamqama‘lﬁmmmwy'laTmm%‘uau (THC)

Y
uazﬂszﬁmmwmi"l%’;%mm

Diesel bus Stoich. CNG Lean Burn
bus CNG bus
Fuel cons. /100 km 62.8 73.5% 83,2 *
CcO, g/km 1633 1475 1634
cO g/km 3.9 0,7 0,8
THC g/km 1,7 0,2 7.5
NO, g/km 15,2 1.8 25,1

* expressed in dieselequivalents (35700 kJ/1)

3 1 3.1.7 General overview of average fuel consumption and emission of the three buses [8]
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1 4 o 1
AIATBUUAAFAINTIZ Lean burn engine M3 iUy Stratified Y9434 Diesel spray

A Lg a [ = ~ . o Yy a ﬂJdl a
MFDWAUNTIUNFTIUNTUNH U (Locally rich) “lﬂﬂ‘l‘ilﬂﬂﬂﬁlﬂflﬁhﬂ?ﬂlliﬁ UNYUNIT

wnIngfgeai Iien TuTasinueen lad (Nox) unasiin ldae

4 s Y a 1 a 4
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'o 1 A I . .
ANIUATOIYUAALE A (Pure diesel engine)
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3.2 Direct Injection Dual-Fuel with Diesel Oil Pilot

3.2.1 Combustion and Exhaust Emissions Characteristics of a Diesel Engine Dual-
Fueled with Natural Gas [3],

7" International Conference and Exhibition on Natural Gas Vehicles NGV2000, October
2000 Yokohama Japan, Waseda University

w5030 19maaouilung0susAIYa Direct injection 1Ag3¥INOAMNE ORI
4 g1 3.86 8A3 4 392z AT IAIUMIOR 17 1FNUTOVIITNNVUIANAN (Medium-duty truck)
ﬁ'ﬁﬂ!,Lﬁ”ﬁ‘ﬁiiumagﬂaﬂéﬂlmuﬁﬁ’mm (Glow-plug) 2IMMNIAAVDINIRAUNATITUNA
(Injection timing) #az%343a11145RA (Duration of injection) §NAIVANFINIAINM AN

NMINARIBIZIUDIAANIOUAT HelloIrmNIgasziiaTeraN -40 B3 -20 BIA ATDC

@ Exhaust Gas Analyzer
® Smoke Meter

A-A

Gas Injector

Hole Diameter : 0.95mm x 1
Gas Jet ——<x

Diesel Nozzle

Hole Diameter : 0.32mm x 4

Diesel Spray Q

Diesel Nozzle
Gas Injector

gﬂﬁ 3.2.2 Combustion chamber layout of Direct Injection Natural gas with Diesel pilot [3]
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3 1l 3.2.3 The effect of injection timing of Natural gas of thermal efficiency and exhaust gas

emissions (Engine speed 1,280) [3]
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3.2.2 The development of the ECOS-DDF natural gas engine for medium-duty
trucks: exhaust emission reduction against base diesel engine [4],
JSAE review 22-2001 December 2000, Nippon Ecology Work System Corp and
Alternative Fuel Systems Inc.
A sq Y I A 5 AA Aa e 4
Lﬂiﬂ\iﬂl‘!@]ﬂﬂl%‘ﬂﬂﬁﬂﬂLﬂulﬂi’t’)\iﬂu@ﬂl“]}’ﬁ Isuzu 6HH1-C 8226 %% N ﬂ@]ﬁ@lﬂﬂim
@199 138n11 ECOS-DDF Engine ATUANAI081aANTOUAT (Electronic control unit (ECU))
[ 4 Y
UNUNTSUUNIVULAY i%‘U°JJﬂ’J‘]J?;IiJf‘ﬂﬁmL%’E)LWZNﬂ!‘ﬁfﬁlla3&3@"555%%1%‘?146851]ﬁlil)lﬂe]ﬂm
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ﬂ'ﬂllli’ﬁ’f)‘]ﬁll@\‘llﬂ%i’)\iEluﬁlllazﬁﬂluillﬂml,!,ﬁﬂﬂﬁﬂl,ﬁu\iGU’ENEUT?‘IL!HQ Iﬂﬂﬂ%ﬁﬂ’ﬂllﬁllwu‘ﬁﬂﬁ

[
o =

[ d' o A A a 9 =\ a 6”.: [ =
ﬂ1a\1qqq@slli’]\uﬂiﬂﬂﬂu@]Llagﬂ‘%NTmﬂJaWHﬂLﬂﬂﬁ]Tﬂﬂ”li!W”lllﬁll Mﬂ?ﬁﬁﬂﬁﬁﬁgﬂﬂﬂﬂqﬂlﬁﬂ‘ﬂ
no loide (Reverse-flow catalytic (RFC) converter) szuunalpandSua lede (Mechanism

9
for exhaust emission reduction) so'llaamsandsszuy Cooled EGR

{(Natural Gas Engine) (Ignition Method) (Natural Gas Mixture)

Spark Plug

(Electronic Spark)

Spark Plug Type |—

Diesel Fuel Pilot Injection
£
ROF Tyws (Self-Ignition Flame) =

‘ﬂﬁ 3.2.4 Ignition method of Natural gas mixture for CNG Engine [4]

[Cylinder Valve Unit ¢ Manual Shut-Off Valve, Excossive Flow Valve, Safety Valve )

N~ GNG Gyinder
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| Diesel Fuel Control / |
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"-[CNG Filter
< <
CNG 2—-Stage Regulator Unit
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1 u
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_ ~ = ;
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« - - < < Intake Air
Exhaust Gas EGR Valve
N RFG Gontrol el
\ r EGR Control E@ :‘M/
[Reverse—Flow Catalytic Converter Sub—ECU | EGR Cooler

ﬂﬁ 3.2.5 ECOS-DDF Natural gas engine system [4]
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§ IVPre—Mixed Combustion of Natural Gas
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3 1 3.2.6 Schematic diagram of heat release for Engine: (a) spark plug type natural gas engine,

(b) diesel engine, (c) ECOS-DDF Natural gas engine [4]

wndtedmziuazagl i
(1) The ECOS-DDF Natural gas engine ﬁgﬂuuumimﬂwﬁ' (Combustion pattern) AN
M3 Insvesdiralusiasnauilnd (Basic diesel combustion) UIAAUMIIH HTUB4
[ 4 a v
TIURNTUUNTTITUBIONUDINA (Combustion of natural gas premixed with air)
I 1 a { A
(2) The ECOS-DDF iiuszvuissaauanynnaoinmsm vl (Emissions) 1dan1n
4 = A a 9 . .
@2.1) Tulasiauesnlad (NO,) tazi@esiitnaa1nnsw Inil (Combustion noise) A1M15D
gnan ldaremsaamswn Indvesarunaudimanue1nia (Diesel fuel premixed with air)
<3 = o o Yy
22)  oymava@nnnlode (PM) uazaiud (Smoke) dmnsngnan ldalenisan
M3 Trdiuuuwsvesa I uNauAranUeIA A (Diffusive combustion of diesel fuel)
s 2 & o 2
2.3)  aasezan lulasnueenled (NO) TdundudgeansaihlamenmamuilSua
o = 1 1Y YA
M3 lerdeunearunduun 149050 (The EGR system)
3) aunsoanSunalede NO, CO, THC, PM uaz CO, Uszana 40, 90, 35, 70 uag 15

s 3 o o o A o 3 o . .
wefiFudmudauilenssuieunulsuna lodeanniiudesa (Base diesel engine)
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5 0.6 I
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gﬂﬁ 3.2.7 Exhaust gas emissions of S ECOS-DDF Natural gas engine [4]
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(4) The ECOS-DDF natural gas engine Ia11/5z@ninmnienanudeuazmaiveanseseud
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N g a 1

(Durability, functionality) wagianuilszvdaromaini (Brake specific fuel consumption)
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gﬂﬁ 3.2.8 Comparison of full load performance of S ECOS-DDF Natural gas engine [4]
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gﬂﬁ 3.2.9 Fuel consumption comparison base on D13 mode of ECOS-DDF Natural gas eng. [4]
3.2.3 NOx reduction in a Directly Injected Gas Engine [5],

Westport Innovation Inc. and University of British Columbia
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3 1A 3.2.10 Schematic representation of the HPDI of Natural gas injector [5]
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3 U 3.2.11 Fuel consumption versus NOx of HPDI system [5]
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gﬂﬁ 3.2.12 Heat release rate results of the HPDI [5]

24



3.2.4, Performance and Emissions of a Two-Stroke Engine Fueled Using High-
Pressure Direct Injection of Natural Gas [9],

Westport Innovation Inc. and University of British Columbia
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Figure 2 - Fuel flow of pilot fuel and CNG on an diesel equivalent
energy basis, and relative amount of pilot fuel (on an energy basis).
Gas injection of 165 bar and 1260 RPM.
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Figure 3 — Thermal efficiency of HPDI of NG compared to that of diesel
fueling (1260 RPM).
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Figure 4 — Nitrogen oxide emissions of HPDI of NG compared to that
of diesel fueling (1260 RPM).

311 3.2.13 Test result of HDPI CNG & Diesel [9]
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Figure 8 — BSFC vs. NOx trade-off obtained by varying the injection
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Figure 6 — Methane emissions of HPDI of NG compared to that of
diesel Fueling (1260 RPM).
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Figure 7 — Non-methane hydrocarbon emissions of HPDI of NG
compared to that of diesel fueling (1260 RPM).

gﬂﬁ 3.2.14 Test result of HDPI CNG & Diesel [9]
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3.2.5 Progresses in High Pressure Direct Injection (HPDI) of Natural Gas In

Automotive Diesel Engines [10],

Westport Innovation Inc. and University of British Columbia
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3 1l 3.2.15 Schematic of HPDI Fuel supply system [10]
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