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Abstract

series of cold start experiments using a 2.0 liter

gasoline turbocharged direct injection (GTDI) engine

with custom controls and calibration were carried
out using gasoline and iso-pentane fuels, to obtain the cold
start emissions profiles for the first 5 firing cycles at an ambient
temperature of 22°C. The exhaust gases, both emitted during
the cold start firing and emitted during the cranking process
right after the firing, were captured, and unburned hydro-
carbon emissions (HC), CO, and CO, on a cycle-by-cycle basis
during an engine cold start were analyzed and quantified. The
HCs emitted during gasoline-fueled cold starts was found to
reduce significantly as the engine cycle increased, while CO
and CO, emissions were found to stay consistent for each cycle.
Crankcase ventilation into the intake manifold through the

Introduction

ight-duty vehicle cold start emissions are currently

a topic of great interest due to the need to meet strin-

gent 2025 EPA regulations. Gasoline direct injection
(GDI) features advantages over port-fuel injection (PFI)
engines in various aspects including fuel economy, emis-
sions reduction and cycle-by-cycle control possibility
[1, 2, 3] and has been gaining increasing popularity. For
model year 2019, GDI engines are found in 54% of the total
light-duty U.S. vehicle fleet, compared with less than 3%
in model year 2008 [4].

However, GDI engines can produce high cold-start emis-
sions, especially of unburnt hydrocarbons (HC)[5]. Cold-start
emissions account for most of the total engine-out HC emis-
sions during the U.S. Federal FTP test. During a cold start,
the engine is started from a cold, static status and goes through
a transient process in which the fuel rail pressure [6], the
engine wall temperature [7] and engine speed increase before
reaching the desired operating point. During this transient
cold start process, suboptimal operation conditions, including
low fuel rail pressure, low engine speed, and low cylinder
temperature, result in liquid fuel wall deposition onto
in-cylinder surfaces and a deterioration of the combustion

positive-crankcase ventilation (PCV) valve system was found
to have little effect on the emissions results. Cold start experi-
ments fueled by highly volatile iso-pentane saw an over-
whelming majority of the injected carbon captured in the
exhaust gases, while a significant portion of the injected
carbon during the gasoline-fueled cold starts was not captured.
The comparative results not only validated the experimental
methods, but also demonstrated that a significant fraction of
the injected gasoline failed to evaporate during cold starts.
During the first 5 firing cycles, 22% to 34% of the injected fuel
mass was estimated to remain in the liquid phase and escaped
capture. Because fuel could be carried over from one cycle to
the next, in some cases, the actual unevaporated gasoline
portion in a given cold start cycle could be even higher than
that measured.

during the first firing cycles [8]. The over-fueling injection
strategy [9], which aims to compensate for the reduced gas-
phase fuel concentrations causes more residual fuel in-cylinder
and leads to higher HC emissions versus a warm engine. The
cold start process is characterized by large transients in engine
parameters, and a more detailed, cycle-by-cycle or event-by-
event optimization of the combustion parameters is needed
to minimize the HC emissions.

simulation ([15, 16, 17]) research studies aiming to understand
and possibly reduce the emissions during GDI engine cold
starts. The first 5 firing cycle combustion events have been
regarded as the most important in terms of cold start optimi-
zation. Based on the assumption that the cycle-by-cycle emis-
sions data should remain consistent and similar during the
test, a novel technique was developed in a previous research
study [18] to isolate the emissions in each of the first 5 firing
cycles and quantify the composition of emissions in each cycle.
In research covered by this paper, a series of cold start experi-
ments, with gasoline and iso-pentane as the fuel, were carried
out and the results were analyzed to quantitatively determine
emissions composition and the fate of the injected fuel in each
of the firing cycles.
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Experimental
Methodology

Engine Specifications

The engine of research interest was a model year 2017 Ford
Escape 4-cylinder, 2.0-liter gasoline turbocharged direct injec-
tion (GTDI) engine. The variable valve timing (VVT) was
disabled, and by default the intake valve was set to full retard
and the exhaust valve to full advance. A more detailed list of
engine specification is shown in Table 1.

Experimental Setup

The engine and its peripherals were placed in an environ-
mental chamber with the temperature controlled to 22+1 °C
throughout the entire experiment. The experimental setup is
shown in Figure 1. The experimental system could be divided
into 3 parts: engine control and data acquisition, fueling, and
exhaust gas collection and measurement. A water brake dyna-
mometer was connected to the engine flywheel and provided
a load similar to the in-vehicle engine load during idling.

Engine Control and Data Acquisition The engine

control unit (ECU) was replaced by a custom-developed
National Instruments Labview Real-Time program which was

TABLE 1 Engine specification

Displacement 1999 cc

Bore/Stroke 87.5 mm/83.1 mm
Connecting Rod Length 155.9 mm

(Center to Center)

Compression Ratio 10:1

IVO/IVC 10.9° ATDC/71.1 ABDC
EVO/EVC 55.1° BBDC/5.1 ATDC
Firing order 1-3-4-2

© SAE International; Ford Motor Company.

m Schematic diagram of the engine cold

start experiment

cRIO engine control module

A

deployed on the cRIO-9048 chassis and 7 cRIO modules
placed in the chassis. The cRIO modules obtained and logged
various engine parametric data from the ECU and controlled
various powertrain relevant activities. A Siglent SDS1104X-E
4-channel oscilloscope was connected to the 4 in-cylinder
piezoelectric pressure transducers which detected the instan-
taneous cylinder pressure. Oscilloscope signals were used to
quantify the number of cycles the engine went through during
a cold-start event.

Fueling Two fuel tanks, one storing gasoline and the other
iso-pentane, were connected to the low-pressure fuel pump
through valves on the fuel lines. As gasoline evaporation was
far from ideal within the low temperature, low engine speed
in-cylinder environment, part of the fuel would inevitably
remain liquid and failed to be captured in the exhaust gases.
With its boiling point of 27.8 °C at atmospheric pressure, iso-
pentane evaporates rapidly after being injected into the
cylinder and was expected to be fully evaporated. Using iso-
pentane provided validation of the current gas collection
methodology and further insights of the fuel status in-cylinder.
The external fuel pump was connected to the fuel line after a
fuel filter and provided 2.7 bar of pressure and pumped the
fuel, either gasoline or iso-pentane, to the high-pressure fuel
pump of the engine.

Exhaust Gas Collection and Measurement A
two-way exhaust pipe system connected to the engine exhaust
manifold was used to either capture the exhaust gas via the
opening of a ball valve and closing of a gate valve, or direct it
to the building exhaust system by switching the valve posi-
tions. The gas collection volume consisted of a 1 m tall, 19 cm
inner-diameter acrylic cylinder, with a plastic foam piston
sealing the cylinder. A Horiba MEXA-554]U gas analyzer was
connected to the bottom of the cylinder through a 3/8” NPT
pipe fitting. During the cold start, the gate valve would be shut
and the ball valve would be opened to allow the exhaust gas
to flow into the acrylic cylinder and raise the piston. The
trapped exhaust gas volume would be measured, and the gas
would then be directed through the gas analyzer where its
HC, CO and CO, molar concentrations were measured. The
HC concentrations were measured on a C, (hexane) basis.

Experiment Process

A validation experiment was carried out before the studies to
check whether the exhaust gas collection equipment was able
to collect all of the exhaust gas emitted through the exhaust
manifold. The engine was cranked for a known number of
cycles, the exact number quantified via the oscilloscope, and
its emitted exhaust gas captured in the acrylic cylinder. The
volume of the captured gas was measured and the per-cycle
collected exhaust gas volume was calculated and validated
against the theoretical per-cycle collected gas volume, which
was obtained via the cylinder displacement volume and intake
valve closing (IVC) timing.

The process for each experiment is shown in Figure 2. For
each experiment, the engine was first cranked for more than
10 cycles, the cranking exhaust gas collected and its HC, CO
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m Experimental process

pre-cold start cranking

cold-start firing process

- engine cranked for 10+
cycles

- HC collected as
background emission

- per-cycle HC emission
treated as background
HC level

cold-start emission

- engine goes through cold-start with
preset powertrain parameters

- HC (hexane-based), CO and CO-
captured and mass calculated

- emission in this process is called

post-cold start cranking

- engine cranked for 14
cycles

-HC, CO and CO-
captured as post-cold
start cranking emission

4~8 cycles + inertial cycles

10+ cycles

and CO, concentrations measured. This step, called pre-cold
start cranking, was to quantify the in-cylinder residual fuel
emission level. The pre-cold start cranking step was followed
by a cold-start, during which the throttle was kept 15 degrees
open. During a cold-start, 2 dummy cycles (cranking motored
cycles without fuel or spark) were first applied for engine
position synchronization. These 2 dummy cycles were then
followed by a pre-defined number of firing cycles, during
which fuel injection, spark ignition, and fuel pump activation
were all enabled. After the targeted number of firing cycles
was reached, all powertrain actions were disabled and the
engine slowed down through several inertia cycles. Dummy
cycles, firing cycles, and inertia cycles combined together to
form a cold start. A detailed cylinder trace graph of one typical
cold start with 5 firing cycles is shown in Figure 3. All the
exhaust gas from the cold start was collected and analyzed.
After the cold start was over, the engine was then cranked for
more than 10 cycles, with the exhaust gas also captured and
analyzed. This step was called post-cold start cranking. The
objective of the post-cold start cranking step was to check for
any residual combustion products, perhaps due to back-flow
into the intake manifold and then back into the cylinder.

m Cylinder pressure trace in a typical firing cold-
start

Cylinder 1
Cylinder 2
Cylinder 3
Cylinder 4

firing cycles

sync cycle dummy cycles

Cylinder pressuure (A.U.)

14 cycles

However, the gas captured during post-cold start cranking
inevitably included some residual fuel deposited in the
cylinder and crankcase. Hence, the per-cycle HC emissions
during the pre- and post-cold start cranking were compared
in each experiment to understand the fate of the injected
fuel mass.

The formal cold start experiments were carried out after
the equipment validation experiments and the pre-cold start
cranking experiment. Cold start experiments with the firing
cycle number ranging from 1 to 5 were carried out. For each
firing cycle number scenario, 5 parallel experiments were
done, including one or two experiments with the positive
crankcase ventilation (PCV) valve detached from the intake
manifold to stop the blow-by gas from returning to the intake
manifold. The unplugged PCV valve experiments were carried
out to understand whether PCV blow-by return gas would
affect the emissions. After each experiment was finished, the
engine was cranked continuously for at least 20 seconds to get
rid of the residual fuel as much as possible. Afterwards, the
engine was left static for a given time before the next experi-
ment. The engine coolant temperature ranged from 18 to 23 °C
throughout the entire experiment process. The cold start
experiments were carried out with both gasoline and iso-
pentane. When switching fuel, a steady firing of the engine
was carried out to assure the complete switch of fuel.

Powertrain Control
Parameters

A group of fixed powertrain control parameters for the first
5 firing cycles was defined and applied for each cold start
experiment. With firing order 1-3-4-2, cylinder 3 was set to
be the first one to fire and cylinder 1 the last. The fuel rail
pressure (FRP) was controlled by a PI control module, and
the target setpoint was set to 70 bar for the first 5 firing events,
and 160 bar afterwards. A dual injection strategy was used in
this cold start research. The early injection, taking place
during the intake stroke, started at 220 crank angle degrees
(CAD) before top dead center (BTDC). The late injection,
taking place during the compression stroke, ended at 45
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TABLE 2 Injection and spark parameters for the first 5 firing cycles of cold start

Intake stroke
Firing Cycle Cylinder# Firing event order duration (ms)
1 3 1 21
4 2 21
2 3 1.7
1 4 17
2 3 5 1.35
4 6 1.25
2 7 11
1 8 1.0
3 3 9 0.95
4 10 0.95
2 n 0.95
1 12 0.95
4 3 13 0.9
4 14 0.9
2 15 0.9
1 16 0.9
5 3 17 0.9
4 18 0.9
2 19 0.9
1 20 0.9

degrees BTDC. The spark ignition timing was set to 10 degrees
BTDC for the first firing cycle, —10 degrees BTDC for the ond
firing cycle, and —20 degrees BTDC for the 3 to 5% firing
cycles. This spark timing setup aimed to allow the engine to
reach the targeted engine speed, and switch to the catalyst
heating operation mode, a retarded spark-timing mode used
by the engine during cold start to heat the exhaust three-way
catalyst to light-off temperature. The injection duration split
ratio between early and late injection was kept 1: 1, and the
injection duration was given a decreasing trend to compensate
for the increasing FRP during the cold start. The powertrain
control parameters were validated before this cold start
research to be free from misfiring or weak combustion. If the
targeted firing cycle number was smaller than 5, the engine
powertrain actions would stop as soon as the targeted firing
cycle number was reached, and the un-fulfilled firing events
would not be run. A dual injection strategy was used, with
the intake-stroke injection starting at 220 CAD before TDC,
and compression-stroke injection ending at 45 CAD before
TDC. The full list of parameters is shown in Table 2.

Results and Discussion

The instantaneous engine speed and the transient fuel rail
pressure change during a typical cold start as shown in
Figure 4. The engine was cranked at an average speed of
approximately 300 RPM before the first firing cycle, then
during the first firing cycle with advanced spark timing, the
engine speed rose quickly to roughly 1100 RPM, which was
maintained through the 2" firing cycle. Starting from the 3¢

Compression stroke

Spark timing (CAD Fuel rail pressure

duration (ms) BTDC) set point (bar)
21 10 70
21 10

17 10

1.7 10

1.35 -10

1.25 -10 160
11 -10

1.0 -10

0.95 -20

0.95 -20

0.95 -20

0.95 -20

0.9 -20

0.9 =20

0.9 -20

0.9 -20

0.9 -20

0.9 -20

0.9 -20

0.9 -20

m Instantaneous engine speed and fuel rail

pressure change during cold start
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o
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3
(9]

2" cycle

5t cycle

5000 0
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1000 2000 3000 4000
Total elapsed crank angle degree since engine sync

firing cycle, the engine speed started to drop as the spark
timing was retarded to the catalyst heat-up mode of 20 degrees
after TDC. The fuel rail pressure was boosted to roughly 80
bar before the first firing event took place and was further
pushed upwards in the 2" and 3™ firing cycles. The fuel rail
pressure dropped back to the target fuel rail pressure of 160
bar by the 5% firing cycle where it stabilized. The varying

SAE International; Ford Motor Company.

©
©



Downloaded from SAE International by University of Texas Libraries, Monday, April 12, 2021

QUANTITATIVE ANALYSIS OF GASOLINE DIRECT INJECTION ENGINE EMISSIONS -

engine speed and the fuel rail pressure played an important
role in the cold start emissions.

Asa check to ensure that the expected amount of exhaust
gas was collected, the volume of gas collected was compared
with the calculated amount based on the engine displacement
and known intake valve closing crank angle along with the
measured number of cranking cycles. The experimentally
obtained volumes versus number of cycles is given in Figure 5
along with the calculated volume of gas. During cranking,
the intake manifold pressure remained atmospheric. The
default IVC timing was 71.1 degrees after bottom dead center
(BDC), with intake valve lift 0.43 mm. In theory, the gas
volume captured by the collection cylinder each cycle should
be equal to the remaining cylinder swept volume at the
moment the gas exchange between intake manifold and
cylinder was cut-off. The cut-off timing was first assumed to
be IVC, for which the calculations were made and compared
with the experimental data.

The experimental captured gas volume increased linearly
with the cycle number, indicating consistency in per-cycle
engine emission volume. The captured volume was consis-
tently lower, though by less than 10%, than the cylinder
remaining sweeping volume values assuming IVC as the
cut-off timing. From the results above, the gas collection
equipment could be regarded valid in terms of collecting
exhaust gas emitted from the exhaust manifold.

The cumulative emissions of measured HC, CO and CO,
for different cold start cycles are shown in several following
figures. The cumulative emissions from both gasoline and
iso-pentane are shown. The bar plots represented the averaged
values of 5 (or 6, for the cumulative 5-firing-cycle scenario)
experiments. The solid color bar represents the emission mass
of a given component captured during the cold start, and the
tilted-line-hatched bar plots represent the emission mass
captured during the post-cold start cranking process. The
error bars indicate the standard deviation of the cold start
emissions and post-cold start cranking emissions, respectively.

m Experiment obtained gas volume versus

theoretic calculation results

Experimental data
Calculated data with cut-off timing@IVC=71.1 deg ABDC

o
o

Gas volume (Liter)
»
(52

o
o

8 10 12
Engine crank cycle number

The measured cumulative HC emissions for the first 5
firing cycles are shown in Figure 6. More HCs were collected
during the post-cold start cranking step than that emitted
from the cold start itself. Among the post-cold start cranking
HCs collected were contributions from previous cold start
events, either unburned or not fully oxidized fuel. Possible
sources include residual fraction either retained in-cylinder
or back-flowed into the intake manifold during valve overlap
then returned to the cylinder during the subsequent intake
stroke, blowby to the crankcase, and even the lubrication oil.
For the gasoline, the cumulative HC emissions increase slowly
but continuously after the first cycle indicating less HC genera-
tion as cycle number increased. For iso-pentane the, cumula-
tive HC emissions leveled out after the first cycle, implying an
overwhelming portion of the HCs generated with iso-pentane
originated from the first firing cycle.

While post-cold start cranking could force out the
combustion-produced HCs remaining in-cylinder, the post-
cold start cranking also brought out other residual HCs depos-
ited, as well. A validation check was necessary to show that
the HCs captured during the post-cold start cranking origi-
nated from the prior cold start. Captured HC per-cycle mass
in the pre-cold start cranking and post-cold start cranking
for each gasoline-fueled cold-start experiment is shown in
Figure 7. The measured pre-cold start cranking HC level
consistently ranged from 0.6 mg/cycle to 1.3 mg/cycle, while
the post-cold start cranking step saw a significantly higher
per-cycle HC level, varying between 1.6 mg/cycle to about 3.3
mg/cycle. Such differences in the HC emissions level indicated
that a major part of the HC captured during the post-cold
start cranking was generated during the cold start firing event,
and that using the sum of both HC emissions to represent the
HC emissions level was reasonable, despite the inevitable
inclusion of HC emissions from earlier cold start events and
other sources.

The cumulative CO emissions for firing cycles 1 to 5 are
shown in Figure 8. Unlike HCs, which were invariably
captured every time the engine was cranked, the majority of

m Cumulative HC emissions at 1to 5 firing cycles
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7/ Post-cold start cranking, gasoline
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m Captured HC mass per-cycle for pre-cold start
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the CO collected via the post-cold-start cranking step was
from the cold start combustion reactions. Although there
exists the possibility that CO could be generated during the
post-cold start cranking process from the intermediate
products of incomplete combustion, considering the low
in-cylinder temperatures and shortness of the cold start, all
CO captured during post-cold-start cranking was believed to
be generated solely from the preceding firing combustion
cycles. The vast majority of CO was captured during the cold
start event itself, with only a small fraction collected during
the post-cold start cranking, presumably due to retained
residual fraction. In the 1-firing cycle scenario, CO obtained
via post-cold start cranking cycles accounted for about 26%
and 20% of total collected CO mass for gasoline-fueled and
iso-pentane-fueled cold starts respectively. Such values
decreased as the cumulative firing cycle number increased
and were reduced to 7% and 2% respectively by the 5th
firing cycle.

The gasoline-fueled cold-starts generated lower CO levels
compared with those of iso-pentane. In the gasoline-fueled
cold starts, the cumulative CO emissions increased with a
nearly linear trend, yielding a level of 4~8 mg CO generation
for each cycle. There were higher CO emissions in the first
two cycles, with individual-cycle averages of 7, 8, and 6 mg of
total CO captured in the first 3 firing cycles. An average of
4.4 mg of CO was generated during the 4" firing cycle and
5 mg of CO generated during the 5% firing cycle. For the iso-
pentane-fueled cold-starts, the cumulative CO emissions
increased swiftly for the first three firing cycles, before
tapering off beginning with the 4" firing cycle. A large amount
of CO was generated during the first 3 firing cycles, with an
individual-cycle average of 34, 38, and 22 mg of CO generated.
An average of only 4 mg of CO was generated during the 4t
firing cycle and 11 mg of CO generated during the 5% firing
cycle. The CO emissions were strongly tied to the combustion
equivalence ratio (). The higher the ®, the higher the CO
emissions. It was not possible to know the local and temporally
dependent equivalence ratio in-cylinder. An alternative was
to calculate the global equivalence ratio based on inducted air
mass and injected fuel amounts. This is defined as the fuel-air
ratio based on the injected fuel mass and the in-cylinder air
mass, divided by the stochiometric fuel-air ratio of the fuel:

_ AFRy,
AFR

my [ My,
(mf / mai,)
The cold start injection equivalence ratio data is shown

in Figure 9. The results show that injection equivalence ratio
decreased from larger than 1 to smaller than 1 as the cycle
index increased, indicating a rich-to-lean combustion change.
For gasoline-fueled cold starts, injection ® decreased from
1.4 for the 1* firing cycle to slightly higher than 1 starting with
the 2" firing cycle. The decrease in @ and the leaner injection
mixture correlated with decreasing CO emissions as the cycle
index increased. While injection @ decreased to approxi-
mately 1 starting at the 2" firing cycle, the CO emissions did
not decrease until the 3 firing cycle. A possible explanation
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m Average injection equivalence ratio for firing
cycles1to 5

—e— Gasoline
--e-- |so-pentane

w

N

o

©
kel
®
o
@
3]
c
2
©
2
5
=4
]
c
o
°
2
£

3
Firing cycle index




Downloaded from SAE International by University of Texas Libraries, Monday, April 12, 2021

QUANTITATIVE ANALYSIS OF GASOLINE DIRECT INJECTION ENGINE EMISSIONS -

was the carryover of fuel from the previous firing cycle to the
combustion in the next firing cycle. For iso-pentane-fueled
cold starts, the injection ® started to decrease from the 2"¢
firing cycle, yet the CO emissions remained high until the 4"
firing cycle. Iso-pentane is highly volatile, and is regarded to
fully evaporate as soon as it was injected. Hence, no significant
fuel carryover should take place. A possible explanation for
the high CO emissions could be the injection details of the
dual injection strategy. The dual injection strategy is a combus-
tion robustness measure. For the first cycle, it ensures a reliable
combustion event in the presence of variable fuel volatility in
marketplace fuels. When the spark retards for catalyst heating,
it provides robustness to these more challenging ignition
conditions. The late compression stroke injection created a
rich mixture near the spark plug, which led to a locally rich
combustion region and high CO emissions. It was not until
the 4" firing cycle that local ® near the spark plug was lean
enough and less CO was generated.

The cumulative CO, emissions for firing cycles 1 to 5 for
both gasoline and iso-pentane cold starts are shown in
Figure 10. As CO, could only be generated by cold-start
combustion, not in post-cold start cranking, CO, captured
both during firing and during post-cold-start cranking was
generated during the cold-start firing cycles. Like CO, part of
cold-start CO, generated was not collected during the cold
start process, and only captured in the post-cold start
cranking. In the 1-firing cycle scenario, the cold-start uncap-
tured CO, accounted for 22% of total collected CO, for both
gasoline- and iso-pentane-fueled cold starts. In scenarios with
higher cumulative firing cycle numbers, the values decreased
and reduced to 11% and 6% for the 5-firing cycle scenario in
gasoline and iso-pentane cold starts, respectively. For both
gasoline and iso-pentane cold-starts, the CO, emissions
increased linearly, indicating that a consistent amount of CO,
was generated during each firing cycle. However, iso-pentane-
fueled cold-starts generated more CO, in each firing cycle.
This was because iso-pentane had higher volatility and all of
the injected iso-pentane was believed to evaporate and

m Cumulative CO, emissions at firing cycles 1to 5
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combust, while a significant fraction of the gasoline remained
liquid and did not participate in the combustion reaction
during the cold-starts.

There were concerns about whether flow through the
PCV valve, which allowed the crankcase blow-by gas to
re-enter the intake manifold, would affect the emissions
during cold starts. To examine this issue, we have plotted all
of the cumulative total cold-start emissions (the emissions
captured during the cold start plus the emissions captured
during the post-cold start cranking step) data, with their
mean and standard deviation in Figure 11. The cold start
experiment cases in which the engine PCV valve was discon-
nected (unplugged) from the intake manifold are marked
with blue dots, while the plugged (connected) data points
are marked with yellow dots. Different y-axis scales were
used as cumulative emissions for the three species were
different. The error bars represented one standard deviation
of the 5 (or 6, in 5 cumulative firing cycle experiments)
experimental data sets. The results show that most of the
experimental cases in which the PCV valve was disconnected
did not show a statistically significant difference in emis-
sions, with most of the data points lying within one standard
deviation difference from the mean values. It was concluded
that the PCV valve status did not affect the emissions during
cold-starts.

To better understand where the elemental fuel carbon
ends up during the cold starts, the cumulative injected carbon
was compared with the total captured carbon mass in the
form of HCs, CO, and CO,; this is shown in Figure 12 for both
gasoline- and iso-pentane cold-starts. The term carbon
conversion rate is defined here to further analyze the experi-
mental data. The carbon conversion rate is defined as the ratio
of the carbon elemental mass captured in the exhaust gas over
the carbon elemental mass injected into the cylinder. Two
carbon conversion rate indicators were calculated. The first
one, whose values are shown without parentheses in Figure 12,
was based on the elemental carbon mass solely captured
during the cold start. This indicator was named the lower
conversion rate of carbon (LCR). The other indicator, whose
values are shown between parentheses, is based on the total
captured carbon in both cold-start and post-cold-start
cranking. This indicator is named the higher conversion rate
of carbon (HCR).

_ mC,ﬂring

LCR x100% 2
MG inj

HCR = mC,ﬁring + mC,pnstfcold start cranking %x100% (3)
MG inj

The difference between HCR and LCR was mainly due to
the uncaptured CO and CO, during the cold-start. Part of the
difference between the HCR and the LCR, however, was due
to previously deposited fuel from earlier cold-start events and
captured as the carbon evolved during the post-cold-start
cranking. This contribution, however, was not significant, and
became less significant as the firing cycle increased.
Uncaptured HCs (either not fully combusted or not combusted
atall), CO, and CO, from the preceding cold start dominated
the HCR-LCR difference. The HCR was used for further
carbon mass capture analysis.
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The cumulative LCR and HCR increased as the firing
cycle number increased for both gasoline- and iso-pentane-
fueled cold starts. For gasoline-fueled cold starts, the LCR
increased from roughly 40% for a 1-firing-cycle scenario to
58% in the 4-firing-cycle scenario and changed little in the

Cumulative Firing Cycle Number

3 4 5 1 2 3 4 5
Cumulative Firing Cycle Number

5-firing-cycle scenario, while the HCR increased from about
66% to about 71% after 5 firing cycles. Note that these are
cumulative amounts over the actual number of fired cycles.
Such increases with the number of fired cycles might result
from the change in-cylinder surface temperatures which led
to more gasoline evaporation. Another possible reason for
higher HCR and LCR values would be the carryover of the
unburnt gasoline from the previous firing cycles to the current
firing cycle. Part of the gasoline carried over may have been
injected in the previous cycle yet not evaporated and burned
until the current cycle, while another contribution may have
been gasoline from even earlier injections or previous cold-
start events that gradually volatizes.

For iso-pentane-fueled cold starts, the cumulative HCR
was already above 110% for the 1-firing-cycle scenario, and
remained above 110% for scenarios with 2 or more cumulative
firing cycles. The higher than 100% HCR indicates that
residual HC sources, possibly gasoline in the crankcase or in
the cylinder, either joined the combustion, or was collected
during the experimental process. The low LCR in the 1-firing-
cycle scenario was because there were few inertia cycles
following the single firing event of the cold start and not all
of the exhaust residual was pushed out to the collection
cylinder. The gas was afterwards pushed out during the post-
cold start cranking process. It should be noted that LCRs in
4- or 5-firing-cycle scenarios were approximately 100%. This
does not mean that all of the iso-pentane injected was burned
and collected during the cold start, however. During the cold
start, all of the iso-pentane plus part of the historic residual
HCs joined the combustion, of which a large portion of the
products got collected and measured. The rest of the cold start
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products, plus some historic HCs, got collected during the
post-cold start cranking step, and that captured carbon added
to the previously captured carbon to form HCR.

The high HCR for iso-pentane-fueled cold starts validated
the current analysis methodology and shows that the low
fractions of collected carbon for gasoline operation was not
due to a major measurement error. The comparison of gaso-
line-fueled and iso-pentane-fueled results also suggest that
the low HCR values for gasoline operation were presumably
due to gasoline that remained in-cylinder as liquid gasoline,
and therefore, did not join the combustion, possibly forming
a wet film, or passed by the piston rings to the crankcase.

The cycle-by-cycle carbon elemental mass injected and
captured for each firing cycle was calculated and plotted in
Figure 13. For the gasoline-fueled cold start data, an obvious
fuel carryover phenomenon was observed between the 1**and
2" firing cycles, with a huge increase in HCR/LCR for the 2
firing cycle. The individual cycle HCR/LCR achieved relatively
high values in the 2"4,3', and 4' firing cycles before dropping
lower by the 5 firing cycle, implying possible fuel carry-over
phenomena over these firing cycles. For iso-pentane operation,
the individual cycle HCR/LCR was consistently higher than
100% for the 274, 374, and 4™ firing cycles, which may
be explained by historic HC deposits joining the combustion.
The sudden evolution of historic HC deposits being combusted
could be explained by the fact that the engine speed rose
rapidly and wall surface temperatures began to increase after
the 1** firing cycle. The in-cylinder environment provided
favorable conditions for the historic fuel deposits to join the
oxidation combustion. The decrease in individual cycle HCR
and LCR levels by the 5% firing cycle might be caused by the
decreasing engine speed and the weakened in-cylinder
combustion conditions as the spark ignition timing was
retarded. The HCR was smaller than the LCR by the 5% firing
cycle. Such an abnormality was not impossible and indicates
a smaller amount of carbon captured during the post-cold-
start cranking steps for the 5 cumulative firing cycle scenario
compared with the 4t cycle scenario. In absolute value, the
difference was 8 mg, small enough to be within the
measurement uncertainty.

The carbon elemental distribution among species in each
firing cycle for gasoline-fueled cold-starts is shown in Figure 14.
The emissions of HCs, CO, and CO, were calculated based on
the gas mass captured for the cold start event and the post-cold
start cranking step. The calculation did not include the contri-
bution of historic HC deposits and gasoline carried over from
the previous cycle, whether combusted or not. The effect of
these additional HC sources was not possible to quantify for
now. Most of the carbon mass in the gasoline was converted to
CO, as expected. The conversion to HCs was greatest for the 1%
firing cycle, with 20% of the carbon emitted as HCs. The amount
of carbon converted to HCs dropped to less than 5% starting
from the 2™ firing cycle, and almost 0% by the 5% firing cycle.
The uncaptured carbon accounted for roughly 33% for the 1*
firing cycle, and was at least 20% for the following cycles. Such
results indicated a low rate of liquid-to-vapor conversion for
gasoline for the first few firing cycles, with the HCR between
66% and 78%. Because carried-over fuel and historic HCs were
believed to join the combustion, the measured HCR values are
believed to overestimate the ratio of carbon converted from
liquid to vapor during the cold start process.
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Summary and Conclusions

A cold-start experiment featuring gasoline and iso-pentane
as fuel was carried out for the first 5 firing cycles with prede-
termined powertrain control parameters. Exhaust gas from
the cold-start, the pre-cold-start cranking step, and the post-
cold-start cranking step was measured using validated
measurement equipment. The following conclusions were
drawn based on the experimental results.
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1. The engine speed rose quickly during the 1* firing
cycle to roughly 1100 rpm with 10 degrees BTDC
spark timing. Starting from the 2™ firing cycle, the
engine speed was reduced gradually as the spark
timing was retarded. The fuel rail pressure rose to a
middle value of roughly 70 bar by the 1* firing cycle
and then rose further to roughly 160 bar for the
following 4 firing cycles.

2. More HCs were captured during the post-cold start
cranking process than the cold start process itself, for
both gasoline and iso-pentane fueled cold starts.
Besides the generation of HCs during the cold-start,
collected HCs could come from previously deposited
HC sources from the cylinder/crankcase, or they
could have come from fuel carried over from the
previous cycles. The post-cold-start-cranking-
collected HCs had a significantly higher per-cycle
captured mass compared with pre-cold-start
cranking, proving that the majority of HCs obtained
during the post-cold start cranking step were due to
carry-over from the cold-start event.

3. Both CO and CO, captured during the post-cold-start
cranking could only be generated during the cold
start firing, and hence should be directly added to the
amounts collected during the cold start. Post-cold
start-cranking-collected CO and CO, accounted for a
small portion of the overall CO and CO, emissions.
For the 1-firing cycle cold starts, post-cold start
cranking-collected CO and CO, accounted for 26%
and 22% of the total collected CO and CO, carbon
mass, respectively. For other firing cycle scenarios, it
accounted for less than 12% of the total collected CO
(or CO,) mass.

4. For gasoline-fueled cold starts, the cumulative HC
emissions increased at a slowing rate, indicating less
HCs being generated as the cycle number increased.
The cumulative CO and CO, emissions increased at a
nearly linear rate. For iso-pentane-fueled cold-starts,
the cumulative HC emissions remained unchanged as
the firing cycle number increased, implying that most
of the HCs were generated during the 1% firing cycle.
The cumulative CO emissions for iso-pentane-fueled
cold- starts showed a slowing rate of increase, while
the cumulative CO, emissions showed a linear
increase with cycle number.

5. Disconnecting the PCV valve hose from the intake
manifold had no measurable impact on emissions for
the first 5 firing cycles, implying that fuel evolving
from the crankcase oil was not a significant
contribution to cold-start hydrocarbon emissions.

6. Gasoline-fueled cold-starts had a significant portion
of the gasoline uncaptured. Such missing carbon
indicated a slow rate of gasoline vaporization during
the cold start. Iso-pentane, with its low boiling point,
was highly volatile and appeared to fully evaporate
and take part in combustion during the cold-starts.
The iso-pentane-fueled cold-starts obtained carbon
conversion rates higher than 100%, implying the
contribution of additional HC sources into the
combustion reactions.

7. 'The individual-cycle carbon conversion data showed
that for gasoline fueling, the fuel not evaporated, and
therefore not burned in the previous cycles could
be carried over to the current cycle and burned there.

8. The gasoline-fueled cold-starts had individual-cycle
carbon conversion rates between 66% and 78%which
meant that between 22% and 34% of the injected fuel
remained unvolatilized for the first 5 firing cycles;
thus, a significant fraction of the gasoline failed to
evaporate and burn. Given that it was not possible, for
now, to quantify the full effects of historic HC
deposits and previous gasoline carry-over
phenomena, the portion of unconverted gasoline
could have been even higher.

The results demonstrate that the lack of complete fuel
volatization, in the case of gasoline, is a factor that contributes
to unburned HC emissions during cold-start, especially for
cycles following the 1* firing cycle. The observation that the
emitted HC mass for the 1* firing cycle was not greatly
different for gasoline versus isopentane suggests that another
mechanism may be of greater importance for the 1 cycle.
Possible mechanisms may include poor in-cylinder mixing at
low cranking speeds, cold combustion chamber surfaces prior
to the first firing event that may slow the combustion kinetics
near the surfaces, and both local and global stoichiometry
may contribute.

Factors that may influence these events could include
injection strategy such as injection timing, number of injec-
tions, global stoichiometry and fuel split among injections.
Also, piston bowl design, cranking speed, fuel rail pressure
history, and injector design including targeting, spray pattern,
spray penetration and spray droplet diameter.
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Definitions/Abbreviations

BDC - Bottom dead center

BTDC - Before top dead center

CAD - Crank angle degrees

ECU - Engine control unit

GDI - Gasoline direct injection

GTDI - Gasoline turbocharged direct injection
HC - Hydrocarbons

HCR - Higher conversion rate of carbon
IVC - Intake valve closing

PCV - positive-crankcase ventilation
PFI - Port-fuel injection

LCR - Lower conversion rate of carbon
TDC - Top dead center
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