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Abstract
A parametric study was carried out for the first firing cycle of a 4-cylinder, 2.0-liter, turbocharged gasoline direct injec-
tion (GDI) engine. The primary goal was to see how changes in the fuel injection parameters would affect the GDI
engine combustion and emissions for the first four combustion events that constitute the first firing cycle. Experimental
studies were carried out with a custom-designed powertrain control system to measure the HC emissions and pressure
development for the first firing cycle. The quantitative experimental results were accompanied by simulations of the
detailed temporal and spatial fuel concentration profiles using Converge CFD engine simulation software. An alternative
calculation method was used to calculate the average combustion equivalence ratio for each of the four cylinders. This
method showed that the majority of the cold start HC emissions during the first firing cycle was unburned gasoline and
its possible decomposition products, which did not contribute significantly to the combustion and heat release. For the
same amount of fuel injected into a cylinder, increased fuel rail pressure resulted in better evaporation and combustion,
while slightly increasing the HC emissions during the cold start process. A multiple injection strategy was studied that
split the fuel delivery between the intake stroke and the compression stroke with either one or two injections in each of
those strokes (two or four injections total). The quadruple injection strategy led to better first cycle combustion, with
higher engine IMEP and lower HC emissions. This resulted from a richer fuel mixture in the region near the spark plug
due to better fuel evaporation and a better spatial fuel distribution. While increasing fuel rail pressure with either injec-
tion strategy failed to significantly lower the HC emissions given the same amount of injected fuel mass, higher rail pres-
sure with the quadruple injection strategy resulted in higher IMEP for the same amount of injected fuel; this may provide
the possibility to reduce the total fuel injection mass which may have benefits for both fuel consumption and emissions.
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Introduction

The more stringent HC emissions regulations put in
place by the United States Environmental Protection
Agency and California Air Resources Board lowered
allowed unburned hydrocarbons (HC) by 65% under
the Tier 31 standards that go into effect in 2025. Having
multiple advantages compared with traditional port
fuel injection (PFI) engines, due to the capability for
cycle-by-cycle fuel injection controls,2 gasoline direct
injection (GDI) has steadily gained market share
among light-duty vehicles. Its share among model year
light-duty vehicles has risen from 2.3% in 2008 to 57%
in 2020.3 With its increasing popularity among vehicle

manufacturers, gasoline direct injection engines are
under intensive research to reduce HC emissions during
the cold start processes.4 During a typical cold start, a
GDI engine is faced with in-cylinder wall temperatures
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much lower than optimal for good evaporation and
experiences rapid changes in engine speed and fuel rail
pressure within the first 5 firing cycles. Further, it is
usual to retard the spark timing as soon as possible to
enter catalyst-heating mode with lower output IMEP as
one cost.5,6 The lack of hot exhaust residual on the first
firing cycle plus low initial and swiftly increasing cylin-
der wall and piston top temperature,7,8 fuel rail pres-
sure,9,10 the difficulty in estimating trapped air charge
due to rapidly varying manifold pressure, and engine
speed all contribute to the suboptimal fuel evaporation,
non-ideal combustion and high HC emissions. It is
thought that the factors above lead to HC emissions
mainly by surface impingement of liquid fuel, deterior-
ating the overall combustion performance and allowing
the fuel trapped on the walls to be released at the end
of the combustion to form engine-out emissions of
HCs.11 It has been found that the first 5 firing cycles,
especially the very first cycle, where most of the engine
speed and fuel rail pressure transient takes place, have
the greatest contribution to HC emissions.12 Also, cre-
ating the desired equivalence ratio in each cylinder dur-
ing this transient period is difficult. These issues lead to
the current challenges to meet future HC emissions
regulations.13

Multiple research studies, focusing on experimental
and simulation methods, have been published in the field
of GDI engine cold start. Fan and Li studied the
influence of a series of injection parameters, including
injection timing and injection split ratios, on the engine
energy release performance for the first cycle14 and on
the engine emissions over the first 10 firing cycles.15

Rodriguez and Cheng examined effects of fuel rail
pressure, cranking engine speed, spark ignition timing,
manifold air pressure, and the injection mass on the
engine fuel evaporation and engine-out emissions for the
first firing cycle13,16, and then for the first three firing
cycles.17 They also studied the influence of valve timing
on the engine emissions during cold crank start.18

Malaguti et al.19 carried out numerical simulation
methods to analyze the fuel evaporation and fuel film for-
mation process in the first two firing cycles. Previous
research from our research group proposed12 and
validated20 a novel experimental technique that quantified
engine-out emissions for each of the first five firing cycles.
In addition, a simulation model that focused on the tran-
sient engine speed and fuel rail pressure on in-cylinder
injection parameters and combustion was used to gain
additional insights, as well.21 Ravindran et al.22 developed
a modified G-Equation combustion model which per-
forms well for the lower Reynolds number regimes under
cold-start conditions with constant engine speeds around
1200 RPM. They later utilized an advanced Gaussian
process regression (GPR)-based machine learning
techniques to predict engine performance for a DISI
engine under cold-start conditions.23 All the research
mentioned has shown that improving the combustion
performance of the first firing cycle of GDI engine cold
starts can not only reduce the HC emissions, but also

shorten the time required for the engine to reach the tar-
geted operating conditions at which the catalyst-heating
mode of operation becomes possible.

In the present research, a parametric study was con-
ducted to determine how different powertrain cold start
configuration parameters affect the GDI engine cold
start emissions and combustion performance for the
very first firing cycle of all four cylinders. The para-
meters of interest include injected fuel mass, fuel rail
pressure (FRP), different injection strategies (2- or 4-
injection strategy), injection fuel mass split ratio (early-
late split ratio) between intake stroke (early) and com-
pression stroke (late) injections, and the injected fuel
mass split ratio between the two late injections (late-
late split ratio) for the 4-injection strategy. The results
drawn from experiments were further supported with a
validated CFD simulation model, which provided fur-
ther insight into the fuel temporal and spatial distribu-
tion within the cylinder during the intake and
compression strokes of the first firing cycle.

Methods and system setup

Engine specifications

The engine used for the present study was a 4-cylinder,
2.0-liter gasoline turbocharged direct injection engine.
The variable valve timing was disabled, and by default
the intake valve remains at full retard and the exhaust
valve at full advance. The turbocharger was in place
but not active during the experiments. The engine was a
direct injection engine, with the injector nozzle located
between the two intake valves. The engine is also solely
GDI, that is, no additional PFI fuel system is present.
During cold starts, the piston top plays a significant
role in deflecting air and injected fuel, and thus fuel
vapor, toward the spark plug. Hence, piston top wall
wetting can be strong and a detailed tuning of the injec-
tion timing is needed to minimize HC emissions during
the first firing cycle. A more detailed list of engine spe-
cification is shown in Table 1.

Experimental system setup

The experimental system schematic is shown in Figure 1.
The entire system was placed in an environmental

Table 1. Engine specifications.

Displacement 1999 cc
Bore/Stroke 87.5/83.1mm
Connecting Rod Length
(Center to Center)

155.9mm

Compression Ratio 10:1
IVO/IVC 10.9� ATDC/71.1� ABDC
EVO/EVC 55.1� BBDC/5.1 ATDC
Firing order 3-4-2-1
First cycle spark ignition 10� BTDC
Baseline idling speed 1200 RPM
Baseline Intake Valve Fully Retarded
Baseline Exhaust Valve Fully Advanced
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chamber whose temperature was controlled to 226 1�C
(2956 1K) throughout the experiments. A water brake
dynamometer was connected to the engine flywheel to
provide load similar to a typical engine cold start. A cus-
tom engine ECU was configured using National
Instruments cRIO hardware. Seven individual NI con-
trol modules connecting relevant vehicle control and
sensor pinouts, were assembled onto a NI cRIO-9048
chassis connected to the host PC via an Ethernet con-
nection. A custom-developed NI Real-Time-FPGA con-
trol program was deployed to control the engine and log
the operating data. Two Siglent SDS1104X-E 4-channel
oscilloscopes were connected to the 4 Kistler 6125A in-
cylinder piezoelectric pressure transducers which
detected the instantaneous cylinder pressure of each
cylinder. The oscilloscopes were also connected to the
signal output of an incremental rotational encoder,
which was fixed onto the crankshaft and had an angular
resolution of 0.5�. The logged temporal engine pressure
trace data not only provided engine cycle quantification
by displaying the number of cycles the engine elapsed,
but also, with the aid of temporal engine position data
provided by the incremental encoder, allowed crank
angle-based engine cycle analysis, including IMEP calcu-
lation and heat release calculation.

To eliminate the transient effect of the normally rap-
idly increasing fuel rail pressure during cold start, a
titanium spherical tank containing standard E10 gaso-
line was directly connected to the common fuel rail,
bypassing the deactivated high-pressure fuel pump on
the engine. A nitrogen tank was connected to the upper
end of the titanium tank via a regulator. The adjust-
ment of the regulator allowed for the fuel inside the
titanium tank to be controlled to a specified pressure
level which, in turn, maintained the fuel rail pressure at
a constant, user-specified, value.

A gas collection volume (GCV) was placed down-
stream of the exhaust manifold along with a two-way
exhaust pipe system. The exhaust gas coming from the
exhaust manifold was directed into the GCV when the
ball valve between the volume and the main pipe was
opened and the gate valve between the main pipe and
the building exhaust system was closed. The GCV was
a 1m tall, 19 cm inner-diameter acrylic cylinder, with a
plastic foam piston sealing the cylinder. A Horiba
MEXA-554JU gas analyzer was connected to the bot-
tom of the GCV through a 3/8$ NPT pipe fitting.
Before each gas collection and measurement process,
the gate valve would be shut and the ball valve would
be opened. During the cranking or the cold start pro-
cess, the exhaust gas would be guided into and trapped
inside GCV, then the gas volume was measured, and
the gas composition analyzed with the gas analyzer to
obtain HC (in hexane base), CO, and CO2 molar
concentrations.

Powertrain parameters of interest

The main parameters of interest within this study were
the injected equivalence ratio (or injected fuel mass),
the delivery fuel rail pressure, and the injection strat-
egy. In the quadruple injection strategy, the fuel injec-
tion split ratio between the early (intake stroke) and
late (compression stroke) injections and the fuel injec-
tion split ratio between the two late injections during
the compression stroke affected the fuel distribution
and evaporation. To carry out the parametric analysis,
a baseline parameter set was established, and the corre-
sponding engine performance and emissions were mea-
sured. From this baseline, a series of parametric sweeps
of each parameter was carried out. The results were
then compared with the baseline results to qualitatively

Figure 1. Experimental schematic.
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and quantitatively understand whether the variation of
the parameter achieved performance improvement, and
what parameter set would lead to the optimal engine
performance and emissions results.

A detailed introduction of all the powertrain para-
meters studied is provided below.

- Injected equivalence ratio (ui). The injected equiva-
lence ratio was the key variable affecting the fuel
evaporation, combustion, and exhaust gas emissions.
For a warmed-up engine at operating temperature,
the injected fuel mass is adjusted to keep combustion
near stoichiometric via closed-loop control. However,
it is not possible to establish fast closed-loop control
during a cold start before the oxygen sensor becomes
active. Understanding how the injected equivalence
ratio affects the combustion and emissions of the first
firing cycle was necessary. The overall injected
equivalence ratio for the baseline scenario was set to
be 1.14, with a slightly richer equivalence ratio of
1.26 for cylinders 3 & 4, which were the first and sec-
ond to fire, and 1.02 for cylinders 2 and 1, which
were the third and last to fire, respectively. An
injected equivalence ratio sweep was carried out dur-
ing the experiments. During the injected equivalence
ratio sweep, the injection duration ratio among the
four cylinders remained unchanged.

- Fuel rail pressure (FRP). Gasoline was delivered to
the injectors via the common fuel rail. In this study,
the baseline fuel rail pressure was set to 80 bar.
Higher fuel rail pressures (up to 120 bar) and lower
fuel rail pressures (60 bar) were also used to study
the effects of FRP. Higher fuel rail pressures result
in smaller Sauter mean diameter droplets, enhan-
cing mixing with the in-cylinder air, promoting eva-
poration with less fuel wall wetting. Higher FRP
also reduced the injection duration necessary to
achieve the same amount of injected fuel mass.

- Injection strategy. Common rail fueling and in-
cylinder electrically controlled high pressure injec-
tors have made multiple injections within one cycle
possible. A common practice for the first few firing
cycles, when engine load is low and conditions for
ignition challenging, is to create a stratified fuel-air
mixture. A typical strategy is a 2-injection strategy
with one injection during the intake stroke to form
a lean fuel-air mixture, then one injection during the
compression stroke to achieve a combustible mix-
ture around the spark plug. The effect of additional
injections on engine performance was explored. In
this study, the baseline was a 2-injection strategy,
with intake injection starting at 220 crank angle
degrees (CA�) BTDC and compression stroke injec-
tion ending at 45 CA� BTDC of compression. For
comparison, a quadruple injection strategy was
used, with four injections, two during intake and
two during the compression stroke. By default, each
of these injections injected exactly the same amount
of fuel, indicating a 50%250% early-late split ratio

and a 50%250% late-late split ratio for the late,
compression stroke, injections. The two intake
stroke injections started at 240 and 200 CA� BTDC
respectively. The two compression stroke injections
ended at 55 and 35 CA� BTDC, respectively.

- Early-late split ratio (ELSR) and late-late split ratio
(LLSR) with the 4-injection strategy. During the
first firing cycle of the cold start, a common practice
is to carry out injections in both the intake stroke
and compression stroke to create a spatially stratified
fuel distribution. The purpose of this practice is to
increase the probability of a combustible mixture at
the spark plug. While late injection(s) were essential
to guarantee a robust firing of the cylinders, not all
of the fuel injected during the compression stroke
will vaporize; the rest either remaining liquid in the
cylinders before either entering the crankcase or eva-
porating late in the expansion or exhaust stroke to
exit as HC emissions. When the 4-injection strategy
was used, the second late injection, whose injection
timing was pushed even closer to the time of ignition,
suffered from even poorer evaporation. The fueling
default was that the early-late split ratio was
50%250% for both the 2-injection and 4-injections
cases while the baseline split ratio, between the two
late injections for the 4-injection cases was also
50%250%, indicating equal amounts of fuel injected
per each injection. Since the engine injectors were
linear in their fuel delivery for injection durations
greater than 0.6ms, the default FRP was set to
60bar to allow longer injection durations, and only
durations greater than or equal to 0.6ms were used.

A brief summary of the parameters studied in this
research is listed in Table 2.

Experimental process

How each experimental case was carried out and the data
collected is shown in Figure 2. Before each experiment
the engine soaked for at least 12h in the environmental
chamber to make sure the temperatures of the cylinders,
coolant, and components were all restored to 22�C. Prior
to a fueled cold start, the engine went through five pre-
cold start cranking measurement periods; each measure-
ment consisting of 14 engine cycles and having an interval
of 4min apart from its predecessor. The HC emissions of
each of these five measurements were analyzed. The
objective of the five pre-cold start cranking measurements
was to quantify the potential background HC sources
inside the cylinder. The average of the obtained per-cycle
HC emissions through the five pre-cold start cranking
measurements was calculated and treated as the back-
ground HC emissions level.

Four minutes after the last pre-cold start cranking
event, a cold start firing lasting for one firing cycle was
carried out with all preset parameters. During the cold
start firing, the engine first went through three dummy
cranking cycles, without fuel injection, for engine
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position synchronization. After the three dummy
cycles, one firing cycle followed where the spark igni-
tion and fuel injection were activated. After the firing
cycle, all powertrain components were deactivated, and
the engine went through a short inertial slow-down
(usually \ 1 full cycle) before coming to a stop. The
exhaust gas throughout all these cycles was trapped
inside the GCV before being sampled and analyzed.
The collected HC mass from the single cold start cycle
was defined as the cold start HC emissions of the first
firing cycle, and was the main focus of this study.

The cold start firing process was followed by two
post-cold start cranking measurement periods. Like the
pre-cold start cranking events, the engine went through
14 cycles for each, with the two events separated by
4min. HC, CO, and CO2 emissions were measured and
emitted masses calculated. The objective of the post-
cranking was to quantify the emissions generated dur-
ing the cold start firing but not recovered until later

cycles, possibly due to late evaporation of liquid fuel.
The CO and CO2 emissions collected via the post-cold
start cranking processes were summed up with the emis-
sions collected during the cold start firing process. The
summed CO and CO2 emissions masses were treated as
the cold start CO and CO2 emissions respectively. The
justification for this processing method was that there
should be no generation of CO and CO2 during pure
post-cold start cranking, and indeed, the only CO and
CO2 collected, post cold start, was for the very first
post-cold start cranking event where there was some
residual recovered from the exhaust manifold. That
observation validated the assumption. All captured
emissions were used to calculate the fuel mass that was
not collected at the end of the post-cold start cranking
process. The uncollected portion of the injected fuel
was treated as the fuel not evaporated during the
process, and presumably, lost to the crankcase past the
rings.

Figure 2. Experimental process.

Table 2. Powertrain parameters studied in this research.

Powertrain parameters Baseline configuration Other configurations

Injected equivalence ratio (ui) 1.14 overall 0.8–1.6 of baseline ui

1.26 for cylinders 3 & 4
1.02 for cylinders 2 & 1

Fuel rail pressure (FRP) 80 bar 120 bar; 60 bar
Injected strategy 2-injection strategy: 4-injection strategy:

1 injection at intake stroke; 1 injection at
compression stroke

2 injections at intake stroke; 2 injections at
compression stroke

ELSR for 4-injection strategy 50%250%: equal injected fuel mass between 2
early injections and 2 late injections

60%240%
70%230%

LLSR for 4-injection strategy 50%250%: equal injected fuel mass between two
late injections

60%240%
70%230%

Hu et al. 5



Indicators of interest

The cold start HC emissions were of primary interest in
this study. While the HCs emitted during the post-cold
start cranking events were essential to quantify the car-
bon element balance between injected and emitted fuel,
it did not share the same significance as the cold start
HC emissions with respect to tailpipe emissions, as
most of these later emitted HCs would be combusted in
later cycles in real engine cold starts. The uncollected
portion of the injected fuel was also given great atten-
tion. This portion of the fuel not only contributed to
the fuel economy loss, but also served as a potential
source of the HC emissions in the later cycles. Reducing
this unevaporated, uncollected portion of the injected
fuel was another focus of this study.

Apart from the emissions and fuel economy indica-
tors, two other parameters were also of interest: the
average engine indicated mean effective pressure
(IMEP), and overall combusted equivalence ratio (uc,
as distinguished from the injected equivalence ratio ui).
Average IMEP was calculated by processing the time-
based pressure traces and encoder data from the oscil-
loscopes and was a key indicator of engine torque
development throughout the first firing cycle.

The difference between uc and ui served as a key
indicator of the fuel evaporation status, and therefore,
the effectiveness of the fuel utilization. Traditionally,
the combustion equivalence ratio is obtained by the cal-
culation of the air/fuel ratio from the concentrations of
various components in the exhaust gas. Such a set of
concentration data was unavailable due to the experi-
mental design and an alternative method was used to
calculate the actual combusted mixture fuel/air ratio
and hence combusted equivalence ratio. For this calcu-
lation, the masses of the major emitted species were cal-
culated based on the analyzer concentrations and the
combusted equivalence ratio was calculated on a mass
basis. It was assumed that the emitted HCs did not par-
ticipate in the combustion reactions, and therefore did
not contribute to the combusted equivalence ratio.
Effectively, the emitted HCs were taken to be from gas-
oline evaporation instead of from incomplete

combustion reactions and were ignored in the com-
busted equivalence ratio calculation. A more detailed
presentation of the alternative method is shown in the
Appendix.

Numerical simulation methods

Three-dimensional simulations for the very first firing
cycle were carried out with CONVERGE CFDTM ver-
sion 3.0, a CFD package widely used in engine simula-
tions. The standard combustion model within Converge
was replaced with a fractal engine simulation (FES)
model, implemented as a user define function (UDF).
The FES model solves the turbulent combustion in an
engine in a more physically meaningful way: it assumes
that the dominant effects of turbulence on combustion
are to winkle and stretch the flame surface so that the
turbulence accelerates the combustion process. Thus, a
fractal dimension is employed to calculate the turbulent
burning velocity, accounting for the increase in the sur-
face area of the flame. Besides the FES model, different
models such as the turbulence model, injection model,
and wall film model were all included in the simula-
tions. A transient engine speed, obtained from the
experiments, was used in the simulations to better rep-
resent the actual event in the very first firing cycle dur-
ing the cold start process. As the simulation was not the
main focus of this paper, its details can be found in
prior publications that describe the FES model24 and
our application of Converge CFD.21 A detailed over-
view of the numerical simulation model is presented in
Table 3.

Results and discussion

Engine speed and pressure trace results

The instantaneous engine speed for the first firing cycle
is plotted in Figure 3. The 0 absolute crank angle degree
shown in Figure 3 represents the compression stroke
top dead center (TDC) of the first cylinder to fire, that
is, cylinder 3 TDC. The instantaneous engine speed
increased shortly after each ignition except in cylinder 1

Table 3. Numerical simulation models introduction.

Process Model Details

Combustion Fractal Engine Simulation Integrated into the 3D engine simulation as a user-define
function (UDF) in CONVERGE.

Spray breakup Modified KH-RT model Model constants: KH size constant B0: 0.6; KH time
constant B1: 7.0; RT size constant CRT : 0.6; RT time
constant Ct : 1.

Spray-wall interaction Wall film model Critical Weber number Wecric : 5.0; Critical value for
splashing E2cric: 3330; Fraction splashed: 1.0.O’Rourke model

Fuel Iso-octane Kinetics from Liu et al.25

Mesh Fixed embedding Base grid size: 4mm.Fixed embedding: level 2 for cylinder;
level 3 for spray; level 5 for ignition.AMR: level 3 using the
sub-grid (SGS)-based type for temperature and velocity;
boundary AMR included as well, for valves as an example.

Adaptive mesh refinement (AMR)
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(the last cylinder to fire), where the instantaneous
engine speed dropped before again rising. Each engine
speed increase raised the engine peak speed, propelling
the engine speed to reach approximately 1200RPM
(1300RPM for the 4-injection strategy discussed later)
at the end of the first firing cycle. The 4-injection strat-
egy achieved consistently higher engine speeds com-
pared with the 2-injection strategy.

A typical cylinder pressure profile displaying the
pressure trace of each cylinder during their first firing
event is shown in Figure 4. The peak pressure of the
same cylinder was significantly higher when the 4-injec-
tion strategy was used. The improvement of peak pres-
sure with the 4-injection strategy was a key finding of
this work and will be discussed in detail in the para-
graphs below. In the 4-injection scenario the cylinder
peak pressure was lower for each successive firing event
in the first cycle; cylinders firing later had lower peak
pressure compared with cylinders firing earlier. Such a
trend was not true for the 2-injection scenario. The

Figure 3. Typical instantaneous engine speed profile within the
first firing cycle.

Figure 4. Cylinder pressure profiles for the first firing cycle with 80 bar of FRP.

Hu et al. 7



difference might be due to the engine speed profile dif-
ference displayed above.

uc and HC emissions results

The combusted equivalence ratio uc was calculated
without considering the collected HC emissions, since
this unburned fuel did not contribute to the combus-
tion. To justify this approach, the mass of carbon col-
lected from the CO2 was normalized by the total
injected fuel carbon mass and plotted against the calcu-
lated uc for each powertrain parameter group.
Historically and theoretically, combustion research has
found that the CO2 concentration peaks when uc is
close to stoichiometric. It can be seen from Figure 5
that the emitted CO2 portion of carbon peaked at
around combustion stoichiometric for each group of
powertrain parameters, despite outliers. Such a trend
was more obvious in the 2-injection strategy data and
baseline 4-injection strategy, while larger fluctuations of
the data were observed when using the non-baseline

early-late and late-late split ratios for the 4-injection
strategies. If cold start HC emissions were taken into

consideration when calculating uc, the location at

which the emitted CO2 percentage peaked was approxi-

mately 1.2 of uc, demonstrating that the current

method to leave out HC emissions when calculating uc

was reasonable. Thus, for the first firing cycle, the

majority of emitted HCs did not participate in the com-

bustion reactions, and hence it was assumed that the

HC emissions consisted primarily of the non-combusted

gasoline (or its decomposition products). The previous

conclusion further implied that one should be able to

reduce the first firing cycle emitted HCs by improving

the gasoline evaporation and/or the extent of combus-

tion and minimizing the amount of injected gasoline

that evaporated late and did not take part in the

combustion.
Besides the validation of the combusted equivalence

ratio, the percentage of the injected carbon converted
to CO2 also reflected the success of the cold start com-
bustion. A higher conversion rate to CO2 indicated

Figure 5. CO2 carbon mass fraction with change of calculated combusted equivalence ratio.
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better evaporation and less fuel loss to liquid films. An
important trend from this graph is that increasing fuel
rail pressure and switching from double injection to
quadruple injection helped achieve somewhat better
fuel evaporation and more complete combustion as
indicated by higher CO2 concentrations for a given
combusted equivalence ratio. The adjustments of the
ELSR and LLSR from baseline values with 4-injections
did not show a significant increase in the conversion
rate to CO2, implying that those approaches did not
achieve much improvement for the cold start first cycle
combustion.

The significance of uc is that it had a good correla-
tion with the emitted CO2 mass as well as average
IMEP, two indicators strongly relevant to the pressure
development and torque output. The change of the
average IMEP with the increase in emitted CO2 mass is
plotted in Figure 6, and the emitted CO2 mass change
with increasing uc is plotted in Figure 7. From Figure
6, a clear linear positive correlation between CO2 mass
and the average cylinder IMEP was observed, indicat-
ing that the conversion from gasoline fuel to CO2 was
the major source of released energy, as expected, and
that the increasing IMEP was the result of the increas-
ing amount of fuel converted to CO2. Figure 7 shows
that as uc increased, CO2 emissions and IMEP
increased strongly until uc approached 1.2. When uc

increased beyond 1.2, CO2 and average IMEP did not
further increase significantly. That is because when the
air-fuel mixture was rich, the excess fuel was not fully
oxidized from CO to CO2, and little extra IMEP could
be extracted from this reaction. In addition, an exces-
sively rich air-fuel mixture might have inhibited fuel
evaporation, making the air-fuel mixture less favorable
toward stratified combustion compared with that in
lean or slightly-rich air-fuel scenarios. These results
show that the mass of fully combusted gasoline was the
main contributor to the IMEP during a firing event,
and that uc is a good indicator of the amount of fuel
achieving complete combustion. While the fraction of
injected fuel converted to CO2 peaked near uc equal to
stoichiometric as shown in Figure 5, increasing uc

yielded additional CO2 and increasing IMEP until uc

reached 1.2, as represented by Figure 7 (note that
IMEP increased linearly with CO2).

From a fuel economy standpoint and for emissions
optimization, it was desirable to maintain overall cylin-
der uc near 1.0, while minimizing over-fueling.
However, in scenarios where extra IMEP may be
required, maintaining uc at approximately 1.2 gave
maximum starting torque. These results also support
the previous discussion concluding that emitted HCs
did not contribute significantly to the heat release, and
that emitted HCs probably consisted mainly of unburnt
gasoline or its decomposition products.

The change of uc with ui, for different fuel rail pres-
sures and fuel split ratios is shown in Figure 8. In
Figure 8, the comparison between the 2-injection strat-
egy and the baseline 4-injection strategy results are
plotted for 80, 120 and 60bar in (a), (b), and (c), respec-
tively. In subplots (a), (b), and (c), the results were
fitted using an ordinary least square (OLS) linear
regression with the intercept forced to be 0. The results
of the adjusted ELSR and LLSR are shown in (d),
without OLS fitting. In general, uc increased with ui

for all the results, and the positive correlations were
well fitted using linear regression, with regression R2

between 0.79 and 0.96. The data points were farther
away from the linear fit line when ui was lower than 1.2
for the 2-injection strategy, possibly due to partial

Figure 6. Average IMEP with change of emitted CO2 mass.

Figure 7. Cold start emitted CO2 with change of combusted
equivalence ratio.

Hu et al. 9



combustion. This trend implies that at a given operat-
ing condition, a fixed fraction of the injected fuel mass
was evaporated and combusted. The slopes indicate the
average combusted fuel fraction for the given operating
condition over the range of ui. A parameter change
resulting in an increased slope suggests enhanced fuel
vaporization that reduces the non-combusted portion
of the injected fuel, with less wall and piston top fuel
wetting and less consequential fuel loss.

Increasing fuel rail pressure gave a higher average
combusted fuel fraction, that is, expected uc given the
same ui. Increasing the FRP from 80 to 120bar led to
;12% and ;9% increases in overall uc, for the 2- and
4-injection strategies, respectively. A decrease of FRP
from 80 to 60bar led to a ;7% decrease in uc, for the
2-injection case, but an insignificant change for the 4-
injection case. For the first firing cycle of the gasoline
engine cold starts, the ambient temperature was low
and the fuel rail pressure was low compared with nor-
mal operating conditions. Under these conditions,
higher FRP leads to smaller Sauter mean droplet dia-
meters and may also enhance mixing via the higher

kinetic energy of the spray, which can shorten the time
required for full evaporation. Although higher FRP
will also lead to increased spray penetration and higher
impingement on surfaces, such effects appear to not
offset the effect of smaller droplets and improved
evaporation.

Switching from a 2-injection to a 4-injection strategy
resulted in significant increases in uc. Switching from
the baseline 2-injection strategy to 4-injections increased
uc by;26%,;21%, and;18% for 60, 80, and 120bar
FRP, respectively, for a given ui. Two shorter duration
injections resulted in better vaporization than one longer
pulse of the same total fuel mass within the same stroke.
This effect is considered further below. Additionally,
splitting the injection event into two pulses versus one
pulse for the same mass injected also has an effect of
reducing overall spray penetration, which can lower fuel
impingement on surfaces and thereby increase the mass
of fuel available for combustion.

Figure 8 shows that uc values for either ELSR or
LLSR were not significantly different from the 60bar
FRP, 4-injection baseline results. That indicates the

Figure 8. Combusted equivalence ratio change with injected equivalence ratio.
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relationship between uc and ui was insensitive to both
ELSR and LLSR for the 60 bar injection pressure at
which the measurements were made. Some minor
trends were evident: adjusting LLSR from the baseline
to 60%240% and 70%230% for the 4-injection case
resulted in slightly higher combusted equivalence ratios.
The 60%240% LLSR saw an improvement slightly
better than the 70%230% LLSR. However, given the
large scattering of the data, such observations should
be treated with caution. It appears that finding an opti-
mal late-late split ratio for a given injected mass during
the compression stroke can lead to slight engine perfor-
mance and emissions improvements.

The HC emissions are plotted against ui for different
FRP, injection strategies and ELSR/LLSR in Figure 9.
From the results, the cold start HC emissions increased
approximately linearly with ui. Like in the uc–ui rela-
tionship section, a linear fit using OLS with zero inter-
cept was used, and R2 were in the range of 0.84–0.93
for six baseline fits. The fit line slopes represent the con-
version rate of injected fuel to cold start HC emissions.

Lower HC-ui slopes indicate a lower HC conversion
rate from the injected fuel, which is desirable.

The HC emissions had a complicated nonlinear
trend with injection pressure. For the 2-injection strat-
egy, given the same ui, increasing the fuel rail pressure
from 60 to 80bar did not significantly change the HC
emissions, but they increased by ;8.5% when the FRP
was further increased from 80 up to 120bar. For the
baseline 4-injection strategy, cold start HC emissions
decreased when FRP was increased from 60 to 80bar,
before increasing again by ;6% back to the original
level when FRP was further increased to 120 bar. For
certain injection strategies, there exist two offsetting
effects on HC emissions from the increase in FRP.
While higher FRP improves evaporation and leads to a
larger fraction of the fuel combusted, stronger combus-
tion will lead to higher temperatures at the cylinder
walls and piston top, causing more wall-wetted fuel to
evaporate during and/or after the combustion process
and emitted as cold start HC emissions. For the 2-injec-
tion strategy, the FRP increase from 60 to 80bar saw

Figure 9. Cold start HC emissions with change in injected equivalence ratio.
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these two effects offset each other, and another FRP
increase to 120bar led to higher HC emissions than
80bar FRP. For the 4-injection strategy, the FRP
increase from 60 to 80bar resulted in a larger reduction
in HC emissions from better evaporation than whatever
increase there might have been from late fuel evapora-
tion from higher wall temperatures. The magnitudes of
two effects were reversed when FRP was further
increased and HC emissions at 120bar were restored
back to the 60 bar FRP level.

Compared with the 2-injection strategy, the baseline
4-injection strategy had lower cold start HC emissions
for the same mass of the injected fuel. For fuel rail pres-
sures of 60, 80, and 120 bar, the cold-start emitted HCs
decreased by 6.5%, 11.9%, and 13.4%, respectively,
with 4-injections relative to the baseline case with 2-
injections. Such a reduction is indicative that the 4-
injection strategy not only increased the mass of fuel
combusted, but also reduced the overall residual gas-
phase fuel that remained un-combusted throughout the
cold start process.

Neither ELSR nor LLSR changes at 60 bar FRP sig-
nificantly changed the HC emissions from the 4-injec-
tion baseline. As was observed for uc, some other
minor trends were observed. The HC emissions
increased when the ELSR was adjusted from baseline
(50%250%) to 70%230% due to less favorable fuel
stratification and an insufficiently fuel-rich region near
the spark plug. The change of LLSR from the baseline
(50%250%) to 70–30% led to significant HC emis-
sions increases. Though more fuel injected in the com-
pression stroke managed to evaporate, less fuel being
injected near TDC led to deteriorated in-cylinder gas-
phase fuel distributions, worse combustion, lower uc

and additional HC emissions. The ELSR LLSR adjust-
ment can be a possible strategy to optimize the individ-
ual cold start combustion events. However, reaching
the optimal late-late split ratio is not straightforward,
and may depend on the cold start FRP and/or injected
equivalence ratio.

Normalized HC emission results

To gain a better understanding of what a desirable cold
start operational point would be, an emissions indica-
tor labeled normalized HC emissions was defined as
the experimentally obtained cold start emitted HC mass
normalized by the average IMEP of all four cylinders
for the first firing cycle. This represents the HC emis-
sions for a given amount of indicated torque generated.
This definition of ‘‘normalized HC emissions’’ reflects
the idea that while HC emissions should be minimized,
the ability of the engine to start should not be
compromised.

The normalized HC emissions data are plotted
against the combusted equivalence ratio in Figure 10.
The trends indicate a nearly constant or decrease in the
normalized HCs as the combusted equivalence ratio
increased from ;0.6 to 0.9 before increasing. Within

the scatter of the data, the results show that both
increasing the FRP and changing the injection strategy
from 2- to 4-injections improved the overall HC
emissions-energy release performance as reflected by
the lower normalized HC emissions. Changing the split
ratios, either ELSR or LLSR did not significantly
affect the normalized HC emissions. The reduction
achieved by switching from the 2- to the 4-injection
strategy was more significant than the reduction from
increasing FRP from 60 to 80bar (and even more so
relative to 120bar). It is also worth pointing out that
all injection strategies had their normalized HC emis-
sions minima located at approximately uc of 0.8. While
it was initially thought it would be most desirable to
achieve stoichiometric combustion during cold start, it
was found that a relatively lean combusted equivalence
ratio gave the best overall compromise between emis-
sions and performance.

Numerical simulation results

Simulations using Converge CFD were used to analyze
the two injection strategies in more detail. Details
regarding how the simulations were carried out can be
found in Li et al.21 The novel feature of the numerical
simulation model was that it managed to simulate the
cylinder mixing and combustion events with transient
engine speeds. Validation of the numerical simulation
results was carried out by comparing the simulation
results with multiple cylinder pressure curves obtained
from multiple repeated cold starts using the same group
of powertrain parameters. The purpose of the repeated
experiments was to include the potential event-by-event
variations. As shown in Figure 11, the simulated cylin-
der 3 pressure curve using the 4-injection strategy
closely follows the experimental data except for one
event which experienced a partial burn. The simulation
model managed to provide valid pressure curve profiles
for the transient engine speed and was further used for
engine fuel analysis. Readers are encouraged to refer to
Rodrı́guez and Cheng15 for a more detailed introduc-
tion of the modeling and validation process.

Simulations indicate that the average equivalence
ratio in the combustion chamber at the time of ignition
was 1.0 using the baseline 4-injection strategy, while it
was only 0.84 using the 2-injection strategy with the
same fuel mass injected per cylinder per cycle, which
means more fuel evaporated in the 4-injection strategy.
The fuel evaporation had two sources, droplet evapora-
tion and fuel film evaporation from surfaces. A leaner
surrounding mixture along the paths of the second
injection for the early/late injection case assisted the
process of fuel evaporation; the impacting droplets
from the first injection had a greater fraction of the
impacting fuel rebound from the surface, which led to
more evaporation, as well. The surface film evaporation
was also faster using the 4-injection strategy. Due to
the different piston heights at the four different injec-
tion timings, the injected fuel had a chance to collide
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with a greater fraction of the piston surface, which
resulted in more wetting area, but thinner wall films,
aiding evaporation. These points are elaborated on in
the previous reference.

Shown in Figures 12 and 13 are two Sankey graphs
which provide greater insight into the fate of the
injected fuel and how it is partitioned among the differ-
ent sinks for the first firing event of cylinder 3, accord-
ing to the Converge simulation results. The baseline
2- injection strategy result, shown in Figure 12, should
be compared with the baseline 4-injection strategy
shown in Figure 13. The fuel rail pressure was 80 bar in
both cases and the total injected mass was the same. It
can be observed that the 4-injection case achieved
greater evaporation of the fuel injected in both the
intake stroke and compression stroke. For the fuel
injected during the intake stroke, two early injections
result in less wall wetting.

An interesting observation from the simulations is
that a significant fraction of the gas-phase fuel from

Figure 10. Normalized HC emissions versus combusted equivalence ratio, for 2-injections (a) and 4-injections (b) for different fuel
rail pressures, 4-injections for different early-late fuel split (c), 4-injections for different late-late fuel split (d).

Figure 11. Comparison between pressure curves of cylinder 3
in the first firing event between simulation and experimental data.
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Figure 12. Sankey graph of the cold start fuel in cylinder 3 using the baseline 2-injection strategy, based on the simulations.

Figure 13. Sankey graph on the cold start fuel in cylinder 3 using the baseline 4-injection strategy, based on the simulations.
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the intake stroke injections flows back into the intake
port prior to IVC. This may affect the mixture in subse-
quent cycles and may even carry over to adjacent cylin-
ders. The intake backflow amount was 10% of the
early injected fuel for the 2-injection case, but only
7.6% for the 4-injection case.

For compression stroke injections, two late injec-
tions allow more fuel from the first compression stroke
injection to evaporate. As a result, by the time of spark
ignition, ;67.8% of the total injected fuel is in the gas
phase and almost all of the gas phase fuel is combusted
in the 4-injection case. In contrast, only 56% of the fuel
is in the gas phase by the time of spark ignition in the
2-injection case, and the mixture stratification is less
favorable such that the combustion is weaker, and the
gas-phase fuel is not completely combusted until 30
degrees after TDC. The simulation results illustrated by
the Sankey graphs are consistent with the experimental
observations discussed above, implying that the 4-injec-
tion strategy achieved better evaporation, formed a
mixture that was more favorable for fast combustion,
and led to higher energy release and less residual gas-
and liquid-phase fuel converted to cold start HC emis-
sions. By 80 degrees after TDC the simulations have
26% of the injected fuel still in the liquid-phase for the
2-injection case, versus 18.8% for the 4-injection case;
this fuel is either lost to the crankcase or volatized later
in the cycle and emitted as unburned hydrocarbons.

Conclusions

A parametric study was carried out to understand the
effect of various powertrain parameters on GDI engine
cold start HC emissions during the first firing cycle,
where the engine speed, fuel rail pressure and cylinder
temperature go through drastic transition. The study
was carried out on a Ford 2.0 liter gasoline GDI engine
using NI LabVIEW engine control software developed
in-house and a custom gas collection analysis system.
The parameters being studied included injected equiva-
lence ratio, fuel rail pressure, number of injections,
injection timing and injection split ratio. Both experi-
mental and numerical simulation studies were carried
out. The following conclusions were derived from this
research.

1. The unburned HC emission mass from this GDI
engine is attributed primarily to the incomplete
evaporation of the fuel in the first firing cycle.
Some of the unevaporated fuel is emitted from
subsequent post-cold start cranking while a por-
tion is also lost to the crankcase. To reduce HC
emissions, it is essential to promote evaporation of
the fuel and its rapid mixing with air to achieve
combustion of as much of the injected fuel as pos-
sible. Contributing factors include the influence of
puddle sizes and the accuracy of fueling and main-
taining optimal combustion equivalence ratio for
subsequent combustion cycles. Lower puddle

masses should also make the air/fuel ratio less sen-
sitive to changes in MAP (i.e. from fuel evaporat-
ing from puddles).

2. The calculated combusted equivalence ratio is well
correlated with IMEP and CO2 emissions regard-
less of other parameters, indicating that it is an
important indicator of the combustion quality and
the released energy.

3. Increasing fuel rail pressure (FRP) was found to
improve fuel evaporation, leading to higher IMEP.
On the other hand, FRP has a complicated effect
on the HC emissions. Increasing FRP from 60 to
80 bar slightly decreased HC emissions for the 4-
injection case but had no effect for 2-injections.
Further, increasing the FRP to 120bar from 80bar
increased the HC emissions by ;8.5% and ;6%
for 2- and 4-injections, respectively.

4. Increasing the number of injections during the cycle
from 2 to 4 improved the evaporation and combus-
tion significantly. The 4-injection strategy gave
higher IMEP and lower HC emissions given the
same mass of fuel injected and the same FRP. For
fuel rail pressures of 60, 80, and 120bar, the base-
line 4-injection strategy gave ;26%, ;21%, and
;18% higher average IMEP and 6.5%, 11.9%, and
13.4% lower cold-start emitted HCs compared with
the 2-injection strategy. Such phenomena could be
explained by better overall fuel evaporation and
more uniform fuel-air mixing that allowed
additional-evaporated fuel to be combusted. The
differences between the combusted fuel with injected
equivalence ratios provided additional insights for
the extent of fuel evaporation and degree of com-
bustion for the various injection scenarios.

5. The normalized HC emissions, that is the cold start
HC mass normalized by the cylinder IMEP was

identified as a key indicator for performance where

a favored smaller value was achieved with 4-injec-

tions rather than 2-injections and with higher FRP.
6. The 4-injection strategy improved combustion and

reduced the HC emissions by two mechanisms: bet-
ter evaporation and better fuel stratification. The
greater extent of fuel evaporation allowed stronger,
more extensive combustion and gave higher IMEP
and slightly lower HC emissions given the same
mass of fuel injected using the same FRP, lowering
the normalized HC emissions. The simulations pre-
dicted gas-phase fuel mass at the time of ignition
was 67.8% for the 4-injections case, but only 56%
for the 2-injections case.

7. The lowest values for the HC emissions normalized
by IMEP were observed for a lean combusted
equivalence ratio of approximately 0.8.
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Appendix: Mass-based equivalence ratio
calculation

Given the measured mole fractions of CO2, CO, and
HCs in the wet exhaust, the mass-based equivalence ratio
was calculated as discussed below.

The gasoline was assumed to be standard gasoline
with composition (C1H1.87). The combustion reaction
equation was assumed to be:

nC1H1:87+m(O2+aN2+bCO2+cgH2O)!n1CO2

+n2CO+(n3C1H1:87)+n4H2O+n5H2+n6N2+n7O2

where a, b, and cg are all known relative concentrations
of nitrogen, carbon dioxide, and water vapor per mole
of oxygen in air. For an accurate composition of air,
a=3.72865, b is typically 0.001575, and c is a constant
(7.6746x10-3) that converts from the mass-based g (the
absolute humidity in gH2O/kgdry air) to the desired mole
ratio and also converts from moles H2O per mole of dry
air to moles of H2O per mole of the O2 in air. The coef-
ficients n, m and ni (i=1, 2, .7) are all moles of the
reactants and combustion products. The combustion
equation assumes that no NOx is generated due to its
very small (ppm) mole fraction. The HCs were assumed
to be unburned fuel as C1Hy/x, converted from the mea-
sured HCs in hexane. The moles of CO and CO2 were
obtained by processing the gas analyzer concentration
data and the obtained exhaust gas volume. These
assumptions left six unknown coefficients in the equa-
tion: n, m, ni (i=4, 5, 6, 7).

To solve for all the unknowns, six equations were
needed. The atom balance (mass conservation) equa-
tions for the four elements participating in the combus-
tion reaction provide four of the required six equations
in the six unknowns.

The carbon atom balance is:

n+mb= n1 + n2 + n3

The hydrogen atom balance is:

1:87n+m2cg=1:87n3 +2n4 +2n5

The nitrogen atom balance is:

m � 2a=2n6

The oxygen atom balance is:

m 2+2b+ cgð Þ=2n1 + n2 + n4 +2n7

The water-gas shift reaction equilibrium equation is fre-
quently used in calculating the equivalence ratio and
was applied here:

K=
CO½ �3 H2O½ �
CO2½ �3 H2½ � =

n2 3 n4
n1 3 n5

, K=3:5

The coefficient K was selected to be 3.5. This applica-
tion of water-gas shift reaction was first used by
Spindt.26

The final equation assumed that the sum of all the
product mole numbers is equal to the total gas mole
emitted during the one firing cycle:

X7

i=1

ni =
pV

NcycRT

In the equation above, p, T, and V are the pressure,
temperature and the volume of the exhaust gas col-
lected. Ncyc is the total number of cycles during emis-
sions collection. and R is the universal gas constant.

After the unknowns are solved, the combusted
equivalence ratio uc are solved by:

l=
m

1+ 1:87
4

� �
3 n

,f=
1

l
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