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Abstract

In North America, heavy-duty diesel engines for on-road use have to
meet strict regulations for their emissions of nitric oxide and nitrogen
dioxide (cumulatively referred to as ‘NOx’) besides other criteria
pollutants. Over the next decade, regulations for NOx emissions are
expected to becoming more stringent in North America. One of the
major technical barriers for achieving in-use NOX emissions
commensurate with the levels determined from in-laboratory test
procedures required by regulations is controlling NOx emissions
during cold start and engine idling. Since the exhaust gas temperature
can be low during these conditions, the effectiveness of the exhaust
after-treatment (EAT) system may be reduced. Under colder climate
conditions like in Canada, the impact may be even more significant. In
the experimental study of this paper, certain engine operation
parameters such as the fuel injection timing, fuel injection frequency
per cycle, engine speed, and exhaust gas recirculation (EGR) ratio are
evaluated for their impact on NOx emissions during idling conditions.
The study is conducted on a single-cylinder, four stroke, heavy-duty
research engine equipped with an intake charge cooling system and an
EAT system with independent control of diesel exhaust fluid injection.
In order to partially simulate a cold operational environment for the
engine and highlight the associated challenges for NOx control, tests
are conducted at an intake charge temperature of 10 degrees Celsius
below the Federal Test Protocol mandated cold start temperature, and
auxiliary cooling is used for the engine oil and coolant to maintain the
temperature of these fluids to below 50 degrees Celsius. Results
indicate that in-use NOx emissions can be more than an order of
magnitude higher than levels determined by the present in-laboratory
test procedures required by regulations immediately after cold start and
during engine idling. Using a combination of medium levels of EGR,
elevated idling speed and injection timing control, the gas temperature
in the exhaust manifold can be ramped up to higher than 200 °C in a
short duration while simultaneously reducing engine-out NOX
emissions. The use of a fuel post-injection during the expansion stroke
can further reduce NOx emissions at the expense of thermal efficiency.

Introduction

Nitrogen oxides (NOx) made up of nitric oxide (NO) and nitrogen
dioxide (NO2) are one of the six key air pollutants which can cause
harmful effects to the environment and human health [1]. In 2018, on-
road heavy-duty vehicles (HDVs) accounted for approximately 14%
of Canada’s NOx emissions [2]. The current Canadian NOx emission
standards for engines of on-road heavy-duty vehicles is 0.2 g/bhp-hr in
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alignment with the standards of the United States (US) Environment
Protection Agency (EPA). In November 2018, EPA launched the
Cleaner Trucks Initiative (CTI) with the intention to update the current
NOx emission regulations [3]. In January 2020, EPA released an
Advance Notice of Proposed Rule (ANPR) to further describe its plans
for overhauling the emission standards for HDVs [4]. This ANPR
described EPA’s intentions of lowering NOx emission standards,
improving test procedures and test cycles to provide real world
emission reductions, updating certification and in-use testing
protocols, and mandating longer useful life of emission control
components, among others [4]. Though the ANPR does not explicitly
specify any particular values, ultra-low NOx emission standards (up to
90% reduction from current 0.2 g/bhp-hr) are under consideration [5].
In response to the CTI, the Manufacturers of Emissions Controls
Association (MECA) released a report on technology feasibility for
HDVs to achieve this 90% reduction in NOx emissions by 2027 [6].
MECA expressed confidence that commercially available engine
technologies and advanced exhaust after-treatment (EAT) system
designs can achieve the NOx reduction target at a nominal increment
to vehicle cost. HDV operation in Canada is subject to unique
conditions. HDVs tend to operate in a cold climate for extended
periods, and can have lengthy periods of engine idling due to cabin
heating requirements and long border wait times [7]. Future ultra-low
NOx HDV technology development must consider these unique
conditions for the technologies to be successful in reducing real-world
NOXx emissions from HDVs in Canada and other cold climates.

NOx emissions during the cold start period and idling can be an
impediment to achieving ultra-low NOx emissions in real-world
driving and over emission certification cycles [8]. NOx emissions from
HDVs may be reduced to ultra-low levels through optimization of the
in-cylinder processes and implementation of sophisticated EAT
systems. During cold start, especially in Canadian winters, the EAT
system may take a significant amount of time to reach operating
temperatures. Extended engine idling can prevent fast warm-up of the
EAT as well. The EAT system consists of various components such as
diesel oxidation catalyst (DOC), diesel particulate filter (DPF),
selective catalytic reduction (SCR) unit, and ammonia slip catalyst
(ASC). Upstream of the SCR, urea solution (termed as diesel exhaust
fluid or DEF) is injected which then thermally decomposes into
ammonia. This ammonia reduces NOXx into nitrogen and oxygen in the
SCR unit.

The temperature of the SCR is a critical factor for effective NOx
reduction, and it is important to understand the typical catalyst
temperatures that may be encountered during the Federal Test Protocol



FTP) cycle for a heavy-duty engine. It may take more than 600 seconds
after the initial start-up, for the SCR inlet temperature to reach 200 °C
[9]. Below 200 °C, the NOx conversion efficiency of the SCR is
usually less than 50%. Therefore, a large portion of the engine-out
NOXx emissions can exit the tail-pipe untreated. Iron-zeolite (Fe-Z) and
copper-zeolite (Cu-Z) catalysts typically used in SCR units tend to
have different NOx conversion rates at different SCR-inlet
temperatures and NO2/NOx [10]. Increasing NO2/NOX ratio increases
the NOx conversion rate. When NO2/NOXx ratio is zero, Cu-Z catalysts
have higher NOx conversion rates over Fe-Z catalysts. The trend is
reversed at the lowest temperatures when NO2/NOXx ratio is 0.5.

In modern diesel engines, minimizing the in-cylinder NOx production
involves optimizing the in-cylinder temperature and oxygen
concentration besides other operating parameters. One of the most
common in-cylinder methods of NOx control is the use of exhaust gas
recirculation (EGR). In engines with EGR, a portion of the exhaust gas
is directed back into the engine intake [11]. Use of EGR is an
established method to reduce the in-cylinder NOx formation in diesel-
fueled CI engines [11-12]. The reduction of NOx emissions by the
application of EGR is caused by factors such as decrease in the intake
oxygen concentration (dilution effect), increase in the specific heat of
the cylinder charge (thermal effect), and endothermic dissociation of
species such as water and CO:z (chemical effect) [13]. One
disadvantage of EGR is that it may cause an increase in the soot
emissions. This is typically referred to as the NOx-soot trade-off. It
may also increase the hydrocarbon emissions under certain conditions
due to lower temperatures and increased ignition delay.

In addition to controlling engine-out NOx, the exhaust thermal
management is necessary for the EAT system to be functioning at high
efficiency. Cold temperatures may make this particularly difficult.
Sakunthalai et al. studied the impact of cold ambient conditions on the
cold start and idle emissions of a light duty diesel engine [14]. Tests
were performed in a climate controlled engine dynamometer test
facility with temperatures ranging from -20 to 20 °C. The engine speed
was rapidly increased and then the engine was allowed to coast down
to idling speed. At lower ambient temperatures, it took more cranking
cycles to start the engine, and longer periods to reach target engine
speed and eventually settle down into the idling speed. This was due
to increased misfire cycles at low temperatures. The adverse impact of
colder ambient temperatures on the NOx emissions was significant
since the EGR calibration on the test engine would cause the EGR
valve to open only when the manifold temperature was equal or higher
than the ambient temperature to prevent condensation in the EGR
lines. At cold temperatures, the friction and pumping losses were also
higher which increased the effective load on the engine.

Bai et al. investigated thermal management strategies on the NOx
emissions of a heavy-duty diesel engine with an EAT system [15]. The
NOXx conversion efficiency decreased and the ammonia slip increased
with decreasing exhaust temperature. The authors demonstrated the
use of intake throttling to increase the exhaust temperature during cold
start conditions at the expense of marginal decrease in the fuel
economy. A large scale study of real-world exhaust temperature and
NOXx conversion efficiency was conducted by Boriboonsomsin et al.
for 90 diesel fueled HDV's which met the 2010 NOx emission standard
using SCR systems [16]. The HDVs were deployed in various
vocations in the state of California, USA. The vehicles in the study
spent 11-70% of their operation time with SCR temperatures below
200 °C which meant that the SCR conversion efficiencies were
minimized. Moreover, copper-zeolite (Cu-zeolite) SCRs were found
to have better low temperature performance than iron-zeolite (Fe-
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zeolite) SCRs. In general, the optimum operational temperature for
Cu-zeolite SCR systems was 225-350 °C.

South West Research Institute (SwRI), with the support of California
Air Resources Board, has pioneered experimental research on heavy-
duty ultra-low NOx emissions [8, 17-18] and shared results on their
modified cold calibration strategy [19]. Using this strategy, they were
able to reduce the time required to reach their target DOC outlet
temperature by almost 70% compared to the baseline. The cumulative
engine-out NOx was decreased by 68% though the CO2 emission
increased by almost 4% over the Federal Test Protocol Cycle. SwRI
also evaluated a number of EAT system configurations which, together
with the modified cold calibration strategy of the engine, can meet their
0.02 g/bhp-hr target [20]. This configuration consisted of an active
close-coupled selective catalytic reduction (ccSCR) system to treat
NOXx during low temperature operation such as cold start and idling
periods.

The aim of this research is to build on the existing research by
examining NOx emissions and developing NOx control strategies
during cold start and idling operation relevant to cold climates.
Specifically, the effects of engine load, engine speed, EGR quantity,
and use of multiple diesel injection events are investigated. In-use tests
are conducted on a Class-8 semi-trailer truck compliant with current
emission standards. The data is used to identify specific NOx control
challenges associated with winter operation. Thereafter, laboratory
tests are conducted under cold intake air conditions with more detailed
analysis of specific engine operation parameters on NOx emissions
and exhaust gas temperature. This paper is organized as follows.
Immediately succeeding this introduction section is the description of
the experimental setup, followed by the methodology, and discussion
on the results for the on-road and laboratory testing. This is followed
by conclusion and references.

Experimental Setup and Methods
Experimental Setup

In-use Testing

In-use emissions measurements were taken on a Class-8 semi-trailer
truck using commercially available Portable Emissions Measurement
Systems (PEMS) developed by Sensors Inc. Test vehicle specifications
are shown in Table 1. The only modification to the test vehicle was the
installation of the PEMS probe and flow meter (Figure 1). The PEMS
used a combination of technologies to measure the concentration of
CO2, CO, NO, NOz, Oz, and Total Hydrocarbons (THC) in the raw
tailpipe exhaust gas. The systems were calibrated with NIST-certified
gases prior to, and immediately after an in-use test cycle was
completed. A mass flow meter, provided with the PEMS, was attached
to the exhaust system to determine exhaust flow rate. Leak checks,
calibration of the system, and emissions calculations were followed
according to 40 CFR 1065 equipment standards. Emissions
measurements and ECU data were logged at the beginning of each test
event and throughout the duration of the test, capturing the cold start
period. ECU data was collected by connecting to the vehicle network
using a third-party data logger (DiagRa D, HEM) and via hardware
integrated with the PEMS unit. Testing was conducted under a variety
of load-speed conditions. These tests were intended to capture the
performance of the vehicle under real-world scenarios.



Table 1. Test vehicle specifications

Engine Displacement [L]

12.9

Transmission

16 Speed Fully Automated

Advertised power [kw]

339

Torque [Nm]

2237@900 rpm

Emission Controls

Meets US EPA 2010
standards

Certification

HDV Class 8

Curb Weight [kg/(Ibs)] 8,243 (18,173)
Ballast Weight [kg/(Ibs)] 18,593 (40,990)
Trailer Weight [kg/(Ibs)] 6,019 (13,270)
Test Weight [kg/(Ibs)] 32,855 (72,433)

Figure 1. In-use emission measurement — location of PEMS attachments and
close-up of sampling ports (inset) downstream of catalysts

@
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Laboratory Testing

The tests were conducted on a Caterpillar 3401 based research engine.
This single-cylinder, four-stroke, heavy-duty diesel engine was rated
to 74.6 kW and coupled to an eddy-current dynamometer. The engine
was modified and instrumented for research. The test setup is shown
in Figure 2. The specifications of the engine are listed in Table 2. The
stock diesel fuel injection system was replaced by a customized and
independently controlled common rail fuel injection system designed
for research purpose. This system used a Ganser CRS AG solenoid fuel
injector. The fuel rail pressure, diesel injection timing, and pulse width
were controlled by National Instruments (NI) hardware (PXI-1031
chassis with PXI-8184 embedded controller and 7813R RIO card
connected to a cRIO-9151 expansion chassis) and LabVIEW-based
software (Stand-alone Direct Injector Drive System, Drivven Inc.). A
Bronkhorst mass flowmeter was used to measure the diesel flow rate.
The specifications of the Canadian ultra-low sulphur diesel (ULSD)
fuel used in this research are given in Table 3.

Table 2. Test engine specifications

Base Engine Model Caterpillar 3401 (3400 series)

Number of Cylinders 1
137.2 mm X 165.1 mm

Bore X Stroke

Displacement 2.44 liters

Compression Ratio 16.25:1

Number of Valves 4 (2 — Intake, 2 — Exhaust)

Fuel Delivery - Diesel Common Rail Direct Injection

Ganser CRS AG Injector

Maximum Power Output (stock) 74.6 kW (@2100 rpm)
EGR Valve EGR Cooler
e e
Common To Exhaust
To Intake Rail Analyzers
Analyzers )

Intake
Surge
Tank

Exhaust

[Intercooler—ll] | Chiller-11 |

@] |

[ Intercooler-l] | Chiller-1 |

Dynamo
-meter

Pressure
Regulator

Air
(Compressor)
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Figure 2. Laboratory test setup



Table 3. Properties of ultra-low sulphur diesel used in laboratory test

Density Cetane LHV H/C
[kg/mq] number [MJ/kg] ratio
814.8 44 44.64 1.90

The test setup also consisted of a conditioned air supply system with
independent control of intake charge pressure and temperature. Intake
and exhaust surge tanks in the intake and exhaust sides reduced
pressure pulsations in the system. A thermal wire type mass flowmeter
was used to measure the intake air flow rate (manufactured by Sierra
Instruments Inc.). The EGR supply loop consisted of an exhaust back
pressure control valve, water-cooled EGR cooling system, and EGR
flow control valve. The EGR cooling system consisted of a series of
plate heat exchangers. The EGR gas temperature was controlled by
modulating the water flow rate into the EGR cooler. This cooled EGR
system can be used for preheating and/or decreasing the oxygen
concentration of the intake charge by diverting a portion of the exhaust
gas into the intake.

Combustion conditions relevant to cold-start at cold weather
conditions were simulated by conducting the testing with cooled intake
air supply. Given the limitations of the test setup, the target was a stable
intake manifold air supply temperature of at least 10 °C below the FTP
cold start temperature of 20 °C. The test facility modification included
the installation of two high efficiency air to liquid intercoolers in series
in the fresh air intake line of the engine (Figure 2). These automotive
grade intercoolers were made of aluminum. Each of the intercoolers
was connected to a 1.5 kW laboratory chiller circulating a chilled 50:50
mixture of ethylene glycol and water through the intercooler. The
chiller temperatures were set to -10 °C. The compressed air supply for
the engine was pressure-regulated in multiple stages to provide a stable
and controllable air flow into the intercoolers. Thermocouples were
installed before and after the intercoolers to monitor the cooling
efficiency. The chilled air supply line was insulated to minimize heat
absorption from the ambient air. The target intake temperature of 10
°C or below was measured in the intake manifold just upstream of the
intake valve.

The engine was also outfitted with coolant and lubricating oil
temperature conditioning systems. The test facility is equipped with a
cooling tower using water as the working fluid, to cool the lubrication
oil and the coolant through a series of heat exchangers. The oil and the
coolant temperatures can either be maintained at ~40-50 °C during the
test using the cooling water, or allowed to rise gradually after starting
the test through the heat dissipation from the in-cylinder combustion.
The former provides the ability to simulate the extended period of
warm-up required for the engine fluids to reach operational
temperature in cold weather. Such a system also ensures that the cooled
intake air supply does not heat up drastically when it comes in contact
with the intake manifold and the cylinder head. The steady state
operating temperature of the oil and coolant for this test setup is 88 °C.

The cylinder pressure was determined by a Kistler 6041A pressure
transducer which was flush mounted on the cylinder head. The
pressure data was stored at a resolution of 0.2 CAD for 100 consecutive
engine cycles using AVL IndiModule combustion analysis system.
AVL Digalog Testmate system was used to interface with the engine
electronic control unit (ECU) to control the engine load and speed. The
exhaust and intake gases of the engine were sampled and analyzed by
California Analytical Instruments (CAI) 600 series gas analyzers. The
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exhaust gases analyzed included CO2, CO, THC, Oz and NOx. The
intake CO2 was measured to determine the CO2-based EGR ratio. The
exhaust soot was measured using an AVL 415S smoke meter. The
basic configuration of the EAT system consisted of a DOC and DPF
assembled in one canister, and a urea-based selective catalytic
reduction (SCR) system using copper zeolite as the catalyst. The EAT
system was installed downstream of the exhaust surge tank and the
exhaust throttle valve. The exhaust temperature was measured in the
exhaust manifold located just downstream of the exhaust valve. A
pressure transducer was also installed upstream of the DPF to monitor
DPF soot loading. Additionally, temperature and gas sampling probes
were installed at multiple locations in the exhaust line for monitoring
and data collection. Emissions were measured at the engine and the
tail-pipe outlets. This paper will focus on the engine-out NOXx
emissions.

Experimental Methods

Certain terms must be defined at the outset for enabling interpretation
of the test results. The cylinder pressure signal was used as the primary
input for the conventional net heat release analysis (HRR) using
Equation (1). The unit of net heat release rate was joule per crank angle
degree [J/CAD]. The brake thermal efficiency (BTE) was calculated
using Equation (2) and expressed as a percentage.

HRR, ,.; = ! v +V dp 1
et =1 [P g TV a8 ey
3600 x Powerbmke
= X
BTE =100 LAV, X my @)

where y was the ratio of specific heat at constant pressure to that at
constant volume (calculated as a function of in-cylinder gas
composition and temperature), p was the measured cylinder pressure
[Pa], Vwas the cylinder volume [m3], #was the crank angle in degrees
[CAD], Powersrake Was the measured brake power of the engine from
the dynamometer [kKW], LHVrwas the lower heating value of the fuel
[kd/g], and mrwas the mass flow rate of the fuel [g/hour].

One engine cycle was expressed as -360 to 360 CAD, with all crank-
based timings expressed as CAD after top dead center (ATDC). The
compression TDC was 0 CAD ATDC. Specific combustion timing
metrics were calculated from the heat release analysis. ‘CAS50’
corresponded to the combustion phasing and was defined as the crank
angle at which 50% of the cumulative heat release occurred [CAD
ATDC]. Crank angles corresponding to 10% and 90% of the total heat
release were denoted by ‘CA10’ and ‘CA90°, respectively [CAD
ATDC]. The combustion duration was defined as the time difference
between CA90 and CA10 and expressed in [CAD]. The volumetric
EGR ratio (expressed as a percentage) which quantified the amount of
EGR used was calculated through the relation —

COZ inlet_COZ ambient

EGRco, = 100 x 3)

C02 exhaust

where COz intet, CO2 exhaust, and €Oz ambiens, Were the volume fractions
of carbon dioxide at the engine inlet after mixing of EGR, engine
exhaust, and engine inlet before mixing of EGR respectively. Engine
load was given by the brake mean effective pressure (BMEP) which
was calculated using the following relation with the unit [bar] —



4 T

BMEP:WXV_d (4)

where T is the brake torque of the engine determined using the
dynamometer [Nm] and Vz is the displacement volume of the engine
[m?].

Before starting the test, the engine and EAT system were
preconditioned by motoring the engine with an electric motor at 650
rpm while cold air was circulated through the system. The chillers
circulated the glycol-water solution through the intercooler with the
EGR valve closed and the back pressure valve fully open. This caused
the fresh air intake temperature to decrease. The post-intercooler air
temperature was in the range of -4+2 °C. During this cooling down
period, the air flow rate was maintained at 100 kilograms per hour
(kg/h). Though efforts were made to insulate the intake plumbing of
the engine, the thermal mass of the intake line was significant and the
test cell ambient temperature could only be maintained in a limited
range of 20+2 °C. Therefore, the lowest stable gas temperature at the
intake manifold that could be achieved with the oil and coolant at their
target temperatures was 10 °C. Once the target gas temperature was
achieved in the intake and exhaust manifolds, the intake pressure was
set to 0.09 megapascal (MPa).

2 bar BMEP | p;,;=0.090 MPa | p,,,=0.105 Mpa
Pin=80 Mpa | 30% EGR | 1000 rpm

250
! 2S% %)
i \‘~ L E
A :> 5225 £
Sso [
- “w<l__ 200 g
R § Kz
1 L 175 3
= g
>
L

T T T 150

90 100 110 120 130

Intake Presure [kPa]

Figure 3. Effect of intake pressure on brake specific NOx emissions and exhaust
temperature

The purpose of the research was to develop an understanding of
operational parameters that can enable fast temperature increase of the
exhaust gas and reduce NOx emissions. Exploratory testing showed
that increasing the intake pressure caused the NOx emissions to
increase and the exhaust temperature to decrease (example shown in
Figure 3). The increase in NOx emissions was due to the increase in
the in-cylinder air-fuel ratio (relative air-fuel ratio increased from 2.27
to 3.41 in the given example as intake pressure was increased) and the
increase in the in-cylinder pressure before injection. Fuel droplets had
improved access to oxygen and NOx formation rate was enhanced [21-
23]. Exhaust temperature decreased as the mass air flow through the
engine increased causing greater amount of energy to be dissipated
through the system. Field testing done on heavy-duty trucks had shown
that after a cold start, as the engine settled into idle, typically there was
negligible intake boost (discussed later). Taking all these factors into
consideration and the benefit of throttling the intake flow [15], the
intake pressure was set to slightly below atmospheric pressure at 0.09
MPa. Lower values were not considered for two reasons — ensure that
the relative air fuel ratio at all test conditions including steady state
testing was not below 1.8 (minimize soot formation), and avoid
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significant decrease in the volumetric efficiency of the engine. The
exhaust back pressure was set at 0.015 MPa over the intake pressure to
drive the EGR gas into the intake. This was the lowest pressure
differential which allowed the maximum EGR ratios to be achieved
with the EGR valve fully open. Hence, the exhaust pressure was 0.105
Mpa.

Diesel injection rail pressure was set to 80 MPa. Injection pressures
can vary between 30 to 250 MPa for modern diesel engines. This was
the lowest injection pressure based on the injector map, which was
suitable for all test conditions including steady state idling tests with
multiple injections. In order to initiate the cold start test, fuel injection
was enabled and the electric motor was decoupled from the engine.
Three engine idle speeds were investigated — 650, 1000, and 1350 rpm.
For the lowest engine speed of 650 rpm, the fueling was first set to no
load idle and as soon as the engine reached 650 rpm no load idle, the
load was ramped up from 0-2 bar BMEP. 2 bar BMEP was the lowest
load at which the exhaust manifold gas temperature of at least 200 °C
could be achieved for all test conditions. This corresponded to
approximately 12.5% load for this test engine. The engine was allowed
to subsequently reach stable speed at this load (+ 5 rpm). For the 1000
and 1350 rpm cases, the same sequence of actions was undertaken with
one exception — the engine speed was set to the desired value before
the load was applied. These steady state idling tests involved studying
the effects of two engine parameters — EGR ratio and post-injection
timing. The experimental conditions are listed in Table 4.

Table 4. Experimental conditions for laboratory testing

Parameter

Effect of EGR
Ratio

Effect of Post
Injection Timing

Load in BMEP [bar]

2

2

EGR Ratio [%)]

0/5/10/15/20/25/30

30

Data Collection Period [s]

180s

180s

Number of Diesel Injections [-]

1

2

Main Diesel Injection Timing [CAD
ATDC]

-1/-7/-12

-4.5/-9.5/-14

Post Injection Timing [CAD ATDC]

Not applicable

10/15/20/25/30

Post Injection Ratio (Main:Post)

Not Applicable

60 :40

Engine Speed (N) [rpm]

650/1000/1350

Initial Intake Temperature (Tin) [°C]

10+1

Intake Pressure (pint) [MPa absolute]

0.09

Exhaust Pressure (pexh) [MPa
absolute]

0.105

Diesel Injection Pressure (pinj) [MPa]

80

EGR Gas Temperature (after EGR
valve) [°C]

~30£2

Coolant Temperature [°C]

40+2

Lubricating Oil Temperature [°C]

50+2

The coolant and lubricating oil temperatures were 40 and 50 °C
respectively. EGR outlet gas temperature was maintained at ~30 °C.
The diesel injection (DI) timing was set for a CA50 of 9+1 CAD
ATDC for each engine speed case. Based on the past experience with
this engine test setup, this CA50 range is typically associated with
maximum thermal efficiency. The EGR ratio was gradually increased
to perform the EGR ratio sweep. For each EGR ratio, the engine was
deemed to be in stable condition when the exhaust temperature change
was within +1 °C and the NOx emissions were £5 ppm. These values
were within the error range of the measurement equipment. The data



was collected at a resolution of 1 Hz over a 180 second period, and the
average value and standard deviation were reported as the result.
Further NOx reduction and exhaust gas temperature increase was
investigated by enabling a second post-injection at 30% EGR with a
post injection (PI) timing of 10 CAD ATDC. The main DI timing was
advanced at this point to adjust the CA50 to 9+1 CAD ATDC again.
The post-injection (PI) timing was gradually retarded to perform the
PI timing sweep with the main DI timing constant. These steps were
repeated for each engine speed.

Results and Discussion

This section is divided into three sub-sections. The results of in-use
testing are shown in the first sub-section. The results of laboratory
testing with increasing EGR, and effect of the post-injection timing are
presented in the second and third sub-sections, respectively.

In-use Testing Results

In-use testing for three different load-speed data-points (denoted by
‘DP’ followed by the number) will be discussed to highlight some
specific in-use challenges associated with cold weather operation. Test
durations were typically an hour but in relation to the present
discussion on cold start and idling, the focus will be on the initial
period of the test cycle. The throttle input, engine load, engine speed,
and ground speed readings are shown in Figure 4 for the first 500
seconds. The corresponding ambient, intake and exhaust manifold
temperatures together with the exhaust flow rate are shown in Figure
5. The idling speed for this powertrain is 650 rpm and the time scale
starts at the instant the engine reaches this set point after firing.

DP-1 is related to idling at low load (~15-20%) for majority of the 500
second period and subsequent shut-down except instances of throttle
input at the start and between the 100-200 second period. The former
causes corresponding changes in the engine load and speed. The latter
causes increase in the load with slight change in engine speed and short
duration movement of the vehicle (creep forward for 5 seconds).
Otherwise, the vehicle remains stationary during the testing period.
DP-2 and DP-3 represent urban driving situations in which the vehicle
accelerates and decelerates with occasional stops. Both DP-2 and DP-
3 have warm-up period during which the vehicle remains stationary
with the engine at idle speed. For all these three conditions, the ambient
temperatures are in the range of -16 to -13 °C and remain constant
during the initial 500 second period of the test cycle (Figure 5).

For DP-1 and DP-3, the vehicle is soaked overnight indoors at a
temperature of ~23 °C. For DP-2, the vehicle is parked outdoors
overnight. Hence, the intake (manifold) gas temperatures are higher
for DP-1 and DP-3 since the lubricating oil and the coolant are also at
a higher initial temperature (not shown). Moreover, the idling load is
higher for DP-2 probably due to the need for faster engine warm-up.
Since the intake air flow rate changes with change in engine speed and
load, the intake temperature fluctuates. The engine load and speed are
generally higher for DP-2 in comparison to DP-3 in keeping with
getting to higher ground speed faster, therefore the intake temperature
starts increasing earlier as the engine warms up (Figure 4 and Figure
5).

Exhaust temperature (shown in Figure 5) is measured immediately
downstream of the SCR and upstream of the exhaust gas sampling
location. During warm-up, the exhaust gas temperature is expected to
decrease across the SCR due to heat loss, therefore the SCR outlet gas
temperature would be lower than the inlet gas temperature which
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typically determines the start of DEF injection. By analyzing the post-
SCR exhaust gas temperature, engine load, and the instantaneous tail-
pipe NOX, it is possible to determine if the SCR is operational. For DP-
1, since the vehicle is mostly idling, the exhaust temperature remains
constant at ~50 °C. Exhaust temperature of DP-3 (~72 °C) is initially
higher than that of DP-1 since the engine load is marginally lower
which causes the exhaust mass flow rate to be lower as well (Figure 5
— first 150 seconds). For DP-2, the exhaust gas temperature initially
decreases as the idling load decreases marginally, and eventually the
exhaust gas temperature starts increasing as the engine speed and load
are increased when the vehicle is in motion. For all the three test points,
the exhaust temperature is lower than 100 °C for at least the first 400
seconds of the test, which is insufficient for catalytic reduction of NOx
in the SCR.
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Figure 4. (From top) Throttle position, engine load, engine speed and ground
speed of in-use test.
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Figure 5. (From top) Ambient temperature, intake temperature, exhaust
temperature and exhaust flow rate of in-use test.

Figure 6 shows the tail-pipe NOx emissions for the test data points and
the intake manifold pressure. The NOx emissions and manifold
pressure of DP-2 correlate with the engine load. During idling, the
turbocharger is inactive since the intake manifold pressure is ~0 kPa
gauge. DP-2 also has the highest instantaneous NOx emission rates
during idling over the first 400 seconds while those of DP-3 and DP-1
are low. This is due to the higher engine load during idling for DP-2 to
overcome the low intake temperature. A higher load leads to increased
intake pressure and fuel input which causes subsequently greater
combustion temperatures. During the 400-500 second period, there is
another spike in load but the instantaneous NOx emissions for DP-2
are reduced. This is probably due to the initiation of NOx reduction in
the SCR since the exhaust temperature is increasing during this period
(Figure 5). For DP-1 and DP-3, the NOx emissions are generally low
since there is limited NOx production probably due to the low peak in-
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cylinder temperatures at fuel lean conditions associated with low
engine load and speed. However, owing to the low exhaust
temperatures, it can be expected that the SCR is mostly inactive
throughout the first 500 seconds for these cases, and the tail-pipe NOx
is equivalent to the engine-out NOX. The estimated brake specific NOx
emissions for DP-1, DP-2 and DP-3 averaged over the 500 second
period are 0.66 (0.49), 2.87 (2.14) and 1.61 (1.2) g/kWh (values in
parentheses are in g/bhp-hr) respectively, which are all significantly
higher than the current standard. These are estimates calculated using
the engine torque and speed reported by the ECU. It is expected that
over a longer driving cycle, as the SCR temperature stabilizes and the
engine warms up, the average NOx emissions will be lower. However,
achieving future ultra-low NOx emissions in real driving conditions or
during extended idling periods will require efforts to minimize engine-
out NOx while rapidly increasing the exhaust gas temperature.
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Figure 6. Instantaneous NOx (top) and manifold pressure (bottom) of in-use
test.

Laboratory Test — Effect of EGR

In this section, the results for steady state idling tests are presented at
a load of 2 bar BMEP. The purpose is to highlight the effect of EGR at
different engine speeds. In order to partially simulate a cold
operational environment for the engine and highlight the associated
challenges for NOx control, tests are conducted at an intake charge
temperature of 10 °C, and auxiliary cooling is used for the engine oil
and coolant to maintain their temperatures at 50 °C and 40 °C,
respectively. The EGR temperature is also maintained at 30 °C though
typically the EGR cooler is by-passed during cold start and warm-up
in vehicles. The injection timing is fixed during the EGR sweep and
denoted by the Start of Diesel Injection (SODI) in the figures. Figure
7 shows the cylinder pressure and heat release rate traces for the three
engine speeds of 650 (low), 1000 (medium), and 1350 (high) rpm
without and with EGR. The effect of EGR in reducing the intensity of
combustion is apparent. The peak cylinder pressure decreases, and the
crank position of the peak heat release rate retards with the introduction
of EGR. The peak magnitude of the heat release rate is decreased as
well. The peak magnitude of the heat release rate increases with the
decrease in the engine speed [24-25]. As the engine speed decreases,
the temporal duration of each engine cycle increases, which provides



a longer ignition delay period for the diesel to mix with the air in the
cylinder before ignition. As a result, more diesel is premixed with air
before ignition, which causes a larger peak heat release rate, followed
by a smaller peak heat release rate due to diffusion type of combustion
at a lower engine speed. It can be seen in Figure 7 that the diffusion
peak tends to get less prominent as the engine speed decreases. The
injection timing for each engine speed was based on setting the initial
CA50 at 9+1 CAD ATDC except for the low speed case (for reasons
discussed later).
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Figure 7. Effect of EGR rate on the cylinder pressure (top) and heat release
rate (bottom)

The following figures show the variation of each steady state
parameter at a particular engine speed as the EGR ratio is increased.
One of the main objectives of this research is to test intake temperature
conditions relevant to colder climates. The air flow rate and the intake
temperature are shown in Figure 8. The air flow rate increases with
increasing engine speed since the engine has more intake strokes per
unit time. Use of EGR replaces a part of the fresh air charge into the
engine by the exhaust gas, and therefore the fresh air flow rate
decreases. Since the tests are started after the coolant and lubricating
oil were at steady temperatures of 40 and 50 °C, respectively, the
intake temperature drifted slightly upward from the target value of
10°C. The EGR temperature is maintained at 30 °C but it still causes
the intake temperature to increase by almost 8 degrees over the EGR
sweep since the quantity of exhaust gas mixing with the fresh air intake
increases. While EGR is typically used to reduce the in-cylinder NOx
formation, for cold operating conditions, it has the added benefit of
increasing the intake temperature which in turn can aid in exhaust
thermal management. A consequence of increasing EGR is the
reduction in the overall relative air-fuel ratio (1) which decreases from
~3.1-3.4 at 0% EGR to 2.1-2.3 at 30% EGR (not shown). The engine
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load remains constant though the fresh air flow rate decreases. This
causes the overall air-fuel ratio in the engine to become lower.
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(bottom) change with EGR

The combustion phasing, denoted by CA50, is an important metric for
relating efficiency and NOx formation. If the CA50 is too early, the
released fuel energy may work against the engine compression. If the
CA50 is too late, the fuel combustion may be incomplete. In both
scenarios, the BTE is expected to decrease. Retarding the CA50 tends
to decrease NOx emissions since it causes thermal NOx formation to
decrease. The CA50 and the peak pressure rise rate are shown in Figure
9. The CA50 is used as an indicator for the initial injection timing at
0% EGR. This value, as mentioned previously, is 9+1 CAD ATDC and
is based on past experience of optimal efficiency for this test setup for
engine speeds of 900 rpm and above. With increasing EGR, the
ignition delay tends to increase as the thermal and dilution effects of
EGR reduces the reactivity during ignition stage. Consequently, the
CASO0 gets retarded for all engine speeds. For the low speed case, the
initial CA50 is 12 CAD. Further advance of the CA50 by advancing
the diesel injection timing is not possible for this speed since the peak
pressure rise rate (Figure 9) exceeds the 15 bar/CAD hardware limit.

The peak pressure rise rate is an important hardware limitation for all
engines. Excessively high pressure rise rate can cause driveability
issues since it can lead to higher physical noise, vibration and
harshness during the engine operation. Excessively high peak pressure
rise rate can also cause physical damage to the engine. The peak
pressure rise rate is especially an issue at lower engine speeds with
extended cycle times since it reduces the ability to advance the
injection timing. With increasing EGR, the CA50 is retarded and
majority of the combustion occurs further away from the compression



TDC of the engine, which leads to lower peak pressure rise rates
(Figure 9).
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Figure 9. Effect of EGR on peak pressure rise rate (top) and CA50 (bottom)

Figure 10 shows the exhaust gas temperature profile, BTE and brake
specific NOx emissions (denoted by bsNOx) for the given test cases.
Exhaust gas temperatures decrease with decreasing engine speed. The
cause can be the reduced number of combustion cycles per unit time
as well as the lower heat generated by friction when the engine speed
decreases. The exhaust gas temperature increases with increasing EGR
at all engine speeds. Three factors may cause the variation of the
exhaust temperature with increasing EGR. First, use of EGR can
reduce the combustion temperatures since it increases the heat capacity
of the in-cylinder charge, which tends to decrease the exhaust gas
temperature. Second, the use of EGR increases the intake gas
temperature (Figure 8), which may cause an increase in the exhaust gas
temperature. Third, if the CA50 is retarded with the use of EGR, fuel
combustion occurs later in the cycle and can cause the exhaust
temperature to increase as well. A combination of these three factors
may explain the variation in the exhaust gas temperature with
increasing EGR. The CA50 retardation of 3 CAD for the low speed
case is greater than the ~1.5 CAD retardation of the medium and high
speed cases, which may cause the greater change in exhaust gas
temperature for the low speed case in comparison to the exhaust gas
temperature change of the medium and high speed cases. Exhaust gas
temperatures in the steady state tests are above 200 °C for all engine
speeds and therefore, a close-coupled SCR unit can be deployed.

The BTE decreases for the low speed case as the EGR is increased.
This may be due to the retarded CA50 which causes a decrease in
combustion efficiency. For the medium speed case, the BTE does not
show significant change over the EGR sweep, since the CA50 is within
the range of 8-11 CAD ATDC. The BTE is the maximum for the
medium speed case compared to those of low and high speed cases.
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For the high speed case, the BTE improves marginally. This might be
due to further optimization of the CA50 when the EGR rate is
increased.

The NOx emissions decrease with increasing EGR as expected since
the thermal, dilution, and chemical effects of EGR tend to inhibit NOx
formation. The increase in NOx emissions with decreasing engine
speed can be attributed to the increase in NOx formation in the post
flame region, since the lower the engine speed, the longer the post
flame duration. With 30% EGR, the engine-out bsNOXx can be reduced
to ~ 2 g/kWh for all engine speed cases. Current emission standard of
0.2 g/bhp-hr (~0.27 g/kWh) is achievable with a close-coupled SCR
unit with a conversion efficiency of ~80-90%. However, achieving
ultra-low NOx of ~0.02 g/bhp-hr would be difficult under these
experimental conditions with this test setup. Further strategies to
reduce the engine-out NOx emissions while maintaining the exhaust
temperature have to be investigated.

2 bar BMEP | p;,=0.090 MPa
Pexn=0.105 MPa | p;,;=80 MPa

280
) l -0"'#___4
= e . atatula atui
& 260 1
s
£ g ----8-""
13 9 240 B---G----g----8 T
@
3
S 220
x
L
200 . .
0 10 20 30
24

EeEanaee
s¢--t

215 4 =<@-=-1000rpm
==®--1350 rpm

Brake Thermal Efficiency
[%]
N
N
(6]

21 T
0 10 20 30
14
|
12 [¢
g‘ 10 4 SODI=-7 CAD ATDC
< g I so SODI=-12 CAD ATDC
= ‘us\
x J S=~o -~
3 6 ,.~~~-'B~_~ R
8 4 N **~~*~:ZE-°.~~~~
2 A R SO
0 T T fj

EGR Ratio [%]

Figure 10. Effect of EGR on exhaust temperature (top), brake thermal
efficiency (middle) and bsNOXx (bottom)



Laboratory Test — Effect of Double Injection

One conclusion from the EGR sweep test is that given the exhaust gas
temperature profile and the NOx emissions, achieving ultra-low NOx
levels is difficult even with a close-coupled SCR catalyst. Therefore,
the use of a double diesel injection is explored as means to further
reduce the engine-out NOx emissions and increase the exhaust gas
temperature. The double diesel injection consists of a main injection
event during the end of the compression stroke, and a post injection
event during the expansion stroke. When the double injection is
enabled with 30% EGR, the main injection timing has to be advanced
to set the CA50 to 9+1 CAD ATDC. The post injection fuel quantity
is 40% of the total fuel injection quantity. Based on the fuel injector
map at 800 bar injection pressure, at 2 bar BMEP, 40% corresponds to
the shortest possible injector opening command. The post injection
timing is progressively retarded from 10 CAD ATDC to 30 CAD
ATDC. The pressure and heat release traces are shown in Figure 11.
The heat release rate of a double injection has a distinct second peak
later in the expansion stroke corresponding to combustion of the post
injection fuel. The peak cylinder pressures do not change significantly
over the post injection timing sweep. There are distinct differences in
the heat release rate. Expectedly, the second peak corresponding to the
post injection is delayed as the post injection timing is retarded. The
peak of the main heat release rate increases as well. This is probably
due to decreasing combustion efficiency of the post injection fuel,
which requires the main injection fuel quantity to be increased to
maintain the load.
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Figure 11. Effect of post injection timing on the cylinder pressure (top) and
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The peak pressure rise rate and CA50 are shown in Figure 12. In
general, the use of multiple injections distributes the energy release
from the fuel over a longer duration of the engine cycle and thereby
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causes a reduction in the peak pressure rise rate. While the pressure
rise rate changes marginally for the medium and high speed cases,
there is a more significant increase for the low speed case with
retarding post injection timing. The increase in the main injection fuel
quantity to compensate for the lower combustion efficiency of the post
injection enhances the first heat release peak associated with pre-
mixed combustion (Figure 11), which could have caused the peak
pressure rise rate to be higher at a more retarded post injection timing,
especially at low engine speeds when temporal duration of each engine
cycle is longer.

The CAS5O0 is advanced as the post injection timing is retarded. This is
also caused by the increased injection duration of the main injection
command to compensate for the lower combustion efficiency of the
post injection fuel. The overall advance in the CA50 is less than 1 CAD
for all engine speeds.
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The exhaust gas temperature, BTE and bsNOXx are shown in Figure 13.
The corresponding data for single injection at 30% EGR are also
shown on the figure for reference and marked by star symbols. The
benefits of using the post injection to increase exhaust temperature and
decrease NOx emissions are more apparent for the medium and high
engine speed cases. In general, retarding the post injection timing
increases the exhaust gas temperature. This is probably due to the
retardation of the second peak of heat release, which increases the gas
temperatures later in the expansion stroke (Figure 11). At the low
engine speed, owing to the longer time scale associated with each
cycle, this heat energy can be lost through heat transfer to the walls of
the combustion chamber. Hence, the change in exhaust gas



temperature over the post injection timing sweep is greater for the high
engine speed case.
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Figure 13. Effect of post injection timing on exhaust temperature (top), brake
thermal efficiency (middle) and bsNOx (bottom)

Retarding the post-injection timing decreases the brake thermal
efficiency due to under-utilization of the post-injection fuel as
discussed previously. For the low speed case, when 30% EGR is used,
the peak pressure rise rate is no longer a limiting factor for advancing
the injection timing. With the combination of post injection, EGR, and
optimized CA50, the BTE for low speed can be improved to 23%
compared to 22.5%. The BTEs for low and medium engine speeds are
similar since the losses associated with utilization of the post injection
fuel associated with the medium engine speeds and heat transfer losses
associated with the lower engine speeds may balance each other. At
high speed, the adverse effect of post injection timing retard on BTE
is most apparent since energy release from the post-injection fuel may
be incomplete due to the short cycle duration.
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The NOx emissions decrease with retarding post injection timing
(Figure 13). A few factors can contribute to this. Through multiple
injections and distributed energy release over a longer portion of the
cycle, the temperatures associated with the combustion of the main
diesel pulse decrease and therefore NOx formation rate reduces at the
main combustion stage. The overall air-fuel ratio decreases due to
lowered combustion efficiency in addition to the oxygen dilution effect
of EGR. These two factors may minimize regions in the combustion
chamber conducive to NOx formation in which temperatures are high
and the air-fuel mixture is slightly lean. One reason why the post
injection timing sweep was stopped at 30 CAD ATDC is the
diminishing returns with respect to efficiency and no further reductions
in NOx emissions. This implied that the post injection had limited
participation in the in-cylinder combustion.

On-road testing data reported in literature indicates that there is a
substantial challenge of achieving ultra-low NOx emissions in real-
world applications since SCR temperatures can regularly drop below
the urea injection activation threshold [16]. This implies that low
temperature NOx control methods may have applications beyond cold
start and idling conditions. Based on these results, it can be inferred
that the medium engine speed (1000 rpm) with the use of 30% EGR
and early post-injection can be a suitable compromise for minimizing
engine-out NOx emissions and concurrently increasing the exhaust gas
temperature and maintaining the BTE. There remain substantial
challenges in improving the BTE of the engine at cold ambient
temperatures. Additionally, since the engine is idling at a load (and not
0 bar BMEP in the strictest definition of idling), there is going to be an
absolute increase in the fuel consumption. It is evident from DP-1 of
the in-use testing that low load-low speed idling even over extended
periods is insufficient to increase the exhaust gas temperature. Hence,
as evidenced in literature and this study, there remain significant
opportunities for optimization.

Conclusions

In-use test data confirms some of the observations reported in the
literature especially with respect to the exhaust temperature and tail-
pipe NOx emissions. The engine load is found to play a critical role at
low exhaust temperatures since at higher loads, the engine-out NOx
emissions would be higher, and these emissions would not be treated
in the SCR if the exhaust gas temperatures are too low. In-use testing
also shows that low load-low speed idling even over extended periods
is insufficient to increase the exhaust gas temperature.

Based on the in-use test data, certain laboratory test parameters were
adopted to provide research results relevant to practical applications.
Preliminary thermal management strategies to increase exhaust gas
temperature and reduce engine-out NOx emissions were evaluated by
conducting steady state idle tests at different engine speeds at a
constant low load. Using EGR was deemed to be a suitable strategy for
decreasing engine-out NOx, pre-heating the intake charge into the
engine and raising the exhaust gas temperature. The medium engine
speed was found to be a reasonable compromise in terms of
maintaining the brake thermal efficiency, reducing NOx emissions and
maintaining sufficient exhaust temperature for thermal management.
With 30% EGR as the baseline, use of double fuel injection (main
injection + post injection) was investigated as means to further reduce
NOXx and increase exhaust temperature. Retarding the post injection
timing may enhance the exhaust gas temperature, but there is a
significantly adverse impact on efficiency especially at high engine
speed. At low and medium engine speeds, with a post injection timing
closer to the TDC, using a double injection could provide further
reduction in NOx emissions over the 30% EGR baseline.



Future testing will focus on study of other engine operating parameters
such as intake air pressure, injection pressure, and engine load on the
NOXx emissions and exhaust temperature profile using cooled intake
air. NOx reduction in the SCR using DEF injection will also be
evaluated in combination with engine-out NOXx reduction strategies.
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MPa megapascal
Definitions/Abbreviations . _
NOXx nitrogen oxides (NO and NO>)
ASC ammonia slip catalyst .
PM particulate matter
ATDC after top dead center .
PPRR peak pressure rise rate
bs brake specific . .
rpm revolutions per minute
BMEP brake mean effective pressure . . .
SCR selective catalytic reduction
BTDC before top dead center . . )
SCRE single cylinder research engine
BTE brake thermal efficiency ] o
SODI start of diesel injection
ccSCR close-coupled selective catalytic reduction
TC Transport Canada
CAD crank angle degree .
ULSD ultra-low sulphur diesel
CO carbon monoxide .
us United States
CO2 carbon dioxide . .
VE volumetric efficiency
cov coefficient of variation
CTI Cleaner Trucks Initiative
DEF diesel exhaust fluid
DI direct injection
EAT exhaust after-treatment
ECCC Environment and Climate Change
Canada
EGR exhaust gas recirculation
EPA Environmental Protection Agency
FTP Federal Test Protocol (US EPA emission test
cycle)
g/bhp-hr grams per brakehorse power-hour
9/kWh grams per kilowatt-hour
GVWR gross vehicle weight rating
HC hydrocarbon
HDV heavy-duty vehicle (Canada on-road vehicle that

has GVWR >8500 Ib)
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