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Abstract

Thefirst single-cylinder gasoline direct compression ignition (GDCI) engine was designed and built in 2010 by Delphi Companyfor
testing performance, emissions and Brake specific fuel consumption (BSFC). Then after achieving the good results in performance,
emissions and BSFCfrom single-cylinder engine, multi-cylinder GDCI engine was built in 2013. The compression ignition engine has
limitations such as high noise, weight, PM and NOx emissions compared to gasoline engine. But the high efficiency, torque and better
fuel economy of compression ignition engine are the reasons of Delphi Company to use compression ignition strategy for building a
new combustion system. The abjective of the present review study involves the reasons of building of the GDCI engine in detail.

Keywords. Delphi Company,Emissions, Multi-Cylinder GDCI engine andSngle-CylinderGDCI Engine.
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1. INTRODUCTION

1.1 Background of Gasoline Direct Compression Ignition
(GDCI) Engine

Near-term regulations (Tier2 Bin 5/Bin 2 and E@)pfor
Corporate Average Fuel Economy(CAFE), CO2 emissions
and regulated emissions including NOCO, HC, and
particulate matter (PM) are demanding advancedrriate
combustion (IC) engines with greatly improved costimn
processes. While diesel engines are already véigyestt, they
are challenged in the US to meet future emissitarsdards at
reasonable cost. Gasoline engines are preferremistpmers
in the US, but the efficiency of gasoline engingsdlatively
low. Homogeneous Charge Compression Ignition (HCCI)
gasoline engines are dual-mode engines that utHzCI
mode over a very limited low-load operating rangiCCl
involves early injection and mixing of fuel suchath
subsequent compression of the mixture will causéo au
ignition near or after top dead center. HCCI isywdifficult to
control in a practical vehicle application and isbject to
misfires and high combustion noise. This requirdgaaced
combustion feedback control including cylinder pres
sensing. While more efficient and lower emissiortser in
HCCI mode, the net efficiency on a drive cycle idyoa few
percent better than a stoichiometric SI engine wihiable
valve actuation. Current HCCI developments inclug@bBl
(gasoline direct injection), EGR, and turbochargiagextend
load range; however, because HCCI engines requied d
mode operation, they are limited by lower comp@ssatios
associated with conventional gasoline engines. HEIgjines
will likely see continued technical challenges. New

technology is needed to greatly increase the efiicy of
gasoline engines while maintaining low emissions éow
cost. Therefore Gasoline Direct Injection Comprassi
Ignition (GDCI) is a new combustion system that roceenes
many of the fundamental limitations of other diesgld
gasoline engines. GDCI provides the high efficienafy
conventional diesel engines with unleaded reguksoline.
Compared to diesel fuel, gasoline has much higloatility
and longer ignition delay, which are key enablera partially
premixed compression ignition combustion proces:n A
important outcome is that gasoline can be injetdésl on the
compression stroke at GDI-like fuel pressure (1®86Q0 bar)
to achieve a sulfficiently premixed charge [1].

1.2 History of First GDCI Engine

In 2010, The US Department of Energy (DOE) selected
Delphi, along with partners Hyundai America Teclahic
Center (HATCI), Wisconsin Engine Research Constgtan
(WERC) and the University of Wisconsin-Madison (UVg)y

a $7.48-million grant to develop and to demonstmtaew
high-efficiency vehicle concept. A key strategy farhieving

the project goals is the further development ofesv How-
temperature combustion system, gasoline directdioje
compression-ignition (GDCI).

Mark Sellnau, Engineering Manager of Advanced Pawaigr
Technology at Delphi Powertrain, on the progresh Vi@DCI
at both the SAE 2012 High Efficiency IC Engines $gsium
and the SAE 2012 World Congress in Detroit reportteat
GDCI, a low-temperature combustion (LTC) process fo
gasoline partially premixed compression ignitioP(®), has
been under consideration and development for aboggars
(Fig. 1), with efforts predating the 2010 DOE fumgli Phase |
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of the project concentrates on fuel efficiency ioyaments
using EMS, GDI, and advanced valve-train produats i
combination with technologies to reduce frictiord grarasitic
losses. Phase Il of the project will develop andhdestrate
improved thermal efficiency from in-cylinder combios with
gasoline direct compression ignition. GDCI uses ighh
compression ratio with multiple late injection(ML)similar
to diesel - along with intake boost and moderat&RE@ high
efficiency with low NQ, and PM over the entire speed-load
map. The relatively long ignition delay and highatdity of
pump gasoline combined with an advanced injectigstesn
and variable valve actuation provides controlledxtare
stratification for low combustion noise [2].
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Fig -1: Delphi Scheduled Time Table for Producing Multi-
Cylinder GDCI Engine in 2012]

Fig-2: Single-Cylinder GDCI (Hydra) Test Enging [

Delphi team reported that among the objectiveshefwork
reported in the paper5] were 1) to determine the best
injection strategies for low NO and PM using low-to-
moderate injection pressures; and 2) to evaluateerajine
concept for full-time operation over the speed-loaap from
idle to full load. Use of variable valve lift prtds was
instrumental in enabling full-time GDCI operatiofhe team
developed and tested five different injectors.
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Fig-3: Single-CylinderEngine Test Results with one of the
Five Injectors for 1500 rpm-2bar IMEP, 1500 rpm-43baEP,
and 1500 rpm-6bar IMEP [5]

Sellnau reported results derived from testing omsiraggle-
cylinder research engine as shown in Fig. 2. Thiedsr head
of the Ricardo Hydra light-duty single-cylinder émg has
four-valves with double-overhead camshafts and raént
injection. The aluminum cylinder head is rated @@ Bar peak
cylinder pressure (PCP). For all tests, intaketesinperature
was 50 C.

He also explained the experiments and resultslasvia

» At a low-load condition of 1500 rpm-2 bar IMEP, Ppki
used a secondary-exhaust-valve-lift event to rebechot
exhaust gas and promote auto-ignition. A “BDC” (Bat
Dead Center) intake cam was also used to maxirhize t
effective compression ratio. Even though heat ksse
increased somewhat due to the rebreathing, theyredut
good indicated specific fuel consumption (ISFCabbut
230 g/kWh, stable combustion, and exhaust port
temperatures of about 250 C.

» At a medium-load condition of 1500 rpm-6 bar IMEP,
injector developments combined with a MLI strategy
(triple) and low swirl produced the best ISFC aoaést
smoke. The most advanced injector design did roptire
swirl to achieve very low smoke and NOevels.
Measurements of exhaust particulate size distobuti
showed that very low PM emissions could be obtained
with this combustion system.

Volume: 03 Issue: 01 | Jan-2014, Available @ http://www.ijret.org 336




[JRET: International Journal of Research in Engineering and Technology

el SSN: 2319-1163 | pl SSN: 2321-7308

First

0 X .00
Fig -4: KIVA Simulation of Triple Injection Process.The
Piston is seen rising in each frame [5]

« At higher loads, late intake valve closing was used
reduce cylinder pressure and temperature, andasere
ignition delay. Delphi obtained a minimum ISFC @&11

g/kWh. Combustion noise, maximum pressure rise, rate

and ringing intensity were in acceptable rangesyever,
the correlation among these noise parameters was po

e For IMEP from 2 to 18 bar, engine-out N@nd PM
emissions were below targets of 0.2 g/kWh and GN,F
respectively, indicating that after-treatment fdrede
species may be reduced or eliminated.

« Measurements of exhaust particulate size distodbuti
indicated very low particle count, especially for a
preferred injector with low levels of in-cylindewsl.

Overall, single-cylinder engine tests of a GDCI twistion
system indicate good potential for a high- efficgnlow-
emissions powertrain. Additional testing and depaient on
a multi-cylinder engine is needed, including cdidrng and
transient operation.

Sellnau said that a modeled 1.8L GDCI engine fdriale
simulations showed large regions with fuel consuompbf
less than 190 g/kWh: loads of 6-20 bar, and speéds300-
3500 rpm. Applied in a mid-size passenger car, surcengine
could potentially (without optimization or with aast-stop
system, although with variation of gear ratios astuift
schedules ) deliver 60% improvement in city drivifigel
economy, and 40% on USO06, for a combined fuel emgno
improvement of about 51%. Finally in 2013, firstagk is
completed (Fig. 5) and Delphi made a multi-cylind&zDCl
engine in as shown in Fig. 6.
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Fig -5: First Phase was completed by Delphi in 2013 [6]

2013 [6]

Specifications of multi-cylinder GDCI
follows:
« 1.8L inline 4 cylinder
» 4 valves per cylinder
» 14.8:1 Geometric compression ratio
» Central-mounted DI Injector
* DOHC fully flexible valve-train
» Variable geometry turbocharger, supercharger ana tw
intercoolers
* Cooled EGR
« 87 Octane E10 Gasoline
Preliminary, non-optimized Multi-cylinder Engine @IE)
and Single Cylinder Engine (SCE) results (2000 fdhar)
are shown in Fig. 7.
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Fig-7: MCE Tests vs. SCE Results (2000 rpm-11bar) [6]
1.3 GDCI engine concept

The GDCI engine concept features high compressitos
(CR) and lean mixtures for ultra-high efficiencyudF is
injected into a centrally-mounted piston bowl ajhhcylinder
pressure and temperature late on the compresgiokestNo
fuel is injected during the intake stroke. The fagld air
rapidly mix and compression ignite in a controllezht release
process. As opposed to HCCI engines, the mixture is
intentionally stratified. Because the fuel is irigzt late into a
centrally-located piston bowl, no fuel enters thistqgn top-
land and very high combustion efficiencies are jmbss
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Because of late injection, no end-gas exists, aladsic
combustion knock is not possible. Classic Sl pratign is
also not possible. GDCI utilizes low temperaturenbastion
(LTC) to reduce both NQand PM emissions simultaneously.
Cooled exhaust gas recirculation (EGR) dilutes rthigture,
increases the ignition delay period, and slows hebltase
rates for low combustion noise. Due to low charge
temperatures, heat transfer during the cycle camdheced for
high cycle efficiency [1].

A schematic of the GDCI engine concept is showRiin 8.
The injector is central mounted with a symmetricahmber
and piston bowl. The engine is operated un-thmbttad
diluted with excess air or EGR, depending on loade
absence of classic knock and pre-ignition makesdbhcept a
good choice for aggressive down-sizing, down-spegdind
boosting.

Fig-8: GDCI Engine Concept [4]

The GDCI injection strategy is central to the ole@&DCI
concept and is depicted in the @-T diagram showRidn 9.
The contours in Fig. 9 show simulated CO emissions
concentration. The injection process involves otwey, or
three injections during the compression stroke amedshown
as Q1, Q2, and Q3 in Fig. 9. Each injection begirtee upper
left of the @-T diagram (liquid) and vaporizes amtdxes
quickly to phi less than 2 by start of combustidfall wetting
is minimized and fuel is kept away from cold zosesh as
the piston top-land and cylinder liner that may éde full
oxidation. The fuel-air mixture must be stratifiatithe time
combustion begins to achieve stable ignition andtroied
heat release. To achieve low N@nd low PM emissions
simultaneously, combustion must occur “in the gréex”
shown in Fig. 9 (away from soot and N@rmation regions).
To also avoid CO emissions, which can compromise
efficiency, combustion must occur in the region 8d@vith
1300<T<2200 degrees K. A primary attribute of thjgction
strategy is low fuel injection pressure.
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Fig-9: GDCI Injection Strategy Depicted on @-T Diagram
with CO Concentration [4]
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The efficiency mechanism for diesel, GDCI and Sjieas
are shown in Table 1.

Table 1: Efficiency Mechanism for Diesel, GDCI and Sl
Engines [6].

Fuel Economy
Benefit

- \‘. -

High Compression

Ratio

rUnthrottled Operation‘
(Pumping)

Lean Combustion )
(Gamma)

[ Negative Work in
Pilot Injection

f Wall Losses with )
Swirl

2. RESULTSREVIEW OF SINGLE AND MULTI-
CYLINDER OF GDCI ENGINE PERFORMANCES

Before Delphi Corporation, many research works were
performed by using gasoline fuel in compressionirengBut
those works were investigated in the format of aiiejection
compression ignition  (DICI), homogeneous charge
compression ignition (HCCI) and partially premixed
compression ignition (PPCI) engines. The reseaschéro
had done the works are listed as follows: Kalgtetgl. [7],
[8], [9] and [10], Johansson (Lund University) ef. [11],
[12], [13] and [14], Weall [15], Reitzet. al. [16]17], [18],
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[19] and [20], Ciattiet. al. [21] and [22], and Y@ai23]. In
addition a groups at the University of Wisconsid][and [25]
has also tested gasoline fuels in diesel engines.

2.1 Delphi Corporation et. al. [26]

In this work, a single-cylinder Hydra engine withuMple-
Injection strategy was used to study the potemtfah high-
efficiency combustion concept called gasoline difection
compression-ignition (GDCI). It was reported thdtist
combustion strategy benefits from the relativelygadgnition
delay and high volatility of regular unleaded gasolifuel. It
was also found that a triple-injection strategyhwiiptimized
injection timings and quantities produced the bésel
economy and duration of burn is shorter than batlgle-
injection and double-injection. The triple-injecticstrategy
enabled use of the lowest injection pressures cosdgda both
single-injection and double-injection strategies.

Fig. 10 shows a comparison between GDCI and datdéle 6
bar IMEP - 1500 rpm test condition reported in thiady.

Triple injection GDCI has about 9.5% better masseffic

fuel consumption and about 8% better indicated ntlaér
efficiency than the diesel. However, because tlesdlifuel
has higher energy density than the gasoline us#tese tests,
GDCI has lower volumetric-specific fuel consumptitman
the diesel (4.5 %). Indicated specific mass COZXsimins are
shown in the bars on the right side in Fig. 10. GD@s
approximately 14 percent lower CO2 emissions os liasis.

700
GDCI, Triple-Injection

600 - ) i
EDiesel -14.4%

500 289,

400

300 +4.5%

200 |—25% —

100 +— — —

ISFC-mass ITEx10 ISFC-vol I1SCO,

(a/kWhy) (%) {cc/kWh) (gfkWh)

Fig -10: Fuel Consumption and CO2 Emissions Comparison;
Triple-Injection GDCI vs. Diesel [26]

Using single-cylinder test results, brake specifigel
consumption (BSFC) for a multi-cylinder GDCI enginas
estimated and then compared to data for varioumengpes
as show in Fig. 11. The Volkswagen Jetta 2.01 tdlibsel
has BSFC of 250 g/kW-h [27]; a homogeneous gasoline
direct-injected spark ignited engine [28] has BS#fCabout
255; the Daimler 3.5L V6 spray-stratified enging][has

BSFC of about 247; and a gasoline spark-ignitednengith
increased cooled EGR [30] has BSFC of about 248Veik
The estimated BSFC for a multi-cylinder GDCI engiise
about 210 g/kW-h or about 16 percent less than Jiita
diesel. This indicates that, at this important @& operating
condition, GDCI has good fuel economy potential.

300
16%
£ 3 e8] [  PS|  [2%e
= 2001l O 1= @]
= o o
2 150 5 =
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E 100 > g
7 = 3 =
50 v E 3
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0 _
GDCI HEDGE Spray Homo VW
SCEFD LD Strat GDi Jetta

Fig-11: BSFC Comparison at 1500 rpm - 5 bar BMEP. GDCI
BSFC Estimated from Single-Cylinder Engine Tes{i2@]

2.2 Delphi Corporation et. al. [5]

A single cylinder (GDCI) ignition combustion systewas
developed using RON 91 gasoline at low-to-moderate
injection pressure. Fuel injection and valve-tregohnologies
were key enablers. Low temperature combustion was
demonstrated from 2 to 18 bar IMEP with diesel-like
efficiency, NQ less than 0.2 g/kWh, and PM emissions less
than 0.1 FSN. Results suggest that after-treatrf@ntNOy

and PM might be reduced or possibly eliminated,edelng

on legislated limits.

At low load condition of 1500 rpm-2 bar IMEP; a sadary-

exhaust-valve-lift event was used to rebreatheekbtust gas
and promote auto-ignition. A “BDC” intake cam waksca
used to maximize effective compression ratio. Etteough

heat losses increased somewhat due to rebreatiingd,|SFC
of about 230 g/kWh, stable combustion, and exhauast

temperatures of about 250 C were obtained.

At medium load condition of 1500 rpm-6 bar IMEPjeictor
developments combined with a multiple-late inject&irategy
(triple) and low swirl produced the best ISFC amavest
smoke. The most advanced injector design, inje€tatid not
require swirl to achieve very low smoke and ,N@vels.
Measurements of exhaust particulate size distobushowed
that very low PM emissions could be obtained witlis t
combustion system.
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At higher loads, late intake valve closing was usededuce
cylinder pressure and temperature, and increasioigaelay.

Minimum ISFC of 181 g/kWh was obtained. Combustion

noise, maximum pressure rise rate, and ringinghsitg were
in acceptable ranges, however, the correlation gntbese
noise parameters was poor. Combustion noise mehbyran
AVL Combustion Noise Meter was chosen for optimat
studies.

Overall, single-cylinder engine tests of a GDCI bustion
system indicate good potential for a high efficigntow-
emissions powertrain. Additional testing and depsient on
a multi-cylinder engine is needed, including caldring and
transient operation.

2.3 Delphi Powertrain et. al. [4]

A multi-cylinder engine (MCE) GDCI engine was comgi
with single-cylinder engine. The MC engine is allf8ur-
cylinder engine with 4-valves-per-cylinder and antcal-
mounted injector. A piston design based on singlexder
tests was incorporated in the multi-cylinder engifiee boost
system architecture is comprised of a variable ggom
turbocharger, a supercharger, and two intercooléte. EGR
system is a compact, low-pressure system with aR Egdler.

Preliminary tests were conducted at 2000rpm-11b&ER

under conditions very similar to those used fogkdrcylinder
engine (SCE) tests. Both the MCE and SCE weredesting
Shell E10 gasoline. Tests for the MCE were simplemetric
tests and are not considered optimized resultsivithal-

cylinder data was recorded, averaged, and presestedgine
average data. Test results comparing the multrdgli engine
to the single-cylinder engine are shown in Fig. Oerall,

results are reasonably comparable for the two esgilBFC
was 175 and 172 g/kWh for the MCE and SCE, respagti
Combustion characteristics were somewhat diffefentthe

two engines with significantly longer 10-90 burrration and
somewhat later combustion phasing for the MCE. Qgstibn

noise for the MCE was 88 dB and slightly lower tluamh the
target and SCE results. Maximum pressure risewate also
somewhat lower for the MCE.

NOyx and smoke emissions were well below targets ftn bo
engines (Fig. 13). While CO emissions were comgarahC
emissions for the MCE were high for this initialildu Such
high levels are not believed to be typical and heing
investigated for root cause. The higher HC for MEE is
reflected in lower combustion efficiency relative SCE
results.
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Fig-12: Preliminary Combustion Test Results for GDCI
Multi-Cylinder Engine Compared to Single-Cylindendine
at 2000 rpm-11bar IMEP [4]
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Fig-13: Preliminary emissions test results for GDCI multi
cylinder engine compared to single-cylinder engih2000

rom-11bar IMEP [4]

It was also detailed heat release and efficieneg lanalyses
were performed to understand the fundamental pseses
involved in GDCI combustion. Heat losses and cortibns
losses were both very low, and contributed to iatgid
thermal efficiencies of approximately 47%. Lossesogiated
with CO and HC emissions were higher than desireti aae
strong candidates for near term work.

CONCLUSIONS

The present review study has investigated that GiECI
engine was built in 2013 due to disadvantage ofpression
ignition (diesel) engine (high PM and NQGmissions) and
advantages of gasoline engines (low PM and; BQissions).
The compression ignition engine has limitationshsas high
noise, weight, PM and NQemissions compared to gasoline
engine. But the high efficiency, torque and betfael
economy of compression ignition engine are the aemof
Delphi Company to use compression ignition stratégy
building a new combustion system. The GDCI is a new
combustion system that overcomes many of the fuedéah
limitations of diesel and gasoline engines. The Gp©vides
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the high efficiency of conventional diesel enginegth
unleaded regular gasoline.
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NOMENCLATURES

BDC Bottom Dead Center

CAFE Corporate Average Fuel Economy
CE percent Combustion Efficiency

CNL dBA Combustion Noise Level

CcO g/kW-h Carbon Monoxide Emissions

DoE Design of Experiments

DOE Department of Energy

EGR percent by Exhaust Gas Recirculation
mass

FSN Filtered Smoke Number

GDCI Gasoline Direct Injection

Compression Ignition
GDI Gasoline Direct Injection

HATC Hyundai America Technical Center

HC g/kW-h Hydrocarbon Emissions

HCCI Homogeneous Charge
Compression Ignition

HD Heavy Duty

IMEP  bar Indicated Mean Effective Pressure

ISCO g/kW-h Indicated Specific Carbon
Monoxide Emissions

ISCO2 g/kW-h Indicated Specific Carbon
Dioxide Emissions

ISFC g/kW-h Indicated Specific Fuel
Consumption

ISHC g/kW-h Indicated Specific
Hydrocarbon Emissions

ISNOx  g/kW-h Indicated Specific Nitrous
Oxide Emissions

LD Light Duty

LTC Low Temperature Combustion

MCE Multi-Cylinder Engine

MHRR  J/CAD Max Heat Release Rate

MLI Multiple Late Injection

NOy Oxides of Nitrogen Emissions

PCP bar Peak cylinder pressure

PHI (2) Equivalence Ratio

Ping bar Injection Pressure

PM Particulate Matter

PPCI Partially Premixed
Compression Ignition

Prail bar Rail Pressure

PW ms Pulse Width

Q mm3 Quantity Injected

Q% percent Quantity Injected as Percent

of Total Fuel

RPM rev/min Revolutions per Minute
SCE Single Cylinder Engine
Sl Spark Ignited

SOC crank degrees Start of Combustion

SOl crank degrees Start of Injection

TDC Top Dead Center

uw University of Wisconsin-Madison

WERC Wisconsin Engine Research
Consultants
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