
INTRODUCTION
Throughout the world, many efforts are being made to improve the 
thermal efficiency of automotive internal combustion engines. One 
relatively new approach is gasoline partially-premixed compression 
ignition (PPCI) that was introduced by Kalghatgi [1] and first tested 
by Johansson [2]. Widespread interest in PPCI has led to numerous 
studies, which have contributed to a significant body of PPCI test 
data and experience. Tests have been performed on diesel engines 
using various gasoline-like fuels at Shell [3, 4, 5, 6], Lund [7, 8, 9, 
10], Cambridge [11], UW-Madison [12, 13, 14, 15, 16], Argonne [17, 
18, 19, 20], Tsinghua [21], and RWTH [22]. In practically all cases, 
diesel-like efficiency was measured.

Various injector designs and piston designs have also been developed 
with significant improvements. Delphi [23, 24, 25, 26, 27] reported 
single-cylinder and multi-cylinder engine test results with various 
injectors using single, double, and triple injection strategies.

Engine tests have also been performed using naphtha fuels [28, 29]. 
Naphtha has significantly lower octane number (RON 70 to 84) and 
processing cost compared to current market gasoline. This work has 
shown compatibility of the PPCI combustion process with lower 
octane fuels in a longer term perspective.

As part of a US Department of Energy funded program, Delphi has 
been developing a multi-cylinder engine concept for PPCI 
combustion with current US market gasoline (RON91)[30]. Delphi 
uses the term Gasoline Direct Injection Compression Ignition in 
reference to this combustion process. A description of the first-
generation 1.8L four-cylinder GDCI engine, including injection, 
valvetrain, boost, and exhaust subsystems was reported [30]. The 
engine was operated “full time” [25] over the operating map with 
partially premixed compression ignition. No combustion mode 
switching, diffusion controlled combustion, or spark plugs were used. 
The engine was packaged in a D-class passenger vehicle.

One program objective was to achieve diesel-like fuel efficiency with 
engine-out NOx and PM emissions below that needed for NOx or PM 
aftertreatment. Combustion noise levels (CNL) and combustion 
stability (COV IMEP) were constraint factors. Other program 
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objectives included demonstration of good transient load response 
and room temperature cold starts. Preliminary targets for engine 
development and testing are shown in Table 1.

Table 1. Preliminary Targets for Engine Testing.

In the current work, the first generation 1.8L GDCI engine was tested 
over a range of steady-state operating conditions using the latest 
GDCI injection system. For low loads, an exhaust rebreathing 
strategy was evaluated. Calibration mapping was conducted over a 
wide range of operating conditions used on the FTP drive cycle. 
Preliminary full load testing was performed to develop full load 
torque characteristics of the engine. Finally, aggressive gear shift 
transients were simulated with high rate of load change.

GDCI CONCEPT AND INJECTION 
STRATEGY
The GDCI engine concept combines the best of diesel and 
spark-ignited engine technology. Like diesel engines, the 
compression ratio is high, there is no intake throttling, and the 
mixture is lean for improved ratio of specific heats. GDCI uses a 
new low-temperature combustion process for partially-premixed 
compression-ignition. Multiple-late-injections of gasoline 
(RON91) vaporize and mix very quickly at low injection pressure 
typical of direct injected gasoline engines. Low combustion 
temperatures combined with low mixture motion and reduced 
chamber surface area significantly reduced heat losses.

A schematic of the GDCI combustion chamber concept is shown in 
Figure 1. The engine features a shallow pent roof combustion 
chamber, central-mounted injector, and 15:1 compression ratio. A 
quiescent, open chamber design was chosen to support injection-
controlled mixture stratification. Swirl, tumble, and squish were 
minimized since excessive mixture motion may destroy mixture 
stratification created during the injection process. The piston and 
bowl shape were matched with the injection system and spray 
characteristics. The bowl is a symmetrical shape and was centered on 
the cylinder and injector axes.

Figure 1. GDCI Combustion Chamber Concept.

The GDCI injection strategy is central to the overall GDCI concept 
and is depicted in the Phi-T (equivalence ratio-temperature) diagram 
shown in Figure 2. The color contours in Figure 2 show simulated 
CO emissions concentration. The injection process involves one, two, 
or three injections during the compression stroke, which are shown as 
quantities Q1, Q2, and Q3. Each injection begins in the upper left of 
the Phi- T diagram (liquid) and quickly vaporizes and mixes to Phi 
less than 2 by the start of combustion (SOC). At SOC the fuel-air 
mixture is stratified to achieve stable ignition and controlled heat 
release. Wall wetting is minimized and fuel is kept away from cold 
zones such as the piston topland and cylinder liner that may impede 
complete oxidation.

The ideal “stratification line” is shown in Figure 2 and represents the 
ideal injection process. To achieve low NOx and low PM emissions 
simultaneously, combustion must occur “in the box” shown in Figure 
2 (avoiding soot and NOx formation regions). To also minimize CO 
emissions, which can compromise efficiency, combustion must occur 
in the smaller region defined by 0<Phi<1.2 with 1300<T<2200 
degrees K. Therefore at SOC, which is approximately top-dead-center 
(TDC), all parcels in the combustion chamber should be no richer 
than Phi of approximately 1.2. This corresponds to the top of the 
stratification line in Figure 2. The stratification line is inclined due to 
charge cooling effects with the richest parcels cooling more than the 
leanest parcels. Extensive KIVA simulations with this combustion 
system and an injector spray model were reported in 2014 [30].

Figure 2. GDCI Injection Strategy depicted on Phi-T Diagram with NOx, 
Soot, and CO Contours.

ENGINE DESCRIPTION
Base engine specifications for the GDCI engine are listed in Table 2. 
The engine has 1.8L displacement, four-cylinders, and four-valves-
per-cylinder. Bore, stroke, and connecting rod length are 82 mm, 85.2 
mm, and 144.7 mm, respectively, for B/S of 0.96 and r/l of 0.29. With 
geometric compression ratio of 15, this engine has geometry similar 
to modern light duty diesel engines. A photograph of the first 
assembled GDCI engine is shown in Figure 3.
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Table 2. Base Engine Specifications.

Figure 3. GDCI 1.8L Multi-cylinder Engine.

Cylinder Head The cylinder head is an all new design with four-
valves-per-cylinder rated at 200 bar peak cylinder pressure (PCP) for 
development purposes. The injector is central-mounted without offset 
or inclination relative to the cylinder axis. The combustion chamber 
features a shallow pent roof with valves flush with the pent roof 
surface. Intake and exhaust ports were developed for good flow 
characteristics but without the need for swirl, tumble, or squish. A 
double overhead camshaft, Type II valvetrain with roller finger 
followers and rollerized camshafts was selected due to low friction 
and compact packaging. Automotive grade cylinder pressure sensors 
were used for combustion control and were mounted under the intake 
ports with near flush mounting. In addition, Kistler cylinder pressure 
transducers were mounted vertically at the cylinder periphery. No 
spark plug exists in the cylinder head. Overall, the cylinder head is 
very compact and employs conventional aluminum casting methods 
and alloys, while meeting demanding structural requirements.

Piston A new piston was designed for GDCI based on extensive 
KIVA simulations. The piston bowl shape and injector spray 
characteristics were matched for typical GDCI injection timings. This 
resulted in significantly reduced piston surface area and less 
propensity for wall wetting relative to typical diesel pistons. The 
piston bowl is symmetrical and is located on the cylinder axis [27].

Injection System Previous work by the authors has demonstrated 
improved GDCI combustion performance through injection system 
developments [23, 24, 25, 26, 27,30]. Simulation tools were used to 
develop injector spray characteristics that provide very fast 
vaporization and low spray penetration, while also providing the 
necessary injection rate (flow rate). Designed experiments on a 
single-cylinder engine were used to determine best injection timings, 
quantities, and injection pressures for various injector designs. 
Injection pressures were in line with current trends for GDi engines. 
In general, low injection pressures are desirable to reduce pump 
parasitics and fuel system cost.

The GDi fuel pump was mounted at the end of the cylinder head and 
was driven by the exhaust camshaft. The pump shaft has four lobes 
and exhibits excellent rail pressure control via modulation of the spill 
valve. The fuel rail has inlet and outlet orifices for dampening of 
pressure pulsations in the system. Injector drive waveforms were 
developed to support the multiple late injection strategies used for 
GDCI. Importantly, the system delivers accurate fuel quantities for 
multiple injections in all cylinders.

Valvetrain System Full-time GDCI combustion over the operating 
map is achievable by using exhaust rebreathing (RB) at low loads and 
cooled EGR at medium to higher loads. Rebreathing (RB) is 
accomplished using the exhaust valvetrain system, which provides a 
secondary exhaust lift event during the intake stroke. A Delphi 
electric camshaft phaser is used to actuate the exhaust valvetrain and 
control the secondary valve lift with very fast response. It is an 
effective method to recuperate heat from hot exhaust gases in order to 
raise mixture temperatures. This heat promotes autoignition at low 
loads when boost pressure is zero or low. Rebreathing also collapses 
the pumping loop (intake and exhaust valves are open at same time) 
and raises exhaust temperatures significantly. In this way, a close-
coupled oxidation catalyst will remain active over a wide range of 
low loads without special maintenance heating.

Boost System Intake boosting is difficult for low-temperature engines 
because the exhaust enthalpy to drive a turbocharger is very low. 
Extensive engine simulations were performed [26] to develop a boost 
system that provides the necessary intake boost with low boost 
parasitics. The system includes a variable geometry turbocharger, a 
supercharger with clutch, and two charge coolers. Figure 4 shows a 
schematic of the boost system. No intake throttle is used.

The low pressure loop exhaust gas recirculation (LPL-EGR) system 
is also shown in Figure 4. The exhaust gases exit the turbine and pass 
through a close-coupled oxidation catalyst to reduce HC and CO 
emissions. The EGR system is designed for high flow in a compact 
layout for fast response on the vehicle.

Figure 4. Schematic of boost system with charge air coolers and LPL-EGR.
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Exhaust System and Aftertreatment Figure 5 shows a photograph of 
the exhaust system used on the first generation (Gen I) multi-
cylinder GDCI engines. The aftertreatment system is comprised of 
only an oxidation catalyst. The intent is to satisfy tailpipe NOx and 
PM emissions targets using clean GDCI combustion technology 
without NOx or PM aftertreatment. The oxidation catalyst is 
close-coupled to the turbocharger outlet for heat conservation. The 
entire exhaust system including flex pipes and sensors is packaged 
for the GDCI vehicle application. An exhaust pipe and muffler were 
used for dynamometer testing to emulate the restriction of the 
vehicle exhaust system.

Figure 5. Photograph of GDCI exhaust system on a dynamometer engine.

EXPERIMENTAL METHODS
Experiments were performed on an engine dynamometer at Delphi. 
The test fuel was Shell regular unleaded gasoline with approximately 
10 percent ethanol and research octane number (RON) of 91, as is 
representative of commercial gasoline fuel in the United States. Fuel 
property data are listed in Table 3.

Table 3. Properties of Shell Test Fuel.

Engine air flow was measured by a Meriam laminar flow element 
with a 55 gallon surge tank located upstream of the engine. 
Combustion air was conditioned for temperature and humidity. Fuel 
flow was measured with an AVL 735 Fuel Mass Flow Meter in 

combination with an AVL 753 Fuel Temperature Controller. Fuel flow 
data for operation on E10 fuel was corrected to E00 based on the 
lower heating value of the test fuel.

Exhaust emissions were measured conventionally. Non- dispersive 
infrared analysers were used for CO2, CO, and intake CO2 species. 
Intake CO2 data was used to calculate EGR levels. A 
chemiluminescence analyser was used for NOx species, a heated 
flame-ionization detector was used for total HC, and a paramagnetic 
analyser was used for O2. Exhaust smoke was measured with an 
AVL 415S smoke meter. Exhaust particulate size distribution was 
measured with a TSI 3090 Engine Exhaust Particle Size 
Spectrometer [31, 32]. The sampling system for exhaust particulate 
is described in [24].

Cylinder pressure was measured with a flush-mounted Kistler 
6125CU20 pressure transducer. These transducers were inserted from 
the top of the cylinder head and located flush with the chamber near 
the cylinder bore. A Kistler 2614 crankshaft encoder provided crank 
position data and was dynamically aligned with engine TDC using a 
Kistler 2629B TDC probe. Cylinder pressure data was sampled every 
0.5 CAD. Indicated mean effective pressure (IMEP) was reported on 
a gross basis. Combustion noise level (CNL) was measured using an 
AVL FLEXIFEM Noise Meter [33].

Lab Engine Controller The engine controller is based on National 
Instruments hardware and LabView software [34], and was built 
by National Instruments-San Antonio. The system schematic is 
shown in Figure 6. The controller features realtime combustion 
analysis using NI Combustion Analysis System (NI-CAS) and 
allows rapid prototyping of test cell engine control software using 
LabView. The controller is comprised of a National Instruments 
8110 Real-Time processor, two PXi 7813R 3M gate field 
programmable gate arrays (FPGA), two PXi 6123 modules for fast 
data acquisition, a PXi 8512 for CAN communications, and 
numerous cRIO modules for interfacing to engine sensors, 
actuators, and other test cell instrumentation.

Figure 6. Schematic of Test Cell Engine Control System for GDCI Multi-
cylinder Engine Testing.
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Engine control software for dynamometer testing was developed by 
Delphi. The software balances IMEP for each cylinder based on 
cylinder pressure data. A multiple-injection- control utility [23] was 
developed to control the fuel injection quantity, Q, for each injection 
event. The Q for each injection is determined using instantaneous rail 
pressure, cylinder pressure, and an embedded calibration map for 
each injector. Fuel rail pressure is tightly controlled using the rail 
pressure sensor and the GDi fuel pump spill valve. Intake boost is 
controlled by the supercharger bypass valve and turbocharger rack 
position for minimum boost parasitics. Engine coolant temperature 
and liquid-cooled, charge air coolers are controlled via temperature 
feedback to maintain prescribed set points. The engine controller 
provides various other controls functions for the EGR valve, SC 
clutch, 2-stage oil pump, etc.

A CAN bus was used to communicate among the main controller, 
actuator smart controllers, and the PUMA test system in the test cell. 
The CAN bus passes information for site safeties, emissions, fuel 
flow, as well as pressure transducers and thermocouple values (Figure 
6). Data acquisition of all high-speed combustion data and low-speed 
data is performed by the engine controller and saved in a single, 
binary file.

GDCI COMBUSTION CHARACTERISTICS
In this section, the GDCI combustion process is illustrated for engine 
operation at 1500 rpm-6 bar IMEP using a double injection strategy. 
Figures 7, 8, 9, and 10 demonstrate combustion phasing control using 
injection parameters, while achieving low NOx, PM, and fuel 
consumption with good combustion stability.

Figure 7 shows the effect of the start of injection for the last injection 
(SOIlast) on combustion phasing (CA50). A characteristic U-shaped 
response is produced enabling combustion phasing to be controlled in 
one of two regimes. On the right side of the valley in Figure 7, SOIlast 
is generally retarded. Combustion phasing retards as injection timing 
is retarded, similar to the response of a diesel combustion system. 
Ignition dwell (IDW) is relatively low. This is designated the GDCI 
Late Injection regime.

On the left side of the valley in Figure 7, SOIlast is generally advanced 
and is designated as the GDCI Early Injection regime. For GDCI 
early injection, combustion phasing retards as injection timing 
advances. This occurs because earlier injection causes IDW to 
increase significantly due to lower cylinder pressure and temperature. 
For both GDCI late and early injection regimes, the injection process 
is complete prior to start of heat release, so they are considered 
partially premixed compression ignition (PPCI) combustion 
processes. The dashed lines in Figure 7 represent estimated data for 
these tests.

The influence of EGR for both regimes is also shown in Figure 7. The 
addition of EGR increases the ignition delay and retards combustion. 
Combustion phasing is still injection timing controlled. For the GDCI 
Early Injection regime, data for exhaust rebreathing is also shown. 
Rebreathing increases the charge temperature, which enables higher 
EGR or more advanced injection timing.

Figure 7. GDCI Combustion Phasing as a Function of Last Injection Timing, 
EGR, and Exhaust Rebreathing (1500 rpm-6 bar IMEP).

Figure 8 shows the influence of SOIlast, EGR and exhaust rebreathing 
on NOx and smoke emissions. For GDCI late injection, smoke 
increases as injection is retarded. The addition of EGR provides a 
reduction in NOx and smoke by increasing the ignition delay and the 
associated greater mixing. Smoke levels are reduced below the smoke 
target of 0.1 FSN but NOx levels still exceed the NOx target of 0.2 g/
kWh in this regime.

For GDCI early injection, NOx and smoke levels are significantly 
reduced (Figure 8). In this regime the addition of EGR is not 
necessarily beneficial since the dilution effect of EGR also requires a 
reduction in injection timing and provides a shorter time for mixing. 
The net effect is a small NOx increase at constant combustion 
phasing. However, exhaust rebreathing provides a NOx benefit by 
reducing peak temperature while increasing mixing time. As shown 
in Figure 8, this enables a NOx reduction of approximately 50 
percent at this operating condition.

Figure 9 shows ISFC as a function of SOIlast, EGR, and exhaust 
rebreathing. This data shows that ISFC is generally best a little on the 
early side of the valley. Since NOx and smoke emissions are also best 
in this region, this region is generally preferred for engine calibration.

Figure 10 shows combustion stability as measured by coefficient of 
variation of IMEP (COV IMEP). This data confirms that combustion 
stability in the early injection regime used for engine calibration is 
less than the 3% COV IMEP target.

Figure 8. ISNOx and Smoke as a Function of Last Injection Timing, EGR, and 
Exhaust Rebreathing (1500 rpm-6 bar IMEP).
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