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ABSTRACT

Gosala, Dheeraj B. Ph.D., Purdue University, December 2018. Fuel-Efficient Emis-
sions Reduction from Diesel Engines via Advanced Gas-Exchange Management. Ma-
jor Professor: Gregory M. Shaver, School of Mechanical Engineering.

Strict emissions regulations are mandated by the environmental protection agency

(EPA) to reduce emission of greenhouse gases and criteria air pollutants from diesel

engines, which are widely used in commercial vehicles. A ten-fold reduction in al-

lowable heavy-duty on-road oxides of nitrogen (NOx) emissions are projected to be

enforced by 2024. The need to meet these emission regulations, along with consumer

demand for better fuel efficiency, has resulted in greater effort towards cleaner and

more efficient diesel engines.

Diesel engine aftertreatment systems are effective in reducing engine-out emis-

sions, but only at catalyst bed temperatures above 200◦C. The aftertreatment system

needs to be quickly warmed up to its efficient operating temperatures, and maintain

elevated temperatures in a fuel-efficient manner, which is a challenge using conven-

tional engine strategies. This study details the use of advanced gas-exchange man-

agement, via variable valve actuation, to improve both ‘warm-up’ and ‘stay-warm’

aftertreatment thermal management.

Fast initial warm-up of the aftertreatment system, following a cold engine start, is

enabled by strategies such as early exhaust valve opening (EEVO), internal exhaust

gas recirculation (iEGR) and late intake valve closure (LIVC). Steady state and drive

cycle results of a combination of EEVO and iEGR at idle operation, and a combination

of EEVO and LIVC at off-idle conditions below 7.6 bar BMEP, are presented. It is

demonstrated that ∼ 150◦C higher steady state temperatures are achieved at idle,

and up to 10.1% reduction in predicted tailpipe-out NOx is achieved at 3.1% fuel

penalty over the heavy-duty federal test procedure (HD-FTP) drive cycle.
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Fuel-efficient ‘stay-warm’ aftertreatment thermal management is demonstrated to

be effectively achieved via cylinder deactivation (CDA), to reduce fuel consumption,

elevate engine-outlet temperatures and reduce exhaust flow rates at idle and low

load engine operation. Implementation of CDA at idle and low loads below 3 bar

BMEP is demonstrated to achieve fuel savings of 4% over the HD-FTP drive cycle,

while maintaining similar levels of tailpipe-out NOx emissions. It is demonstrated

that lower airflow during CDA at, and near, idle operation does not compromise

the transient torque/power capabilities of the engine- a key finding in enabling the

practical implementation of CDA in diesel engines.

Some of the practical challenges expected with CDA are studied in detail, and

alternate strategies addressing the challenges are introduced. Dynamic cylinder acti-

vation (DCA) is introduced as a means to enable greater control over the torsional vi-

bration characteristics of the engine, via selection of appropriate firing patterns, while

maintaining similar performance and emissions as fixed CDA. A generic strategy to

use CDA and an appropriate DCA strategy to operate away from driveline resonant

frequencies at different engine speeds is described. Ventilated cylinder cutout (VCC)

is introduced as a means to potentially mitigate oil accumulation concerns during

CDA, by ventilating the non-firing cylinders to the intake/exhaust manifold(s) by

opening the intake/exhaust valves during all the four strokes of the engine cycle. The

fuel efficiency and thermal management performance of VCC is assessed for different

ventilation configurations and compared with CDA and baseline engine operation.
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1. INTRODUCTION

1.1 Motivation

Air pollution is a cause of major concern as it poses serious health risks and hazards

to humans, and has been identified as the world’s largest single environmental health

risk by the World Health Organization (WHO) [1]. Particulate matter (PM), oxides of

nitrogen (NOx), oxides of sulphur (SOx), carbon monoxide (CO), ground-level ozone

and lead have been identified as common toxic pollutants (also known as “criteria

air pollutants”), found all over the U.S. with potential to harm human, plant and

animal life. The transportation sector is a major contributor to criteria pollutants,

being responsible for 56%, 90% and 21% of the global emissions of NOx, PM and

SOx, respectively [2].

Besides air pollution, global warming is another major environmental problem

today, with the average surface temperature of the earth having increased by 1◦ C

over the last century [3], as shown in Figure 1.1. The increase in temperature has

been studied to correlate with the increase in atmospheric greenhouse gas (GHG)

emission levels, especially in the post industrial revolution era. CO2 makes up for

82% of the total GHG inventory, and is predominantly a product of combustion of

fossil fuels [4]. The transportation sector accounts for approximately 27% of the global

GHG emissions today, with light-, medium- and heavy-duty trucks contributing to

41% of the transportation GHGs, as shown in Figure 1.2. As the CO2 footprint from

the transportation sector directly corresponds to the fuel consumed, there is a major

drive to improve the fuel efficiency of vehicles.

In order to reduce/eliminate the emission of criteria air pollutants and greenhouse

gases, stringent regulations on CO2, NOx and PM are enforced on the transportation

sector by the Environmental Protection Agency (EPA). Figure 1.3 shows that up to
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Figure 1.1. Increase in surface temperature of the earth over the last
century (adopted from [3]).

Figure 1.2. Greenhouse gas sources by economic sector, and within
transportation sector [4].
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40% reductions in CO2 emissions are sought over the next 15 years from various classes

of heavy-duty vehicles [5, 6]. The regulations over PM and NOx are more stringent,

with a ten-fold reduction in heavy-duty NOx emissions planned to be enforced around

2024. As shown in Figure 1.4, the ten-fold reduction in NOx is already an optional

standard in California.

Engine and truck manufacturing companies are therefore pursuing advanced tech-

nologies in diesel engines to meet GHG and air pollutant regulations. Major technolo-

gies being pursued in medium- and heavy-duty vehicles to meet emission regulations

are shown in Figure 1.5 [7]. The objective of this dissertation is to characterize the

GHG and air pollutant-reduction potential of advanced gas exchange strategies in

diesel engines.

A reduction in fuel consumption in heavy-duty vehicles is also sought by customers

for financial reasons. Fuel and oil contribute to approximately 30% of the total costs

for operation of a truck, and is the largest variable [8]. An improvement of 1 mile per

gallon over the existing average fuel economy of 6 miles per gallon can bring down

the annual operating costs by around $12,000 per truck. Fleet owners and operators

are usually very quick to adapt to new engine technologies that show fuel savings

potential.
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Figure 1.3. Summary of CO2 and fuel consumption reduction stan-
dards in heavy-duty vehicles.

Figure 1.4. US EPA regulation showing the limits for CO, HC, NOx
and PM over the years.
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Figure 1.5. Evolution of diesel engine and aftertreatment technologies
to meet emissions regulations. [9]
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1.2 Literature Review

Diesel engines dominate the medium- and heavy-duty transportation industry due

to their higher power and superior fuel efficiency. However, they emit harmful criteria

pollutants including oxides of nitrogen (NOx), particulate matter (PM) and unburnt

hydrocarbons (UHC). Diesel engines, in order to meet the EPA emissions criteria,

therefore use an aftertreatment system to process and reduce engine-out emissions

before releasing them into the atmosphere through the vehicle tailpipe.

1.2.1 Aftertreatment Thermal Management

Diesel engine aftertreatment systems typically include a diesel oxidation catalyst

(DOC), diesel particulate filter (DPF) and selective catalytic reduction (SCR) system,

in that order, as shown in Figure 1.6. The DOC converts UHC emissions to carbon

dioxide and water, and ‘lights off’ at catalyst temperatures of around 200◦C [10,

11]. Besides UHC, the DOC also oxidizes NO to NO2, and CO to CO2. The

exothermic nature of the oxidation reaction typically helps in warm-up of the catalysts

downstream of the DOC. The DPF is a filter that traps particulate matter, and

requires periodic ‘regeneration’ to clean the filter, a process by which the accumulated

PM is oxidized to CO2. Temperatures in excess of 500◦C are required for ‘active’

regeneration [12], where the oxygen in the exhaust stream reacts with the carbon

in PM to form CO2. ‘Passive’ regeneration occurs between 400 and 450◦C, where

the NO2 emissions react with carbon in the particulate matter to form NO and

CO2 [13, 14]. The SCR reduces NOx emissions in the exhaust gases to N2 through

a reaction with ammonia, which is injected into the aftertreatment system as Diesel

Exhaust Fluid (DEF). The SCR requires temperatures above 250◦C for efficient NOx

conversion [7, 15–18].

Thermal management of the aftertreatment system is therefore of paramount con-

cern in modern diesel engine systems, as it is desired that the aftertreatment com-

ponents stay within the desired temperature band during engine operation [20, 21].
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Figure 1.6. Aftertreatment system architecture in 2013 on-highway
vehicle applications [9].

Figure 1.7. Approximately 80% of cumulative tailpipe-out NOx oc-
curs during SCR warm-up (adopted from [19].)

Aftertreatment thermal management is categorized into two phases- the ‘warm-up’

phase and the ‘stay-warm’ phase.

The ‘warm-up’ phase involves bringing the aftertreatment components to their ef-

fective operating temperatures when starting from ambient temperatures (cold start).

Approximately 80% of the cumulative tailpipe-out NOx emissions over the emissions
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certification cycle occur during the initial catalyst warm-up phase while the SCR is

below its optimum temperatures [19], as shown in Figure 1.7, and therefore, acceler-

ated catalyst warm-up is desired. High turbine-outlet temperatures and exhaust flow

rates are desirable from warm-up strategies. A fuel penalty is expected and perhaps

inevitable during this phase, however, as faster aftertreatment warm-up enables the

use of more fuel-efficient strategies later in the drive cycle, the initial fuel penalty is

acceptable.

‘Stay-warm’ aftertreatment thermal management follows the aftertreatment warm-

up, and aims at maintaining elevated aftertreatment component temperatures with

the lowest possible fuel consumption. A significant portion of engine operation oc-

curs at low-load operation where the turbine-outlet temperatures are below 250◦C,

as shown in Figure 1.8, which results in low SCR conversion efficiency. Stay-warm

strategies are generally characterized by high TOT, to maintain elevated aftertreat-

ment temperatures, and low exhaust flow rates to minimize the cool-down of the

catalysts when the exhaust gas temperature falls lower than the catalyst bed tem-

perature. Engines used in mid-range and heavy-duty vehicles used in stop and go

applications spend a sizable amount of time at low-load conditions, and therefore,

fuel savings are highly desirable for stay-warm strategies.

Aftertreatment thermal management strategies can be classified as air path strate-

gies and fuel path strategies [22]. Mayer et al. [23] highlighted the role of excess airflow

in reducing engine-outlet gas temperatures at low loads - an undesirable result for

thermal management.

Air path strategies achieve higher temperatures by reducing airflow through the

engine. Several authors in the research community have demonstrated that airflow

reductions via cylinder deactivation (CDA) can result in improved aftertreatment

thermal management, in addition to reduction in fuel consumption [24–29]. Garg et

al. [28] demonstrated up to 50◦C higher engine-outlet temperature via intake valve

modulation at 1200 RPM, 2.5 bar BMEP, also via a reduction in airflow. Bouchez and
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Figure 1.8. Exhaust gas temperature contours at various operating conditions.

Dementhon [30] observed a 150◦C increase in engine-outlet temperature by opening

the turbocharger wastegate to reduce air-to-fuel ratio.

Fuel path strategies, on the other hand, achieve aftertreatment thermal manage-

ment through reductions in engine efficiency. Parks et al. [31] highlighted the influence

of fuel injection timing on engine-outlet gas temperature via injection of additional

fuel early in the cycle, late in the cycle, and increasing fueling in only one cylinder.

Hydrocarbon dosers can also be used to inject fuel upstream of the DOC [32,33].

Although the air path strategies generally show lower fuel consumption and better

DOC warm-up through lower air-to-fuel ratios, these strategies are not as effective in

warming up the SCR system. This is the result of the SCR system typically being the

last component before the tailpipe [7], which results in the preference for both elevated

engine-outlet temperatures and flow rates for accelerated warm-up. Therefore, fuel-
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path approaches are typically pursued during the ‘warm-up’ phase, while the air path

approaches are used during the ‘stay-warm’ phase.

The gas exchange process in the engine, which includes the charge intake from the

intake manifold and exhaust of combustion products to the exhaust manifold, plays

an important role in diesel engine fuel efficiency and emissions. The gas exchange

process can be made to affect not only the pumping work, but also the compression

and expansion work through flexible actuation of the intake and exhaust valves.

1.2.2 Early Exhaust Valve Opening

Early exhaust valve opening (EEVO) is a fuel path thermal management strat-

egy that shows potential to increase the engine-outlet temperatures at the cost of

higher fuel consumption. Early opening of the exhaust valve reduces expansion work

because of early blow-down of high pressure combustion gases, and therefore makes

engine operation less efficient. Roberts et al. [34] experimentally observed a 30◦C to

80◦C increase in engine-outlet temperatures via EEVO, and predicted up to a 100◦C

increase, at the cost of reduced brake thermal efficiency (BTE). They also predicted

that the engine-outlet temperatures of many low-load operating conditions can be in-

creased above 250◦C. Bharath et al. [35] concluded from simulations that EEVO and

exhaust cam phasing yield higher DOC conversion efficiencies with a deterioration in

fuel economy.

1.2.3 Internal Exhaust Gas Recirculation

Exhaust gas recirculation (EGR) is used in modern diesel engines for reduction

of engine-out NOx emissions, by reducing peak cylinder temperatures. Conventional

engine hardware typically has an EGR loop that passes through an intercooler to

cool the hot exhaust gases before recirculating them into the intake manifold. As hot

gases in the intake manifold reduce the density of intake charge, the EGR cooler is

useful during high power engine operation where high volumetric efficiency is desired.
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At low loads, internal EGR (iEGR) can be used as an alternative to conven-

tional EGR for NOx mitigation, while avoiding heat loss from the exhaust gas to the

EGR cooler. In addition, iEGR avoids the need to maintain a pressure difference

between the exhaust and intake manifolds, thus improving gas exchange efficiency.

iEGR is typically achieved via a secondary opening of the exhaust valve during the

intake stroke, where gases from both intake and exhaust manifolds are inducted into

the cylinder, or using early exhaust valve closing (EEVC) which traps a fraction of

the exhaust gas in the cylinder during the exhaust stroke. Blumenröder et al. [36]

determined that iEGR via re-induction of exhaust gas yielded higher engine-outlet

temperatures.

1.2.4 Cylinder Deactivation

Cylinder deactivation (CDA) is a technique in multi-cylinder engines where a

combination of cylinders are motored with or without their valves closed, effectively

reducing the engine’s displacement. CDA has been extensively studied and imple-

mented in production gasoline engines as a means to improve fuel economy by allowing

stoichiometric conditions to be maintained with less intake throttling [29,37,38]. Hey-

wood and Welling [38] concluded that between 2000 and 2008, 6% of the light-duty

gasoline engines use CDA. Leone and Pozar [29] predicted that CDA in gasoline en-

gines gives between 6-11% fuel economy benefit over the EPA metro/highway test

cycle for various V8 and V10 passenger car and light truck applications. Recent im-

plementation of CDA on production V6 engines by GM has shown up to 9% fuel

economy benefit, while up to 6% benefit was achieved on 3 and 4 cylinder engines by

Ford and Volkswagen ( [39]).

CDA, however, has not been implemented in production on any transportation-

based diesel engine. Ding et al. [26] and Ramesh et al. [40] experimentally demon-

strated that CDA, when combined with other VVA strategies, including late intake

valve closing (LIVC) and internal EGR (iEGR), shows a better trade-off between fuel
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economy and thermal management than conventional operation at lightly-loaded,

highly-loaded idle and high-speed low-load operating conditions. Lu et al. [41] con-

cluded that implementation of CDA at highway cruise conditions enables active diesel

particulate filter (DPF) regeneration without the presence of a hydrocarbon doser

ahead of the diesel oxidation catalyst (DOC), by elevating the exhaust gas tempera-

tures by 170-220◦C.

Kitabatake et al. [42] predicted that running CDA at low loads over a JE05 drive

cycle would allow an 8.9% improvement in fuel economy, and attributed this to re-

duction in heat loss. Bharath et al. [35] determined from simulations that better fuel

economy and DOC conversion efficiency was achieved with CDA due to higher exhaust

gas temperature and lower flow rate. Yang et al. [43] observed that cylinder cutout

(strategy where only fuel injection is stopped in the non-firing cylinders) yielded a

11-13% improvement in fuel efficiency compared to baseline engine operation.

1.2.5 Torsional Vibration during CDA

CDA leads to lower-order torsional vibrations of higher amplitude as combustion

of a greater quantity of fuel occurs in a fewer number of cylinders than conventional

operation [44,45]. Firing frequencies are proportional to engine speed, therefore, the

lowest firing frequencies occur at idle engine operation, where studies have shown

major benefit of CDA in diesel engines, as described above. The forcing frequencies

vary depending on the number of active cylinders and the order in which cylinders

are fired.

Low-frequency high-amplitude torsional vibration is a challenge for practical im-

plementation, especially at low-speed operating conditions, where (i) firing frequencies

lie closer to typical drivetrain resonance frequencies and (ii) humans are more likely

to be bothered by any resulting vehicle vibration [44]. Figure 1.9 shows that vehicle

and powertrain rigid body modes are typically excited between 1 Hz and 20 Hz.
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Figure 1.9. Drivetrain modal characteristics and human ride comfort
in typical vehicles (adopted from [44]).

Archer and McCarthy, Jr., [46] studied the torsional vibration characteristics of

CDA at various engine speeds, and observed resonance upon implementation of par-

ticular modes of CDA at certain speeds. The authors propose that CDA with different

number of active cylinders must be implemented at different engine speeds to avoid

resonance. However, the effects of using a non-optimal mode of CDA at a given engine

operating condition are not discussed.

1.2.6 Oil Accumulation during CDA

Deactivation of a cylinder results in a gas spring of trapped gases, occurring twice

each engine cycle, in the non-firing cylinders. Allen et al. [47] observed a decay in

in-cylinder pressure during the first few cycles immediately following deactivation

via blowby through the piston rings and heat loss, and indicated that a vacuum is

created in the cylinder. Ma [48] indicated that low gas pressures in the deactivated

cylinders aid oil transport from the crankcase to the cylinders. Halbe et al. [49] ob-

served that longer periods of cylinder deactivation led to greater oil accumulation,
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although not severe enough to cause any problems with first fire readiness. Oil con-

sumption leads to higher unburnt hydrocarbon and particulate emissions, and would

require more frequent oil changes by the end user. Gottschalk et al. [50] proposed

periodic recharge of the deactivated cylinders to maintain the cylinder pressure above

a minimum threshold, however, a tradeoff had to be made between minimum cylin-

der pressure and efficiency. General Motors, in their gasoline CDA system known as

“Active Fuel Management (AFM)”, avoid running AFM for more than ten minutes

at a time, with the engine switching back to conventional operation for at least 60

seconds before re-entering AFM [51].
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1.3 Contributions

1.3.1 DOC Thermal Modeling

The author led an effort, with additional guidance from Dr. Amy Marconnet, to

develop a detailed thermal model of the diesel oxidation catalyst (DOC), using a finite

element model, to capture the axial temperature variation in the DOC. The aim of

this project was to compare the time taken by the DOC to reach light-off temperatures

during CDA and six-cylinder operation. It was observed that the upstream-end of the

DOC warmed up to light-off temperatures faster for CDA than six-cylinder operation

as a result of higher engine-outlet temperatures, but the downstream-end warmed up

at a slower rate because of lower flow rates associated with CDA. Details of this effort

are not included in this dissertation.

1.3.2 GT-Power Study of Aggressive Valve Profiles

The author co-led a GT-Power-based study, with Aswin Ramesh and Mrunal

Joshi, to assess the volumetric efficiency benefits and fuel savings achievable when

valve profiles with more aggressive opening and closing ramp rates are implemented.

Simulations, which were run at 1200 rpm, 3.8 bar BMEP, predicted 11.7% fuel savings

with 10.8% lower airflow, and 2.2% fuel savings with a 1.4% higher airflow than base-

line six-cylinder operation. Details of this effort are not included in this dissertation.

1.3.3 Transient Engine Operation with VVA

The author led the effort, with help from Aswin Ramesh and Cody Allen, to

enable transient engine operation with VVA, as a part of upgrading the experimen-

tal facilities to evaluate advanced gas exchange strategies over drive cycle operation.

Instantaneous transition between different VVA strategies (for example, between six-

cylinder and CDA operation) was achieved, while achieving perfect coordination be-

tween the air handling controller, fuel handling controller and the VVA system. This
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effort lay the foundation for all subsequent transient drive cycle experiments with

VVA, including the results presented in Chapters 3 and 4 of this dissertation.

1.3.4 Study of Aftertreatment Warm-up Strategies

The author led an effort, with assistance from Aswin Ramesh, Cody Allen and

Mrunal Joshi, to identify valve strategies that can expedite aftertreatment warm-up

following cold start engine operation. Steady state tests were performed to identify

strategies yielding elevated engine-outlet temperatures and exhaust flow rates, fol-

lowed by implementation of the ‘favorable’ strategies over the HD-FTP drive cycle.

A combination of early exhaust valve opening (EEVO) and internal EGR (iEGR) was

identified to be the most favorable warm-up strategy at idle operation. EEVO and

late intake valve closure (LIVC) was implemented at off-idle operation to further ex-

pedite aftertreatment warm-up. A major portion of this effort is outlined in Chapter

3 of this dissertation.

The aftertreatment warm-up characteristics of exhaust cam phasing, which is

a production-viable variant of EEVO and iEGR, were analyzed. This study was

conducted at low-load operating conditions at various speeds. Experiments were

performed with a fixed VGT position to emulate a fixed geometry turbocharger, with

no external EGR. Results indicate that exhaust cam phasing results in elevated engine

outlet temperatures, higher fuel consumption, lower exhaust flow rates, lower NOx

emissions and higher PM emissions. Details of this effort are not presented in this

dissertation.

The author mentored Harikrishnan Raghukumar, an undergraduate student from

IIT Madras, India, to perform a GT-power-based study on the aftertreatment warm-

up potential of dual exhaust valve lifts, where an early first exhaust valve event is

followed by a late second exhaust valve event, at idle operation. Results predicted

that dual exhaust valve lift results in higher turbine-outlet temperatures than the
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regular EEVO strategy at similar exhaust flow rates and higher fuel consumption.

Details of this effort are not presented in this dissertation.

Assistance was given to Mrunal Joshi and Kalen Vos to characterize the warm-

up potential of late exhaust valve opening (exhaust valve throttling), motivated by

some of the results observed from the aforementioned GT-power study on dual ex-

haust valve lifts at idle operation. LEVO was also studied under fixed geometry

turbocharger conditions to assess the warm-up benefits achievable without using a

variable geometry turbine turbocharger. Details of this effort are not presented in

this dissertation.

1.3.5 Characterization of Cylinder Deactivation as an Aftertreatment

‘Stay-Warm’ Strategy

The author co-led an effort with Mrunal Joshi, Kalen Vos and Cody Allen to

characterize the fuel efficiency and aftertreatment thermal management benefits of

CDA at steady state curb idle operation (800 rpm, 1.3 bar BMEP), and upon imple-

mentation of this strategy at low loads and idle regions of the HD-FTP drive cycle.

Chapter 4 of this dissertation describes the results obtained from this work in greater

detail.

The author also co-led an effort to assess the impact of various modes of CDA,

when implemented over extended idle, and below 3 bar BMEP during predominantly

low-load drive cycles such as heavy heavy-duty diesel truck (HHDDT) creep cycle,

over extended periods. Results from this effort are not presented in this dissertation.

Transient response of the engine upon implementation of low load- and idle-CDA

were studied, with assistance from Cody Allen and Aswin Ramesh. Specifically, the

transient response of the engine, when different modes of CDA are implemented at

unloaded idle, loaded idle and motoring operation, during select aggressive transient

sections of the heavy-duty federal test procedure (HD-FTP) are analyzed. As will

be described in Chapter 4 of this dissertation in greater detail, it was demonstrated
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that implementation of CDA at and near idle operation does not affect the transient

response of the engine.

The author mentored Sirish Srinivasan, an undergraduate student from IIT Madras,

India, in predicting the fuel efficiency benefits of CDA when implemented at all loads

below 3 bar BMEP during the “stay-warm” portions of real world drive cycles such as

Orange County Bus Cycle and NREL Port Drayage drive cycle. While the results ob-

tained are not detailed in this dissertation, they have been presented in reference [52].

Assistance was given to Cody Allen to study the differences between two CDA

charge trapping strategies, namely, fresh charge trapping and combusted charge trap-

ping, at 800 rpm, 1.3 bar BMEP and 2200 rpm, 1.3 bar BMEP. It was observed that

there was no significant difference between the two charge trapping strategies, with

the in-cylinder pressures in the non-firing cylinders decaying and converging within

0.8 seconds after transition to CDA. While the results obtained are not detailed in

this dissertation, they have been presented in reference [47].

1.3.6 Dynamic Cylinder Activation

The author implemented and characterized dynamic cylinder activation (DCA)

in diesel engines, the first known effort of its kind, with assistance from Cody Allen.

This study showed that DCA can enable greater control over torsional vibration of

the engine, while achieving similar fuel consumption and aftertreatment thermal man-

agement benefits as fixed CDA. This effort, and the resulting insights, are described

in greater detail in Chapter 5 of this dissertation.

A firing pattern selection algorithm was developed by the author to choose the

appropriate sequence of firing events during DCA, given a desired firing density and

a range of ‘unfavorable’ forcing frequencies, so as to not excite the driveline resonant

frequencies. This effort is not detailed in the dissertation.
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1.3.7 Ventilation Strategies

New valvetrain strategies to ‘ventilate the non-firing cylinders to the intake/exhaust

manifolds, during CDA-like operation, were experimentally studied by the author.

Results indicate that similar performance and emissions as fixed CDA can be achieved

while maintaining in-cylinder pressures of the non-firing cylinders close to manifold

pressures. This work, and the associated results, are described in greater detail in

Chapter 6 of this dissertation.

Additional work was also performed on investigation of ‘partial’ ventilation strate-

gies involving production-viable dual independent cam phasing in the non-firing cylin-

ders, which is not presented in this dissertation.

1.3.8 Torsional and Linear Vibration of Advanced VVA Strategies

The author co-led an effort with Cody Allen, Matthew Pieczko (Eaton) and Ak-

ibi Archer (Eaton) to characterize the torsional and linear vibration of various VVA

strategies, including fixed CDA, DCA, cylinder cutout, reverse breathing and VCC

strategies. Vibration characteristics of various fixed CDA configurations were as-

sessed below 3 bar BMEP at all engine speeds. The vibration characteristics of DCA

(implemented with various firing densities and firing patterns), VCC and reverse

breathing were studied at loads below 3 bar BMEP at 800 rpm. The results from

these experiments are not detailed in this dissertation.

1.3.9 High BMEP Gasoline Engine Controls

The author co-led an effort with Xu (Sharon) Zhang to perform an air handling

control analysis of a medium-duty high BMEP gasoline engine, as a part of the CERC-

TRUCK consortium, in collaboration with US Department of Energy, Cummins and

Argonne National Labs. A control-oriented model of a gasoline engine was developed

in Simulink, and an observability-based analysis was carried out to develop a frame-
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work to optimize air handling sensor selection, for accurate estimation of fresh air

and EGR in the intake manifold. Assistance was given to Sean Franiak to accurately

model condensation in the air handling path of the engine, to ultimately be able

to detect and control condensation using conventional sensors and actuators. This

dissertation does not describe this effort in further detail.
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1.4 Outline of this Dissertation

1. This chapter (Chapter 1) motivates the need for reduction of greenhouse gas

emissions from medium- and heavy-duty engines and presents the relevance of

the study. The need for diesel engine aftertreatment thermal management and

the role of gas exchange processes via variable valve actuation in improving

thermal management is described. Finally, the contributions of the author to

this project are presented.

2. Chapter 2 broadly presents the ‘resources, tools and procedures’ used in this

study. The experimental setup available for engine testing at Herrick labora-

tories is described in Section 2.1. The chapter also presents various techniques

for data analysis which are extensively used in this study. Further, the heavy-

duty drive cycle is introduced and the operating points used in this study are

justified.

3. Chapter 3 details the experimental work performed to study the aftertreatment

warm-up potential of EEVO and iEGR at loaded idle operation, both at steady

state and over the HD-FTP drive cycle. The warm up potential of a combination

of EEVO and LIVC at off-idle operation below 7.6 bar BMEP over the HD-FTP

drive cycle is also demonstrated.

4. Chapter 4 presents the fuel efficiency and aftertreatment ‘stay-warm’ thermal

management benefits shown by cylinder deactivation (CDA), both at steady

state loaded idle operation, and over the HD-FTP drive cycle. Transient re-

sponse of the engine when CDA is implemented at and near idle operation is

characterized.

5. Chapter 5 introduces dynamic cylinder activation (DCA) as a means to en-

able greater control over engine torsional vibration, and compares the torsional

vibration characteristics and performance of DCA with CDA and six-cylinder

operation. A recipe to enable engine operation away from driveline resonant
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frequencies at all engine speeds, without compromising on fuel efficiency and

thermal management performance, using DCA and CDA, is proposed.

6. Chapter 6 introduces ventilated cylinder cutout (VCC) as a strategy to ame-

liorate potential oil accumulation concerns with CDA using a conventional pis-

ton ring pack. Three strategies to ventilate the non-firing cylinders to the

intake/exhaust manifolds, during CDA-like operation, are explored. The effect

of lower valve lifts in the non-firing cylinders, to enable easier production-viable

implementation, is studied.

7. The work described in Chapters 1-6 is summarized and recommendations for

future work are made in Chapter 7.
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2. EXPERIMENTAL SETUP AND DATA ANALYSIS PROCEDURES

2.1 Experimental Setup

All experiments were performed on a six-cylinder Cummins diesel engine equipped

with a camless variable valve actuation (VVA) system, as shown in Figure 2.1. The

engine is coupled to an AC dynamometer that is capable of both steady state and

transient engine testing.

The engine incorporates cooled high pressure exhaust gas recirculation (EGR),

variable geometry turbine turbocharging (VGT), air-to-water charge air cooling (CAC),

and high pressure common rail fuel injection. Figure 2.2 shows a schematic drawing

of the air handling system of the engine. The engine-outlet location is immediately

downstream of the turbocharger turbine. The phrases “engine-outlet temperature”

and “turbine outlet temperature (TOT)” are used interchangeably through the re-

mainder of the document.

Kistler 6067C and AVL QC34C pressure transducers are mounted on each of the

six cylinders to log in-cylinder pressure through an AVL 621 Indicom module, and

crank angle-referenced using an AVL 365C crankshaft position encoder. A hall-effect

sensor is installed at the 173-tooth flywheel of the engine to measure the instantaneous

velocity of the flywheel, measured by the AVL high-speed data acquisition system at

a resolution of 0.1 crank angle degree, or 48 kHz at 800 RPM.

Fresh air flow is measured using a laminar flow element. Fuel flow rate is mea-

sured gravimetrically using a Cybermetrix Cyrius Fuel Subsystem (CFS) unit. CO2

concentration is measured in the intake manifold as well as the exhaust pipe using

Cambustion NDIR500 fast CO/CO2 analyzers. NOx is measured in the exhaust pipe

downstream of the turbocharger using a Cambustion fNOx400 analyzer. CO2, NOx

and UHC concentrations are also measured using California Analytical Instruments
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Figure 2.1. Experimental setup- Cummins mid-range diesel engine
equipped with VVA and aftertreatment systems.
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Figure 2.2. Schematic of air handling system of the engine.

Figure 2.3. Schematic of the variable valve actuation setup.
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(CAI) 600-series NDIR, HCLD and HFID analyzers, respectively. PM in the exhaust

stream is measured using an AVL483 photo-acoustic transient analyzer. The coolant,

oil and gas temperatures at various locations are measured using thermocouples. All

data is monitored and logged through a dSPACE interface. The engine control mod-

ule (ECM) is connected to the dSPACE system through a generic serial interface

(GSI) link that allows for cycle-to-cycle monitoring and control of fueling and various

other engine operating parameters.

Boundary conditions to the engine are maintained using a combustion air con-

troller system and a CAC temperature controller system. The combustion air control

system maintains the air at the inlet of the compressor at a temperature of 25◦C, hu-

midity at 50% and pressure at 1 bar. The CAC temperature controller maintains the

coolant of the CAC at 25◦C to ensure consistent heat rejection and avoid condensation

at the CAC.

2.1.1 Variable Valve Actuation System

The VVA system allows for fully flexible, cylinder independent, cycle-to-cycle con-

trol of the valve events of the engine. The system includes twelve electro-hydraulic

linear actuators, one for each intake and exhaust valve pair on a cylinder. The sys-

tem is powered by a hydraulic pump, which maintains oil supply pressure at 3000

psi. Position feedback for each valve is measured using a Linear Variable Differen-

tial Transformer (LVDT). A real-time controller is run via dSPACE to control the

linear actuators. A schematic of the actuators used in the VVA system is shown in

Figure 2.3.

2.1.2 Aftertreatment System

A Cummins aftertreatment system, equipped with a DOC, DPF and SCR, is

connected to the outlet of the engine, as shown in Figure 2.1. The aftertreatment is

used in passive mode, i.e., the exhaust gas is passed through the system without active
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urea injection, for measurement of catalyst bed temperatures. Thermocouples and

thermistors are installed at the inlet and outlet of DOC, DPF and SCR to measure the

temperature of gas entering and exiting each aftertreatment component. A differential

pressure sensor is installed in the DPF to identify if the DPF is excessively clogged,

so that an active regeneration may be performed.
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2.2 Methodology

All experiments are subject to strict mechanical and thermal constraints, as shown

in Table 2.1, so as not to cause any hardware damage to the engine and to make sure

that the findings are relevant to real-use scenarios.

2.2.1 Cycle Efficiency Analysis

The net indicated mean effective pressure (NIMEP), which represents the indi-

cated work normalized with displaced volume, is the sum of gross indicated mean

effective pressure (GIMEP) and pumping mean effective pressure (PMEP). GIMEP

represents the indicated work done in the “closed cycle” during compression and ex-

pansion strokes, while PMEP is indicative of the work done in the “open cycle”, to

pump the gas from the intake to the exhaust manifold during the exhaust and in-

take strokes. Figure 2.4 shows the open and closed cycles in a typical logarithmic

in-cylinder pressure-volume curve.

BTE = OCE × CCE ×ME (2.1)

Table 2.1. Mechanical and thermal constraints.

Mechanical Parameter units limit

Turbine Inlet Temperature ◦C 760

Compressor Outlet Temperature ◦C 230

Turbo Speed kRPM 126

Peak Cylinder Pressure bar 172

Exhaust Manifold Pressure kPa 500

Pressure Rise Rate bar/ms 100

Firing frequency Hz > 10
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Figure 2.4. Open and closed cycles within an engine cycle.

OCE =
NIMEP

GIMEP
= 1 − PMEP

GIMEP
(2.2)

CCE =
GIMEP × Vd
ṁfuel × LHVfuel

(2.3)

ME =
BTE

OCE × CCE
(2.4)

Fuel consumption using various strategies are analyzed using an engine-cycle effi-

ciency analysis. Brake thermal efficiency (BTE) is a product of open cycle efficiency

(OCE), closed cycle efficiency (CCE) and mechanical efficiency (ME), as shown in

Equation (2.1) [7]. OCE quantifies the effectiveness of the cylinder gas exchange pro-

cess, and is lower when greater work is required by the engine to pump gas through the

cylinders. OCE is inversely related to the difference between the intake and exhaust

manifold pressures, or the size of the pumping loop in the logarithmic in-cylinder

pressure-volume curve. The CCE captures the impact of the in-cylinder combus-

tion energy release and heat transfer on the engine efficiency. Delay in heat release

and increase in heat loss from the cylinder results in lower CCE. Mechanical effi-

ciency quantifies all other losses in the engine, including heat loss to the oil, coolant
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and surroundings and various friction and accessory loads. The cycle efficiencies are

mathematically represented by Equations (2.1)-(2.4).

2.2.2 First Law Analysis

A first law-based energy analysis is implemented to evaluate the thermal man-

agement performance of various strategies by considering the entire engine system

as a control volume. Figure 2.5 describes the various ways in which the fuel power

entering the engine is spent. Energy enters the engine in the form of fuel injected

into the cylinders and is then distributed as useful work done on the piston, energy

of the exhaust gas, heat loss from the cylinder, pumping losses, heat loss through

the EGR cooler, and various other mechanical and thermal losses including manifold

losses, turbocharger losses, friction, CAC heat rejection and auxiliary losses. Brake

power, exhaust heat rate, and various other losses can be mathematically represented

by Equations (2.5)-(2.12). The variables used in the equations are described in Ta-

ble 2.2.

Ẇbrake = Torque× 4π × N

120
(2.5)

Q̇exh = ṁexhCp,exh(TOT − Tref ) − ṁairCp,air(Tamb − Tref ) (2.6)

Ẇindicated = NIMEP × Vd ×
N

120
(2.7)

Ẇpumping = PMEP × Vd ×
N

120
(2.8)

Q̇chg = ṁchg,outCp,chg,out(TEM − Tref ) − ṁchg,inCp,chg,in(TIM − Tref ) (2.9)

Q̇cyl = Ėfuel − Ẇgross − Q̇chg (2.10)
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Table 2.2. Definition and description of variables used in Equations (2.5)-(2.12).

Symbol Description

Cp,air Specific heat constant of fresh air

Cp,charge,in Specific heat constant of charge entering the cylinders

Cp,charge,out Specific heat constant of charge exiting the cylinders

Cp,exh Specific heat constant of exhaust gas

LHVfuel Lower heating value of the fuel (diesel)

ṁair Mass flow rate of fresh air entering the engine

ṁcharge,in Mass flow rate of charge entering the cylinders

ṁcharge,out Mass flow rate of charge exiting the cylinders

ṁEGR Mass flow rate of exhaust gas recirculation

ṁexh Mass flow rate of exhaust gas leaving from the engine

ṁfuel Mass flow rate of fuel entering the engine

N Engine speed (RPM)

NIMEP Net indicated mean effective pressure

PMEP Pumping mean effective pressure

Q̇charge Rate of heat transfer to the in-cylinder charge

Q̇cyl Rate of heat loss from the cylinders

Q̇EGR Rate of heat rejection through the EGR cooler

Q̇exh Rate of heat transfer to the exhaust stream

Q̇other Rate of other mechanical/thermal energy loss

Tamb Ambient air temperature

Tbrake Brake torque produced by the engine

TEM Exhaust manifold temperature

TIM Intake manifold temperature

Tref Reference temperature, taken as 25◦C

∆TEGRcooler Temperature drop of the gas across the EGR cooler

TOT Turbine outlet temperature

Vd Displaced volume

Ẇbrake Brake power developed by the engine

Ẇindicated Indicated power developed by the cylinders
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Figure 2.5. Fuel power entering the engine is spent as brake power,
exhaust heat rate and losses such as pumping losses, in-cylinder heat
losses, EGR cooler heat losses and other losses.

Q̇EGR = ṁEGRCp,EGR∆TEGRcooler (2.11)

Q̇other = Q̇chg − Q̇exh + Ẇindicated − Ẇbrake (2.12)

2.2.3 Normalized Heat Transfer Analysis

The normalized heat transfer analysis models heat transfer from the exhaust gas

to the aftertreatment system, and is an effective tool to understand the aftertreatment

‘warm-up’ and ‘stay-warm’ merits for various operating strategies. The DOC, DPF

and SCR are treated as a single lumped catalyst bed at a temperature Tcat. The heat

transfer from the exhaust gas to the catalyst bed is approximated by
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Q = C × ṁ
4
5
exh × (TOT − Tcat) (2.13)

This model yields an approximate heat transfer rate from the exhaust gas to the

aftertreatment system, for a given lumped catalyst temperature, as a function of the

experimentally measured exhaust flow rate and TOT. A positive heat transfer rate

corresponds to catalyst warm-up, as heat is transferred from the exhaust gas to the

catalyst when TOT is higher than the catalyst bed temperature Tcat. A negative heat

transfer rate corresponds to catalyst cool-down, as the heat is transferred from the

catalyst to the exhaust gas when Tcat is above TOT . The “zero crossing occurs when

Tcat = TOT .

Per Equation (2.13), the slope of the normalized heat transfer lines in Figure 2.13

is proportional to ṁ
4
5
exh. The line slopes are therefore steeper for higher exhaust flow

rates. Therefore, higher exhaust flow rates result in a higher rate of warm-up when

TOT is higher than Tcat. However, higher exhaust flow rates also correspond to a

faster catalyst cool-down when TOT is lower than Tcat.

Figure 2.6 illustrates the normalized heat transfer from the exhaust gas to the

aftertreatment system for three hypothetical strategies shown in Table 2.3. The heat

transfer rates are normalized with the heat transfer of strategy-1 at a catalyst bed

temperature of 0◦C. Strategy-1 has the same TOT as strategy-2 but a higher exhaust

flow rate, as a result of which its normalized heat transfer rate is higher for lower

catalyst temperatures, with a steeper slope. Strategy-2 has a less steep slope, with

lower heat transfer rates at lower catalyst bed temperatures, but also a slower ‘cool-

down’ rate when catalyst temperatures are higher. Therefore, between strategies 1

and 2, the strategy-1 is preferred for aftertreatment ‘warm-up’, while strategy-2 is

preferred for aftertreatment ‘stay-warm’. Strategy-3 has the same exhaust flow rate

as strategy-2 but a higher TOT, thereby explaining its higher heat transfer at a

similar slope.
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Table 2.3. TOT and exhaust flow rates for hypothetical strategies.

Strategy TOT Exhaust flow rate

1 250◦C 2 kg/min

2 250◦C 1 kg/min

3 400◦C 1 kg/min

Figure 2.6. Normalized heat transfer plots, shown here for hypothet-
ical strategies, can be used to identify aftertreatment ‘warm-up’ and
‘stay-warm’ strategies.
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2.3 Heavy Duty Federal Test Procedure

The heavy duty federal test procedure (HD-FTP) is a transient cycle for emissions

certification of on-road heavy-duty engines. The test procedure consists of a cold start

drive cycle, followed by an identical hot start drive cycle with a soak period of twenty

minutes between the cycles. The speed and torque profile for the HD-FTP drive cycle

is shown in Figure 2.7.

2.3.1 Experimental and Data Analysis Procedure

In order to maintain repeatable starting conditions, a HD-FTP cycle was run after

an overnight engine ‘cold soak’. All the aftertreatment components were brought to

the same initial conditions prior to starting the cold cycle, by flowing fresh air at

25◦C from an external source through the aftertreatment system. The drive cycle

was started after the inlet and outlet gas temperatures of all the catalysts stabilized

at 25◦C.

The composite fuel consumption and emissions from the drive cycles are calcu-

lated by dividing the weighted emissions and fuel consumption over the cold and hot

cycles by the weighted brake work . The weighting factors for the cold- and hot-start

drive cycles are 1
7

and 6
7
, respectively, as mandated by the EPA [53]. It is the au-

thor’s understanding that the weighting factors are used to represent real-life engine

operation of a heavy duty vehicle, which typically operates with cold aftertreatment

components for approximately 14% of its total operating time.

FCnet =
1

7
FCcold +

6

7
FChot (2.14)

NOxnet =
1

7
NOxcold +

6

7
NOxhot (2.15)

PMnet =
1

7
PMcold +

6

7
PMhot (2.16)
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Figure 2.7. Speed and torque profiles for one HD-FTP drive cycle.

Figure 2.8. SCR NOx conversion efficiency curve, used to predict
tailpipe-out NOx emissions over the drive cycle.

The turbine-outlet temperature and engine-out NOx and PM emissions are mea-

sured, as described in Section 2.1. The tailpipe-out emissions (at the outlet of the

aftertreatment system) are estimated by passing the measured engine-out NOx emis-

sions through an SCR conversion efficiency curve, which is a function of the SCR

catalyst bed temperature, as shown in Figure 2.8. As illustrated, NOx conversion

is assumed to start after the SCR exceeds 100◦C, and reaches a maximum of 96%

efficiency between 300◦C and 450◦C.
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Table 2.4. Upper and lower bounds for regression analysis parameters
for HD-FTP drive cycle.

Parameter Speed Load Power

Slope (m) 0.95 ≤ m ≤ 1.03 0.83 ≤ m ≤ 1.03 0.83 ≤ m ≤ 1.03

Intercept (c) c ≤ 75.0 c ≤ 15.5313 c ≤ 33.174

SEE SEE ≤ 117.955 SEE ≤ 77.656 SEE ≤ 33.174

r2 r2 ≥ 0.97 r2 ≥ 0.85 r2 ≥ 0.91

2.3.2 Relevance of Idle and Low Loads

The operating points of the HD-FTP can be categorized into eight operating

modes, which are fixed fractions of maximum speed and torque. The operating points

have weights assigned to them, either based on fuel consumed or time spent at each

operating mode. Figure 2.9(a) shows the eight-mode distribution based on fuel con-

sumption, where it is shown that idle regions consume approximately 5.8% of the

total fuel consumed over a HD-FTP, while loads below 4 bar BMEP consume nearly

17% of the total fuel. Figure 2.9(b), which shows the time-based eight-mode distri-

bution, suggests that approximately 43% of the time is spent at idle, and 67% of the

time at low loads (< 4 bar BMEP) displaying significant potential for improvement

in aftertreatment thermal management at low loads.

Idle operation, therefore, is the major focus of this study. Chapter 2 describes

the implementation of a combination of EEVO and iEGR via NVO at idle operation

for faster aftertreatment component warm-up, with a fuel penalty, while Chapter 3

describes the use of cylinder deactivation at idle and low loads operation for improving

both fuel efficiency and aftertreatment ‘stay-warm’ thermal management. Strategies

described in chapters 5 and 6, namely, dynamic cylinder activation and ventilated

cylinder cutout, respectively, are demonstrated, and compared with CDA, at idle

operation.
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(a)

(b)

Figure 2.9. Idle and low-load operation over a HD-FTP (a) consumes
approximately 6% of the total fuel and (b) spans for approximately
43% of the total time.
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2.3.3 Regression Analysis for Drive Cycle Validation

The validity of a HD-FTP test is checked by performing a regression analysis

between the commanded and feedback values of the drive cycle speed, torque and

power [53]. The upper and lower bounds for various statistical parameters are shown

in Table 2.4.
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3. AFTERTREATMENT THERMAL MANAGEMENT

VIA ACCELERATED CATALYST WARM UP

3.1 Introduction

It was noted earlier in Section 1.2 that aftertreatment warm-up is an important

phase in aftertreatment thermal management as the catalysts are ineffective at low

temperatures. Approximately 80% of the total allowable NOx emissions occur during

the warm-up of the SCR system, as shown in Figure 1.7, as the engine-out NOx is

not reduced before being released from the tailpipe [19]. This chapter focuses on

implementation of internal EGR (iEGR) and early exhaust valve opening (EEVO)

at idle operation to expedite the warm-up of the aftertreatment system following a

cold start of the engine. Based on the normalized heat transfer analysis described in

Section 2.2.3, high turbine-outlet temperatures and exhaust flow rates are desirable

for the aftertreatment warm-up strategies.

This chapter is organized as follows:

1. Section 3.2 describes various VVA-enabled aftertreatment ‘warm-up’ thermal

management strategies, and discusses their performance at steady state curb

idle operation.

2. Section 3.3 demonstrates the improved aftertreatment thermal management

upon implementation of the ‘best’ strategy from Section 3.2 over the HD-FTP

drive cycle.
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3.2 Early Exhaust Valve Opening and Internal EGR at Steady State Idle

Operation

Steady state tests were performed at idle (800 RPM, 1.3 bar BMEP) to evaluate

the benefits of EEVO and iEGR over conventional engine operation. The primary

focus was on obtaining higher TOT and exhaust gas energy in order to accelerate

aftertreatment component warm up. All experiments were subject to strict mechan-

ical and thermal constraints, as shown in Table 2.1, so as not to cause any hardware

damage to the engine and to make sure that the findings are relevant to real-use

scenarios.

3.2.1 Description of Strategies

Four strategies, three for thermal management, one for fuel efficiency, at idle (800

RPM, 1.3 bar BMEP) are compared. This section describes the methodology for

achieving each of the strategies, and the subsequent “Steady State Results” section

quantitatively compares them. Figure 3.1 illustrates the representative intake and

exhaust valve profiles, injection timings and heat release rates of the four strategies.

Table 3.1 summarizes the valve timings, injection strategy, VGT settings and NOx

mitigation philosophy for the strategies described in this section.

1. Fuel Efficiency Baseline: Conventional engine operation at idle incorporates

two injection pulses near top dead center (TDC) to achieve high fuel efficiency,

and elevated EGR fraction to reduce engine-out NOx. Figure 3.1(a) shows

the location of the injections with respect to TDC, and the corresponding heat

release rate. The nominal valve profiles used by the engine are also shown. This

operation is hereafter referred to as fuel efficiency baseline (FE baseline).

2. Thermal Management Baseline: The conventional thermal management

mode, hereafter referred to as the thermal management baseline (TM baseline)

uses a fuel-path thermal management strategy incorporating four late injections
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(per Figure 3.1(b)), and a mostly closed VGT nozzle. Nominal intake and

exhaust valve profiles are used. The late injections result in delayed heat release,

as shown in Figure 3.1(b). The mostly closed VGT nozzle increases the exhaust

manifold pressure, elevating the pumping work. The delayed injections and

elevated pumping work result in inefficient engine operation, requiring more fuel

to maintain torque at idle, thereby increasing the turbine outlet temperature

(TOT). In addition, the delayed injection strategy (a NOx reducer) eliminates

the need for elevated EGR fractions to constrain NOx, such that both air and

exhaust flow rates are higher. Elevated TOT and higher exhaust flow rate

make TM baseline favorable for aftertreatment thermal management, as will be

described in the “Steady State Results” section.

3. Early Exhaust Valve Opening: The implementation of early exhaust valve

opening (EEVO), together with the same injection and VGT settings as the

TM baseline strategy, further reduces engine efficiency, thereby increasing the

required fueling, through a reduction in the effective expansion ratio. The

result is an additional increase in engine-outlet temperature. As shown in Fig-

ure 3.1(c), the exhaust valve opening (EVO) was advanced while the exhaust

valve closing (EVC) remained unchanged, increasing exhaust valve duration.

The nominal intake valve profile was retained. Engine-out NOx emissions were

controlled through modulation of the EGR fraction. Results from two EEVO

settings with different AFRs are presented in the “Steady State Results” section

in order to illustrate the trade-off between AFR, PM, NOx, exhaust flow rate,

and fuel efficiency.

4. Combination of Early Exhaust Valve Opening with Internal EGR via

Negative Valve Overlap: Per Figure 3.1(d), EEVO and negative valve over-

lap (NVO) were combined to decrease fuel efficiency, while implementing inter-

nal EGR (iEGR) for NOx control without needing external EGR. The aim with

this strategy is to further increase engine-outlet temperatures via elimination
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of heat loss from the external EGR path. The valve profiles, injection timings,

and heat release of the implemented strategy are shown in Figure 3.1(d). The

EVO was kept the same as that of the previously described EEVO strategy,

and combined with early EVC (EEVC). The intake valve profile was phase-

delayed, such that the duration of the intake valve profile remained unchanged,

to avoid blowdown of the re-compressed exhaust gas into the intake manifold.

External EGR was eliminated by shutting the EGR valve. The use of uncooled

iEGR requires more dilution to control NOx, resulting in a low AFR, elevated

engine outlet temperatures, and reduced exhaust flow rates. The VGT nozzle

was opened further to avoid AFRs that are too low. The fuel injection strategy

remained unchanged from TM baseline and EEVO strategies, as shown in Fig-

ure 3.1(d). Two EEVO+iEGR(NVO) settings with different AFR are presented

in the “Steady State Results” section. Different AFRs were achieved through

modulation of the amount of iEGR in order to illustrate the trade-off between

AFR, PM, NOx, exhaust flow rate, and fuel efficiency.

3.2.2 Results and Discussion

Figure 3.2 compares the pressure-volume diagrams of the four strategies described.

The FE baseline strategy has the smallest power and pumping loops due to the

combination of early injections, open VGT and open EGR valve. The TM baseline

strategy has a larger pumping loop as a result of the mostly closed VGT position

which increases the exhaust manifold pressure. Late injections result in higher in-

cylinder pressures at the end of the power stroke, which drive higher exhaust gas

temperatures. The pumping loop for the EEVO strategies is slightly bigger than TM

baseline due to blowdown of high pressure exhaust gas into the exhaust manifold. The

EEVO+iEGR(NVO) strategies result in an increase in in-cylinder pressure during the

exhaust stroke, due to re-compression of the trapped residual gas. The combination

of EEVC with LIVO results in a ‘gas spring’ effect during the initial portion of
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Figure 3.1. Valve profiles, injection timings and heat release rates
for the aftertreatment warm-up strategies at idle, described in this
section.
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Table 3.1. Summary of the four strategies described in this work at idle.

Strategy Intake Exhaust Injection VGT NOx

Valve Valve Strategy Position Mitigation

FE Baseline Nominal Nominal

Two

injections

near TDC

Mostly closed
High EGR

fraction

TM Baseline Nominal Nominal
Four late

injections

Maximally

closed

Low EGR

fraction (due to

late injections)

EEVO Nominal

Early EVO,

Nominal

EVC

Four late

injections

Maximally

closed

EGR (higher than

TM baseline)

EEVO +

iEGR(NVO)

Phase-

delayed

Early EVO,

Early EVC

Four late

injections
Open

High internal

EGR (No

external EGR)
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Figure 3.2. Logarithmic pressure-volume plots for the four aftertreat-
ment warm-up strategies at idle.

the intake stroke, thereby reducing the pumping loop for the EEVO+iEGR(NVO)

strategy. LIVC results in reduction of effective compression ratio, which results in

lower in-cylinder pressure during the compression stroke for the EEVO+iEGR(NVO)

strategy.

Figure 3.3 illustrates that the FE baseline exhibits a TOT of 140◦C, which is

notably lower than the desired aftertreatment component temperatures (>250◦C),

and consumes 37% less fuel than TM baseline. The TM baseline achieves a TOT of

255◦C, which is close to the desired aftertreatment temperatures. The EEVO and

iEGR strategies were implemented with AFRs of 22 and 24 to illustrate the trade-off

between AFR, TOT, CCE, BTE, PM, and NOx. The EEVO strategies reach TOTs

of 317◦C and 346◦C, and consume 42% and 56% more fuel than TM baseline, respec-

tively. The EEVO+iEGR(NVO) strategies enable TOTs in excess of 380◦C, at the
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Figure 3.3. Turbine-outlet temperature vs fuel consumption (nor-
malized) for aftertreatment warm-up strategies at steady state idle.

cost of 34% and 42% higher fuel consumption than TM baseline. The EEVO and

EEVO+iEGR(NVO) strategies, owing to their higher steady state TOTs and com-

parable exhaust flow rates, therefore demonstrate potential for faster aftertreatment

component warm up compared to the conventional TM baseline strategy.

The higher TOT of the EEVO and EEVO+iEGR(NVO) strategies can be ex-

plained by low air-to-fuel ratios (AFRs), as shown in Figure 3.4. The AFRs of FE

baseline and TM baseline are 40 and 36, respectively. The two points for EEVO

and EEVO+iEGR(NVO) strategies have AFRs of 24 and 22, each, with the lower

AFR strategy in each case exhibiting higher TOT. Low AFRs with EEVO and

EEVO+iEGR(NVO) strategies can be explained by higher fuel consumption and

higher exhaust gas dilution required to control NOx. An increased amount of di-

lution is required with the EEVO+iEGR(NVO) strategies due to un-cooled iEGR,
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Figure 3.4. Turbine-outlet temperature vs air-fuel ratio for aftertreat-
ment warm-up strategies at steady state idle.

which is not as effective as cooled EGR in controlling engine-out NOx (described

below).

Figure 3.5 compares the brake thermal efficiency, and open and closed cycle ef-

ficiencies of the four strategies. The FE baseline has 60% higher BTE than TM

baseline, as a result of 52% higher OCE and 5.4% higher CCE. Lower OCE of TM

baseline can be explained by the increased pumping work (consistent with larger

pumping loop in Figure 3.2) as a result of a mostly closed VGT position, and lower

CCE is a result of the late injection strategy. The EEVO strategy with lower AFR

(AFR=22) has 36% lower BTE than TM baseline, as a result of a 6% lower OCE due

to a bigger pumping loop, and 30% lower CCE due to early blowdown. EEVO with

higher AFR (AFR=24) has 30% lower BTE than TM baseline as a result of 5% lower

OCE and 25% lower CCE.

The EEVO+iEGR(NVO) strategy with lower AFR (AFR=22) has 29% lower BTE

than TM baseline. The OCE is 42% higher, given the open VGT position and the ‘gas
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Figure 3.5. Brake thermal efficiency, and open cycle, closed cycle
and mechanical efficiencies for aftertreatment warm-up strategies at
steady state idle.

spring’ effect caused by the re-compressed exhaust gas during the intake stroke, both

of which result in a smaller pumping loop. The CCE is 50% lower, due to a greater

quantity of internal EGR and consequently higher heat loss from the cylinder. EEVO,

which is used as a part of the EEVO+iEGR(NVO) approach, also contributes to the

lower CCE. Similarly, the EEVO+iEGR(NVO) strategy with higher AFR (AFR=24)

has 25% lower BTE than TM baseline, as a result of 43% higher OCE and 48% lower

CCE. In contrast to the TM baseline and EEVO strategies, which rely on reduction

in OCE to drive elevated TOT, the EEVO+iEGR(NVO) strategies have low CCE

and high OCE. Mechanical efficiency is fairly consistent among these strategies, as

shown.

Per Figure 3.6, similar engine-out NOx for all strategies was targeted through

modulation of the EGR or iEGR fractions. The FE baseline requires an elevated EGR

fraction due to early fuel injections which promotes elevated NOx. The TM baseline
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strategy is able to achieve similar NOx levels with a 17% lower EGR fraction than

FE baseline, due to its late injection strategy. The EGR fraction reduction results

in higher fresh air flows, and consequently, higher exhaust flow rate (per Figure 3.7).

The EEVO strategies require higher EGR fractions to achieve the same NOx due to

higher injected fuel mass, as a result of which the exhaust flow rates are slightly lower.

iEGR is not quite as effective in reducing engine-out NOx as cooled EGR, as the iEGR

gas is “hot”. The EEVO+iEGR(NVO) strategy with higher AFR, which has lower

trapped residual exhaust gas, has higher NOx due to lower dilution of in-cylinder

charge, while the EEVO+iEGR(NVO) strategy with lower AFR has NOx level close

to that of TM baseline. Higher residual exhaust gas for the EEVO+iEGR(NVO)

strategies, in addition to late IVO, also reduces the volumetric efficiency, resulting in

lower fresh air and exhaust flow rates.

PM emissions of the thermal management strategies are higher than the FE base-

line strategy, with the TM baseline showing ∼8 times higher PM, as illustrated in

Figure 3.6. The EEVO and EEVO+iEGR(NVO) strategies with AFR=24 have ∼6

and ∼8 times higher PM than TM baseline, respectively, while those with AFR=22

emit ∼12 and ∼18 times higher PM. The large amount of hot residual exhaust gas in

the EEVO+iEGR(NVO) strategy contributes to the high PM production at steady

state. It is shown later in this chapter that the amount of PM generated during

idle is relatively low compared to higher speed and load conditions; therefore, the

increase in cumulative PM generated over the EEVO+iEGR(NVO) drive cycle is not

as pronounced.

Figure 3.8 describes an alternate approach to understanding the fuel consumption,

TOT and exhaust flow rate trends, using the first law energy analysis illustrated by

Figure 2.5 and Equations (2.5)-(2.12). The total fuel consumption of each strategy is

shown, and categorized into energy expended into brake work, exhaust heat, pump-

ing loss, heat loss through the cylinders, heat rejection to the EGR cooler, and other

thermal and mechanical losses. The brake power of all strategies is the same, corre-

sponding to the same operating condition (curb idle). The exhaust gas energy in FE
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Figure 3.6. Engine-out NOx, PM and HC emissions, and EGR frac-
tion, for aftertreatment warm-up strategies at steady state idle.
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Figure 3.7. Turbine-outlet temperature vs exhaust flow rate for af-
tertreatment warm-up strategies at steady state idle.
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baseline is 68% lower than TM baseline, due to the lower TOT and exhaust flow rate.

The EEVO strategies with high and low AFRs produce 25% and 36% higher exhaust

heat than TM baseline, respectively, as a result of elevated TOT, while both the

EEVO+iEGR(NVO) strategies produce 49% higher exhaust heat than TM baseline,

and 24% and 13% higher than the EEVO strategies, despite having lower exhaust

flow rate. The exhaust flow rates for both the EEVO+iEGR(NVO) strategies com-

pensate for the differences in TOT to yield the same exhaust heat. As described

earlier, the pumping losses are lower for the EEVO+iEGR(NVO) strategies as com-

pared to the EEVO and TM baseline strategies due to the more open VGT position.

The in-cylinder heat losses are higher for the EEVO+iEGR(NVO) strategies than

the EEVO strategies due to the un-cooled trapped gases rejecting more heat through

the cylinder walls, with the lower AFR EEVO+iEGR(NVO) strategy showing higher

heat loss due to a greater quantity of trapped residual gas. Higher in-cylinder heat

losses for the EEVO+iEGR(NVO) strategies are more than compensated for by the

absence of heat rejection to the EGR cooler (due to the absence of external EGR),

and lower pumping losses, which make the EEVO+iEGR(NVO) strategies more fuel

efficient than EEVO while maintaining higher exhaust heat rates.

Figure 3.9 shows an alternate representation of the first law analysis, where the

energy transferred to the exhaust gas is plotted against injected fuel energy. The

dotted contours represent the percentage of the injected fuel energy that leaves the

engine via the exhaust gas flow. A higher percentage, along with higher fuel energy,

yields a higher exhaust gas energy, which is generally preferable for exhaust thermal

management. The EEVO+iEGR(NVO) strategies show the highest conversion of

fuel energy to exhaust heat (∼22% and 24%), followed by TM baseline (∼20%).

The conversion efficiency of the EEVO strategies is lower than TM baseline due to

higher losses (∼18%), although the exhaust energy is higher on account of higher

fuel consumption for the EEVO approach. FE baseline, which is most fuel efficient,

results in approximately 10% of the injected fuel energy in the exhaust stream heat.
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Figure 3.8. First law analysis for aftertreatment warm-up strategies
at steady state idle.

Figure 3.9. Fraction of fuel energy being converted to exhaust energy,
for aftertreatment warm-up strategies at steady state idle.
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Figure 3.10. Normalized heat transfer rates for the aftertreatment
warm-up strategies at different lumped catalyst bed temperatures.

Aftertreatment thermal management depends both on turbine outlet temperature

and exhaust flow rate. The exhaust gas energy represented in Figures 3.8 and 3.9

does not take into account the dynamic temperature variation of the aftertreatment

system. The impact of exhaust flow rate and TOT on warm up of the aftertreatment

system can be understood using a ‘normalized heat transfer’ analysis.

Figure 3.10 compares the normalized heat transfer rates (described in section 2.2.3)

for the six strategies. The EEVO+iEGR(NVO) strategies show the highest heat

transfer, followed by the EEVO and TM baseline strategies. Both the high and

low AFR EEVO+iEGR(NVO) strategies display similar heat transfer rates at lower

catalyst temperatures which are more representative of the ‘warm up’ phase, while

they diverge at higher catalyst temperatures where the effect of TOT becomes more

dominant. The EEVO strategy with lower AFR shows higher heat transfer than

EEVO with higher AFR as a result of its elevated TOT and similar exhaust flow

rates.
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It may therefore be concluded that EEVO+iEGR(NVO) shows the best potential

for accelerating the warm up of the SCR catalyst owing to its high TOT and compa-

rable exhaust flow rate, with lower fuel consumption than EEVO, at idle operation.

The following section demonstrates the implementation of EEVO+iEGR(NVO) at

idle over the HD-FTP drive cycle.
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Table 3.2. Settings/calibrations used over the HD-FTP for various drive cycles.

Drive cycle Idle operation Other operating conditions

FE baseline cycle FE baseline FE baseline calibration

TM baseline cycle TM baseline TM baseline calibration

iEGR cycle EEVO + iEGR(NVO) TM baseline calibration

3.3 Implementation of Early Exhaust Valve Opening and Internal EGR

at Idle over the HD-FTP Drive Cycle

3.3.1 Methodology

EEVO+iEGR(NVO) was implemented at all curb idle regions of the cold-start

HD-FTP cycle, and during the first 600 seconds of the hot-start cycle, as represented

by the shaded regions in Figure 3.11, to maximize the SCR outlet gas temperature

during both the drive cycles. While both the iEGR strategies described earlier are

expected to display similar SCR warm up characteristics, as shown in Figure 3.10,

the low-AFR EEVO+iEGR(NVO) strategy was implemented over the drive cycle

as a result of the lower steady state NOx emissions. The engine was operated in

the stock thermal management calibration over all other operating conditions for the

iEGR and TM baseline drive cycles. The FE baseline drive cycle was run with the

best fuel consumption settings both at idle and other operating conditions. Table 3.2

summarizes the operating calibrations used by the three drive cycles at idle and non-

idle operating conditions.

3.3.2 Results and Discussion

Turbine-outlet temperatures achieved during the three drive cycles are shown in

Figure 3.12. The EEVO+iEGR(NVO) strategy results in the highest TOT when

implemented at curb idle, followed by the TM baseline and FE baseline strategies,
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Figure 3.11. HD-FTP speed and torque profile, with shaded regions
indicating where EEVO+iEGR(NVO) was implemented.
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consistent with the steady state results shown in Figure 3.3. EEVO+iEGR(NVO) also

shows higher TOT at other operating conditions as a result of heating up the engine

block, exhaust manifold, and turbo-charger more quickly. It can be observed that the

TOT for the TM baseline strategy reduces during curb idle regions of the drive cycle,

thereby cooling the engine, while the TOT for the EEVO+iEGR(NVO) drive cycle

increases towards its steady state TOT, and continues to heat up the engine block.

As a result, higher TOTs are maintained at subsequent non-idle conditions even

though the EEVO+iEGR(NVO) strategy is not being implemented at all operating

conditions. Although the steady state TOT is not reached during any of the curb

idle regions, it may be observed that the TOT increases faster for strategies having

higher steady state TOT.

Figure 3.13 demonstrates that the EEVO+iEGR(NVO) and TM baseline thermal

management strategies outperform the FE baseline with regard to the SCR outlet

gas temperature. The EEVO+iEGR(NVO) drive cycle shows higher SCR outlet gas

temperature between ∼450 and ∼750 seconds of the cold cycle, and between ∼100

and ∼800 seconds of the hot cycle, although the increase in the SCR outlet gas tem-

perature is not as pronounced as the increase in TOT. The SCR outlet temperature

at the beginning of the hot cycle increases faster for the EEVO+iEGR(NVO) cycle as

compared to the TM baseline cycle as a result of a greater quantity of heat trapped

in the SCR catalyst at the end of the cold cycle.

Figure 3.14 shows the estimated SCR conversion efficiency corresponding to the

predicted SCR temperature. Peak SCR efficiency is achieved when the SCR temper-

ature reaches 300◦C, which occurs around 670 seconds into both the cold and hot

drive cycles. The EEVO+iEGR(NVO) strategy shows higher SCR conversion effi-

ciency during the regions mentioned above when the SCR outlet gas temperature is

higher.

The measured cumulative engine-out NOx and predicted cumulative tailpipe-out

NOx over both the cold and hot drive cycles are shown in Figure 3.15. The predicted

tailpipe-out NOx is the same as engine-out NOx until approximately 450 seconds
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in the cold cycle since the SCR has not yet reached sufficient temperatures to op-

erate efficiently, per Figures 3.13 and 3.14, after which the cumulative tailpipe-out

NOx becomes almost constant due to higher SCR conversion efficiencies. Although

the EEVO+iEGR(NVO) strategy has slightly higher engine-out NOx than the TM

baseline drive cycle, better SCR warm up with EEVO+iEGR(NVO) results in higher

conversion efficiency, as a result of which the predicted tailpipe-out NOx is the low-

est. It may therefore be concluded that using EEVO+iEGR(NVO) at idle operation

allows reduction of tailpipe-out NOx to levels not achievable via conventional engine

operation, through faster warm up of the aftertreatment system. The FE baseline

drive cycle has higher engine-out NOx than the TM baseline cycle due to the earlier

injection timings at all operating conditions, which trades off an increase in engine-out

NOx for a reduction in fuel consumption.

The EEVO+iEGR(NVO) strategy with AFR of 22 has been shown to emit ∼18

times higher PM than the TM baseline strategy at steady state curb idle operation,

as illustrated in Figure 3.6. However, Figure 3.16 demonstrates that the cumulative

increase in PM over the cold and hot cycles is only ∼ 6.8%. This is a result of

low exhaust flow rates during idle operation, which reduces the impact of elevated

idle PM over the drive cycle. Increased engine-outlet PM is undesirable, however,

it is straightforward to perform an active, or passive regeneration, albeit with a fuel

penalty. The DPF can trap PM without reaching elevated temperatures; therefore,

engine-out PM will not reach the tailpipe when the aftertreatment system is cold,

unlike the SCR system which requires warm up for efficient NOx conversion.

Figure 3.17 shows the additional fuel consumption required to achieve the pre-

dicted reduction in tailpipe-out NOx, with respect to the TM baseline operation.

The EEVO+iEGR(NVO) drive cycle consumes most fuel, followed by TM baseline

and FE baseline cycles. The difference between TM baseline and FE baseline drive

cycles occurs throughout the cycle as the FE baseline cycle uses a more fuel efficient

calibration both at idle as well other operating conditions. The difference in fuel

consumption between the TM baseline and EEVO+iEGR(NVO) cycles occurs only
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Figure 3.12. Turbine-outlet temperature over the HD-FTP for the
aftertreatment warm-up strategies.

during idle regions where EEVO+iEGR(NVO) is implemented, consistent with the

steady state curb idle results from Figure 3.3, since the same TM baseline strategy is

implemented at all non-idle operating conditions. The net weighted fuel consumption

increase is 2.1% for the EEVO+iEGR(NVO) drive cycle.

The trade-off curves among cumulative predicted tailpipe-out NOx, fuel consump-

tion and engine-out PM produced at the end of both drive cycles are shown in Fig-

ures 3.18(a) and 3.18(b). Figure 3.18(a) demonstrates that the EEVO+iEGR(NVO)

drive cycle enables tailpipe-out NOx levels lower than that possible via conventional

means, lying on the same trade-off curve between the two baseline drive cycles. Specif-

ically, the TM baseline strategy of delayed injections and mostly closed VGT reduces

predicted tailpipe-out NOx by 36% from the fuel efficient FE baseline operation, by

consuming 6% higher fuel, which is inevitable with conventional 6-cylinder operation

to meet the current emission regulations. Implementation of EEVO+iEGR(NVO) at

idle operation during the ‘warm up’ phase further reduces tailpipe-out NOx by 7.9%,

with consumption of 2.1% more fuel over the drive cycle. Figure 3.18(b) shows the
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Figure 3.13. SCR outlet gas temperature over the HD-FTP for the
aftertreatment warm-up strategies.

Figure 3.14. Predicted SCR conversion efficiency over the HD-FTP
for the aftertreatment warm-up strategies.
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Figure 3.15. Engine-out and tailpipe-out NOx emissions over the
HD-FTP for the aftertreatment warm-up strategies.

Figure 3.16. Engine-out PM emissions over the HD-FTP for the
aftertreatment warm-up strategies.
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Figure 3.17. Increase in fuel consumption with respect to TM baseline
cycle, over the HD-FTP for the aftertreatment warm-up strategies.

trade-off between predicted tailpipe-out NOx and engine-out PM, demonstrating that

the EEVO+iEGR(NVO) drive cycle increases engine-out PM emissions by 6.7% over

both the cycles for a 7.9% reduction in tailpipe-out NOx.
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(a)

(b)

Figure 3.18. Trade-off between fuel consumption, tailpipe-out NOx
and engine-out PM emissions over the combined HD-FTP drive cycle
for the aftertreatment warm-up strategies.
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3.4 Aftertreatment warm-up Strategies at Off-Idle Operating Conditions

3.4.1 Introduction and Methodology

This section presents the aftertreatment warm-up thermal management perfor-

mance achievable via implementation of advanced gas exchange strategies at off-

idle operating conditions. Specifically, a combination of early exhaust valve opening

(EEVO) and late intake valve closure (LIVC) was implemented at all loads below 7.6

bar BMEP throughout the cold start drive cycle and up to 600 seconds in the hot

start drive cycle. The combination of EEVO and LIVC was expected to demonstrate

favorable warm-up characteristics because:

• EEVO is expected to result in higher TOTs, consistent with the results observed

at idle operation.

• LIVC at high speed engine operation is expected to increase volumetric effi-

ciency due to dynamic charging, as demonstrated by Vos et al. [54,55]. Higher

airflow resulting from higher volumetric efficiencies increases exhaust flow rate,

which is an important factor for aftertreatment warm-up.

The valve profiles for this strategy are shown in Figure 3.19. The warm-up strategy

described in sections 3.2 and 3.3, namely EEVO + iEGR(NVO), was implemented

during the corresponding idle sections to implement the most aggressive warm-up

strategy at both idle and off-idle conditions. Figure 3.20 describes the regions

over the HD-FTP where the idle and off-idle warm-up strategies are implemented.

The yellow shaded regions correspond to the implementation of EEVO+LIVC at

off-idle conditions, and the grey shaded regions correspond to implementation of

EEVO+iEGR(NVO) at idle operation. These strategies will be referred to as “idle

warm-up strategy” and “off-idle warm-up strategy” for the reminder of this section.

Figures 3.21- 3.27 compare the performance of three drive cycle strategies- (i) TM

baseline drive cycle, (ii) drive cycle implementing only the idle warm-up strategy, and
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Figure 3.19. Valve profiles for the ‘EEVO+LIVC’ strategy imple-
mented at off-idle drive cycle operation.

Figure 3.20. EEVO+LIVC is implemented at off-idle operation below
7.6 bar BMEP, represented by the yellow regions.
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(iii) drive cycle implementing a combination of idle and off-idle warm-up strategies.

A comparison between drive cycles (ii) and (iii) above presents the additional thermal

management benefits shown by implementation of the EEVO+LIVC off-idle warm-up

strategy.

3.4.2 Results and Discussion

Figure 3.21 compares the turbine outlet temperatures of the three drive cycle

strategies. The drive cycle implementing both the idle and off-idle warm-up strate-

gies shows higher TOT, not only during the off-idle regions below 7.6 bar BMEP

(represented by yellow shaded portions), but also during the idle regions. Higher

TOT during idle operation can be attributed to the engine block having been heated

to higher temperatures during off-idle conditions, thereby resulting in lower heat loss.

Figure 3.21. Turbine outlet temperatures over the cold start and hot
start HD-FTP duty cycle upon implementation of idle and off-idle
warm-up strategies.
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Figure 3.22 compares the temperature of the exhaust gas at the inlet and outlet of

the SCR for the three drive cycles. The drive cycle with both idle and off-idle warm-

up strategies shows higher temperatures both at the inlet and the outlet of the SCR,

indicating higher mean SCR catalyst temperature. Higher catalyst temperatures are

a result of higher TOT via implementation of EEVO+LIVC, as shown in Figure 3.21,

and higher exhaust flow rates. Figure 3.23 shows the predicted SCR efficiency based

on the measured SCR outlet gas temperature (Figure 3.22) and the SCR efficiency

curve shown in Figure 2.8. Higher SCR efficiency is predicted for the drive cycle

whereboth idle and off-idle warm-up strategies are implemented.

Figure 3.24 shows the cumulative engine-out NOx and predicted tailpipe-out NOx

over the cold start and hot start drive cycles. Slightly higher engine-out NOx is

observed during the cold cycle when both idle and off-idle warm-up strategies are

implemented, as the EGR fractions at the corresponding off-idle operating conditions

remain unchanged from their baseline targets, which is not optimal for the warm-

up strategy. However, the predicted tailpipe-out NOx is similar due to more efficient

Figure 3.22. Temperature of the exhaust gas at the outlet of the SCR
over the cold start and hot start HD-FTP duty cycle.



70

Figure 3.23. Predicted SCR conversion efficiency over the drive cycle
based on SCR outlet gas temperature over the cold start and hot start
HD-FTP duty cycle.

Figure 3.24. Cumulative engine-out NOx and predicted tailpipe-out
NOx emissions over the cold start and hot start HD-FTP duty cycle.
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predicted SCR conversion efficiencies for the cold start drive cycle. Lower tailpipe-out

NOx is predicted during the hot start cycle for the drive cycle implementing both idle

and off-idle warm-up strategies, as a result of more efficient predicted SCR operation.

Figure 3.25 shows the cumulative engine-out PM emissions for the three drive

cycle strategies. The drive cycle implementing the off-idle warm-up strategy shows

significantly higher PM flow rates than both the idle warm-up, and baseline, strate-

gies, over both the cold start and hot start drive cycles. The cumulative PM emissions

curve is steeper during implementation of EEVO+LIVC at off-idle operation (yellow-

shaded regions), justifying that the implementation of the off-idle warm-up strategy

leads to higher PM emissions over the drive cycle. The cumulative drive cycle PM

emissions, when both idle and off-idle strategies are implemented, are 38% higher

than the TM baseline drive cycle, with 32% of the additional PM emissions a result

of the off-idle warm-up strategy.

Figure 3.26 shows the relative increase in fuel consumption as a result of the idle

and off-idle warm-up strategies, with respect to the TM baseline drive cycle. An

Figure 3.25. Cumulative engine-out PM emissions over the cold start
and hot start HD-FTP duty cycle.
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Figure 3.26. Difference in fuel consumption over the cold and hot
start HD-FTP duty cycle.

increase in fuel consumption is observed both during implementation of idle, and

off-idle warm-up strategies, as expected. The drive cycle implementing only the idle

warm-up strategy results in a 2.1% fuel penalty with respect to the TM baseline cycle,

while implementation of the off-idle warm-up strategy (EEVO+LIVC below 7.6 bar

BMEP) results in a further 1% fuel penalty.

The trade-off curves among cumulative predicted tailpipe-out NOx, fuel consump-

tion and engine-outlet PM produced at the end of both the drive cycles are shown

in Figures 3.27(a) and 3.27(b). Figure 3.27(a) demonstrates that implementation of

EEVO and LIVC at off-idle conditions below 7.6 bar BMEP results in a further reduc-

tion in predicted tailpipe-out NOx than that demonstrated in section 3.3. Specifically,

implementation of the off-idle warm-up strategy results in a 10.1% reduction in pre-

dicted tailpipe-out NOx, at a fuel penalty of 3.1% with respect to the TM baseline

drive cycle. Figure 3.27(b) shows that the off-idle warm-up drive cycle increases the

engine-out PM emissions by 38% while predicting a 10.1% reduction in tailpipe-out

NOx.
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(a)

(b)

Figure 3.27. Trade-off between fuel consumption, tailpipe-out NOx
and engine-out PM emissions over the combined HD-FTP drive cycle
for the A/T warm-up strategies implemented at off-idle operating
conditions.
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3.5 Summary

EEVO+iEGR(NVO) has been demonstrated as an effective strategy at idle oper-

ation to achieve fast aftertreatment component warm-up, thus showing potential for

reduction of tailpipe-out NOx, with a minor, but likely manageable, increase in fuel

consumption and engine-out PM emissions. Absence of external EGR, in addition

to a more open VGT position, make this strategy likely more amenable to a simpler

turbocharger configuration like a fixed geometry turbine turbocharger.

A combination of EEVO and LIVC at off-idle operation below 7.6 bar BMEP

shows a 10.1% reduction in predicted tailpipe-out NOx with a 3.1% further fuel

penalty with respect to the baseline operation. However, this strategy results in 38%

higher PM emissions over the drive cycle.
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4. CYLINDER DEACTIVATION FOR

FUEL-EFFICIENT AFTERTREATMENT THERMAL MANAGEMENT

4.1 Introduction

It was shown in the earlier chapters that both elevated engine-outlet tempera-

tures and exhaust flow rates are desirable to accelerate the initial warm-up of the

aftertreatment components. Once the aftertreatment components have reached de-

sirable temperatures, elevated engine-outlet temperatures are required to maintain

those temperatures, however elevated exhaust flow rates are no longer necessary.

Lower exhaust flow rates are preferred in order to reduce cooling effects in the case

engine-outlet temperatures drop below the temperature of a sufficiently warmed-up

aftertreatment system.

Cylinder deactivation (CDA) has been studied as an effective means for main-

taining elevated turbine-outlet temperatures with fuel economy benefits at low-load

operating conditions. This chapter describes the fuel economy, aftertreatment ther-

mal management, and transient performance of CDA at steady state operation and

over the heavy-duty drive cycle.

This chapter is organized as follows. Section 4.2 describes the strategies used

for implementing CDA and the resulting fuel economy and turbine-outlet tempera-

ture benefits observed at steady state curb idle operation. Section 4.3 studies the

transient response of the engine dynamically operating in CDA and concludes that

transient response is unaffected when CDA is implemented at and around idle oper-

ation, up to loads of 3 bar BMEP. Section 4.4 shows the fuel economy and thermal

management benefits of implementing CDA over the HD-FTP transient cycle, which

is representative of heavy-duty applications.
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4.2 Cylinder Deactivation at Steady State Curb Idle Operation

4.2.1 Methodology and Description of Strategies

Steady state tests were performed at curb idle operation (800 RPM, 1.3 bar

BMEP) to evaluate the benefits of 3-cylinder CDA over conventional 6-cylinder op-

eration. 3-cylinder CDA, also known as half-engine CDA, was performed by cutting

both fuel injection and airflow to the three inactive cylinders. Airflow was cut by de-

activating both the intake and the exhaust valves, while the valve profiles of the three

active cylinders were kept the same as conventional stock valve profiles, as shown in

Figure 4.1. The three consecutive cylinders on either end, per Figure 4.2 are used

as the combination of active cylinders. The firing order, which is 1-5-3-6-2-4 during

baseline 6-cylinder operation, is 1-x-3-x-2-x when cylinders 4, 5 and 6 are deacti-

vated, and x-5-x-6-x-4 when cylinders 1,2 and 3 are deactivated. This chapter shows

results when cylinders 4, 5 and 6 are deactivated, while deactivation of the other bank

has also been studied and found not to make a significant difference to the results.

The EGR valve and VGT position, rail pressure, timings of pilot and main injection,

and quantity of pilot injection were modulated to achieve a trade-off between fuel

consumption and turbine outlet temperature.

The engine-out emissions of NOx, unburned hydrocarbons (UHC) and particulate

matter (PM) during steady state CDA tests were kept below the levels observed during

stock engine operation, as will be described in the following section. All experiments

were also subject to the same mechanical and thermal constraints shown earlier in

Table 2.1.

Results from three strategies each using 3-cylinder CDA are presented in the

next section, and compared with similar 6-cylinder strategies. In addition to the ”FE

Baseline” and ”TM Baseline” 6-cylinder strategies described in Chapter 3 which focus

on best BSFC and aftertreatment warm-up respectively, another 6-cylinder strategy

aimed at aftertreatment ‘stay-warm’ performance is presented in this section. The

strategies are described below in greater detail and summarized in Table 4.1.
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Figure 4.1. Nominal intake and exhaust valve profiles, which were
used for CDA operation, with piston position from the cylinder head
overlaid.

Figure 4.2. Schematic of an inline six-cylinder engine representing
various CDA configurations with different sets of active cylinders,
including approximate relative fuel quantity injected in the active
cylinders.
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1. 3-cylinder strategy for best BSFC - This strategy represents engine op-

eration targeting the best brake specific fuel consumption (BSFC) with three

active cylinders. This is achieved using fuel-efficient injection timings such that

the heat release begins near the top dead center, as shown in Figure 4.3(a). Ad-

equate EGR was flowed for NOx mitigation by fully opening the EGR valve and

modulating the VGT position so as to minimize the exhaust manifold pressure

(EMP), and consequently the negative pumping work. This strategy has a TOT

close to, but below, 200◦C, and is therefore not the most ideal for stay-warm

operation.

2. 3-cylinder strategy for aftertreatment ‘stay-warm’ - This strategy repre-

sents 3-cylinder engine operation with focus on maintaining elevated aftertreat-

ment component temperatures in the most fuel-efficient way possible. This is

achieved by delaying the injection timings from the best BSFC strategy to the

latest timing possible, as shown in Figure 4.3(b). In addition to elevating TOT

by ∼ 25◦C at a small fuel penalty, delayed injections also result in lower engine-

out NOx. Lower exhaust flow rates from only three active cylinders enhances

the ‘stay-warm’ performance of this strategy as compared to corresponding six-

cylinder strategies.

3. 3-cylinder strategy for high TOT - This strategy is characterized by four

delayed injections with the same timings as the ‘TM Baseline’ strategy, as shown

in Figure 4.3(c), and maximally closed VGT position, in order to achieve the

highest TOT possible with three active cylinders using conventional valve tim-

ings. This strategy has a higher fuel consumption than the ‘stay-warm’ strategy,

and achieves a further ∼ 25◦C increase in TOT.

4. 6-cylinder strategy for aftertreatment ‘stay-warm’ - This 6-cylinder strat-

egy focuses on maintaining elevated aftertreatment component temperatures

while being as fuel efficient as possible. It is characterized by four delayed in-

jections with the same timings as the ‘TM Baseline’ strategy and mostly closed
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Figure 4.3. Injection timings and heat release rates for the three CDA strategies.

(partially open) VGT position. A more open VGT position relative to the ‘TM

Baseline’ helps improve fuel efficiency via reduced pumping losses.

For the remainder of this chapter, ‘FE Baseline’ and ‘TM Baseline’ are referred

to as ‘6-cylinder strategy for best BSFC’ and ‘6-cylinder strategy for aftertreatment

warm-up’, to remain consistent with the nomenclature for 3-cylinder CDA operation.

The results presented do not consider the work done for actuation of the valves,

as the valve motion is externally powered through a hydraulic pump. It is expected

that the fuel savings for CDA will be higher in production systems, as actuation of

fewer valves in CDA leads to lower parasitic losses than 6-cylinder operation.
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Table 4.1. Summary of the CDA- and 6-cylinder-based strategies at curb idle.

Strategy Injections VGT Position

3-cyl strategy for best BSFC 2 injections near TDC 80% closed

3-cyl strategy for A/T ‘stay-warm’ 2 late injections 80% closed

3-cyl strategy for high TOT 4 late injections 100% closed

6-cyl strategy for best BSFC (FE

Baseline)
2 injections near TDC 94% closed

6-cyl strategy for A/T ‘stay-warm’ 4 late injections 98% closed

6-cyl strategy for A/T warm-up

(TM Baseline)
4 late injections 100% closed
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4.2.2 Results and Discussion

Half-engine CDA shows a more favorable trade-off between TOT and BSFC, as

shown in Figure 4.4. The best BSFC 3-cylinder CDA operation shows a 13% reduction

in fuel consumption, along with a 45◦C increase in TOT, as compared to the best

BSFC 6-cylinder strategy. At the same TOT, the fuel benefit with CDA is between

25% and 40%, with higher fuel economy benefits at higher temperatures. In addition,

CDA shows an approximately 75◦C increase in TOT at fuel-neutral conditions. The

6-cylinder and CDA strategies for ‘stay-warm operation lie in between the respective

strategies for best BSFC and aftertreatment warm-up. It is intended that the TOT

for stay warm strategies is above 200◦C in as fuel-efficient way as possible. It is also

worthwhile to note that the 3-cylinder strategy for aftertreatment stay-warm, despite

not being the most fuel-efficient CDA strategy, is 7% more fuel-efficient than the best

BSFC 6-cylinder strategy.

Figure 4.5 shows that the engine-out NOx, PM and HC emissions for 3-cylinder

CDA strategies are similar, or less than the corresponding emissions for the 6-cylinder

strategies. The low NOx for the 3-cylinder strategies for high TOT and aftertreat-

ment ‘stay-warm’ can be attributed to the delayed injection timings, with similar EGR

fraction as the best BSFC 3-cylinder CDA strategy. Therefore, in addition to show-

ing fuel savings and higher TOT, CDA lies within the emission limits of 6-cylinder

operation.

Reduced fuel consumption with the CDA-based strategies is primarily a result

of the improved open cycle efficiency as compared to its 6-cylinder counterparts, as

shown in Figure 4.6. The increase in open cycle efficiency is a result of lower air

flow through the cylinders, which decreases the pumping work, as characterized by

the smaller pumping loop in Figure 4.7. The 6-cylinder strategy for aftertreatment

warm-up, and 3-cylinder strategy for high TOT have the lowest open cycle efficien-

cies among 6-cylinder and 3-cylinder strategies, respectively, because of the maximally

closed VGT position, which results in higher pumping losses, illustrated by the bigger
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Figure 4.4. Turbine outlet temperature vs brake specific fuel con-
sumption (normalized) at steady state curb idle for CDA-based strate-
gies.

Figure 4.5. PM vs NOx emissions at steady state curb idle for CDA-
based strategies.
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Figure 4.6. Comparison of cycle efficiencies at steady state curb idle
for CDA-based strategies.

pumping loop in Figure 4.7. The 3-cylinder strategies for best BSFC and aftertreat-

ment ‘stay-warm’ have the highest OCE due to fewer active cylinders and a relatively

more open VGT position, both factors resulting in a smaller pumping loop. Further,

lower heat loss from the engine due to combustion happening in fewer cylinders re-

sults in conversion of a greater proportion of fuel energy to work, thereby marginally

increasing the closed cycle efficiency for CDA.

The increase in TOT with CDA results from a reduction in air-fuel ratio, as a

greater quantity of fuel is combusted per unit airflow, i.e., the active cylinders are

running at a higher load operating condition than in 6-cylinder operation [25, 35].

However, the maximum TOT with 6-cylinder operation is higher than that achieved

with 3 cylinders active, as a result of 50% higher fuel being combusted due to greater

engine inefficiency.
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Figure 4.7. Log P- log V plot at steady state curb idle for CDA-based strategies.
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Figure 4.8. Turbine outlet temperature vs exhaust flow rate at steady
state curb idle for CDA-based strategies.

In addition to high TOT, low exhaust flow rates are desired in ‘stay-warm’ op-

eration, as it is intended to minimize the rate of cool-down of the aftertreatment

components once they have reached an excess of 200◦C. Figure 4.8 shows that the

3-cylinder CDA strategies have lower exhaust flow rates than the 6-cylinder strate-

gies, due to airflow in fewer cylinders, thus making them more favorable to maintain

elevated aftertreatment temperatures.

Figure 4.9 shows the normalized heat transfer curves for the strategies described

in this section. The 6-cylinder strategy for aftertreatment warm-up is most preferred

below catalyst bed temperatures of 200◦C due to its superior heat transfer rate. At

temperatures above 200◦C, the 3-cylinder CDA ‘stay-warm’ strategy is preferred due

to its comparable cool-down rate at lower fuel consumption.
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Figure 4.9. Normalized aftertreatment heat transfer at various cata-
lyst bed temperatures for CDA-based strategies.
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4.3 Transient Response of Cylinder Deactivation During Dynamic Diesel

Engine Operation

It is noted from Section 4.2 that CDA improves fuel efficiency and after treatment

thermal management at low-load operation. However, reduction in airflow during

CDA poses a challenge to transient response as the rate of torque increase, which

depends on the quantity of fuel injected, is limited by the available airflow through

the engine. The reduced airflow during CDA needs to be managed properly to ensure

acceptable transient torque/power response. This section demonstrates that it is

possible to operate a diesel engine at low loads in CDA without compromising its

transient torque/power capabilities, which is a key finding in enabling the practical

implementation of CDA in diesel engines.

4.3.1 Methodology

Transient response starting from 2, 3 and 4 active cylinders at low loads is studied

in this section. As described earlier, 3-cylinder CDA is implemented by deactivating

cylinders 4, 5 and 6, such that the firing order is 1-x-3-x-2-x. Cylinders 1 and 6 are

deactivated when 4 cylinders are active, and cylinders 1, 2, 5 and 6 are deactivated

when 2 cylinders are active, to minimize external heat loss from the active cylinders.

The resulting firing order is x-x-3-x-x-4 with 2 cylinders active, and x-5-3-x-2-4 with

4 cylinders active. The different modes of CDA are illustrated in Figure 4.2 with the

approximate fuel quantity injected in each cylinder shown below the cylinder.

The transient response of the engine from CDA operation at idle and motoring

conditions, upon transitioning directly to 6-cylinder operation upon acknowledging

a ’hard’ transient, is studied in this section. Different times of transition between

CDA and 6-cylinder operation during the acceleration are studied. The set points to

achieve best fuel economy during CDA at idle were used while control was reverted

back to the ECM after transitioning to six cylinder operation during the acceleration.
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Portions of the HD-FTP, as shown in Figure 4.10, are used to compare the tran-

sient response with and without CDA. The transient response of the engine using the

stock calibration in 6-cylinder operation, which is used in production systems, is used

as the baseline to compare the response when transitioning out of CDA. The quality

of transients is defined by the closeness of the load response and emissions to that

achieved using stock 6-cylinder operation.

Figure 4.11 shows the order of the valve and injection events for a deactivated

cylinder during reactivation, when transitioning from CDA to six-cylinder operation.

The deactivated cylinders experience a decay in in-cylinder pressures as a result of

heat loss and blowby through the piston rings [47], and therefore, adequate oxygen

is not present inside the deactivated cylinder for combustion. Injection of fuel before

reactivation of valves leads to a spike in UHC and PM emissions. Therefore, in this

study, the exhaust valves of the deactivated cylinders are opened first to purge any

residual gas to the exhaust manifold, followed by opening of the intake valve to induct

fresh charge from the intake manifold. Fuel injection takes place after the valve events

to ensure that there is sufficient oxygen available for combustion to take place.

4.3.2 Results and Discussion

Cylinder deactivation is used predominantly at low-load operating conditions,

where the desired torque can be provided by a fewer number of cylinders. The max-

imum fueling rate is limited by the air flow rate, which is lower when fewer cylinders

are breathing. The number of cylinders that can be deactivated depends on load,

with higher loads requiring a higher number of active cylinders.

Figure 4.12 shows the torque produced by the engine with different modes of CDA

run throughout the first hill of the HD-FTP, with comparison to the torque response

of 6-cylinder operation. As expected, CDA cannot meet high load requirements with

the peak load produced varying monotonically with, and approximately proportional

to, the number of cylinders that are active.
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Figure 4.10. Regions of HD-FTP over which transients starting from
CDA are studied.
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Figure 4.11. Order of valve timings and injections during reactivation
of deactivated cylinders.

Figure 4.12. Load response when the entire first acceleration was run
in CDA, compared to conventional 6-cylinder load response.

High-load operating conditions require all cylinders to be active. It is therefore

necessary to dynamically transition between CDA and 6-cylinder operation during

transient operation in order to achieve fuel economy and thermal management benefits

of CDA at low loads while still meeting the requirements for higher load,
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4.3.3 Part I: CDA at Unloaded Idle

The engine produces zero load at unloaded idle with just enough fueling to over-

come mechanical losses. Fuel savings at unloaded idle are expected to be higher than

that at curb idle as the efficiency of CDA increases with lower loads. The same recipe

used to obtain 11% fuel savings with 3-cylinder CDA at curb idle is used for all modes

of CDA at unloaded idle.

Transition at the Onset of an Acceleration:

Transient response from different modes of CDA upon reactivation of inactive

cylinders at the onset of the acceleration is studied in this section. Figure 4.13(a)

compares the load response of each of the cases for the first acceleration of the HDFTP

where the engine, which is initially at unloaded idle (BMEP = 0 bar), accelerates up

to a BMEP of 13.5 bar at 1400 RPM. As shown, transitioning from CDA to 6 cylinder

operation at the beginning of the acceleration produces a similar torque response as

that when running throughout with 6 cylinders active.

The air-fuel ratio during the transient is shown in Figure 4.13(b). As expected,

during unloaded idle prior to the acceleration, the air-fuel ratio is lower for CDA than

for 6-cylinder operation due to lower air flow, while during the acceleration, the AFR

remains just above stoichiometric in all the cases.

Figure 4.13(c) shows that despite there being lower initial air flow rates with CDA,

the particulate matter emissions during the acceleration are very similar to that of

6-cylinder operation, indicating that there is sufficient air flow through the cylinders

following the transition. Figure 4.13(d) shows that the NOx emissions are very similar

as well.

Figure 4.13 demonstrates that the engine is able to meet the most aggressive

HDFTP load transient starting from 2, 3, or 4 cylinders active at unloaded idle,

when the CDA-to-6 cylinder transition happens at the beginning of the acceleration.



92

(a) (b)

(c) (d)

Figure 4.13. Transitioning from CDA at unloaded idle to 6-cylinder
mode at the onset of the acceleration (a) gives as good a load response
as does running throughout with 6 cylinders, (b) shows lower AFR
with CDA at unloaded idle, while AFR remains close to stoichiometric
during the acceleration, (c),(d) shows similar particulate matter and
NOx emissions as that of 6-cylinder operation throughout.
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(a) (b)

(c) (d)

Figure 4.14. Transitioning from CDA at unloaded idle to 6-cylinder
mode at the AFR limit during the acceleration, (a) gives a good torque
response with modest discontinuities at the point of transition, (b)
shows AFR reaching stoichiometric in each case before transitioning
to 6-cylinder operation, (c),(d) shows higher particulate matter and
NOx emissions than 6-cylinder operation during the initial portion of
the acceleration.
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Figure 4.15. When starting from CDA at unloaded idle, and tran-
sitioning to 6-cylinder mode at AFR limit, intake manifold pressure
decreases upon reactivation of inactive cylinders at the point of tran-
sition.

Transition at AFR Limit During the Acceleration:

Maintaining CDA during the load transition for as long as possible would be

advantageous in increasing the benefits extracted from CDA. Figure 4.12 suggests

that this should be possible during the initial portion of the acceleration. This section

studies transients when the engine transitions from CDA to 6-cylinder operation at the

AFR limit during the acceleration. In other words, the engine runs in CDA during

a portion of the acceleration until the reduced air flow cannot meet the transient

load demand, at which point it transitions to 6-cylinder operation. The best BSFC

settings for CDA are used at unloaded idle while the ECM controls the engine during

the acceleration.

The load response upon transition from CDA to 6-cylinder operation at AFR

limit is shown in Figure 4.14(a). Although there are modest discontinuities in the

load response at the point of transition, the peak load is achieved similar to the 6-

cylinder case. The discontinuity in load occurs due to a sudden increase in pumping

work, and drop in intake manifold pressure, per Figure 4.15, upon reactivation of

cylinders.
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Figure 4.14(b) shows the AFR dynamics during the acceleration. As expected,

just prior to, and during, the transition, the AFR is slightly lower for the CDA

cases, resulting in slightly higher PM emissions during the acceleration, as shown

in Figure 4.14(c). Figure 4.14(d) shows that the NOx emissions are higher during

the initial portion of acceleration in CDA, but converge quickly to that of 6-cylinder

operation upon reactivation of cylinders. The NOx and PM trends can both be

explained by the EGR and VGT valve dynamics as represented by EGR fraction in

Figure 4.16. The EGR valve closes to drive EGR fraction to 0 when running with

2 cylinders active during the acceleration in order to ensure enough air flow to the

cylinders, as a result of which its NOx is higher and PM is lower than the other two

CDA modes. The EGR fraction remains higher for longer with 3 cylinders active

before decreasing to 0, explaining why particulate matter is higher than the other

two CDA modes and NOx is lower than that of the 2 cylinders active case. It should

also be noted that the stock engine control module (ECM) is tuned for 6-cylinder

operation, and as such, its modulation of the VGT and EGR valve position during

CDA-to-six cylinder transitions cannot be expected to be optimal.

In summary, via comparison of Figure 4.14 with Figure 4.13, and as expected, it is

clear that delaying the transition from the beginning of the acceleration to the point at

which AFR limit is first reached causes a deterioration, albeit likely an acceptable one,

in both load and emissions response. Furthermore, an improved transient response

during CDA-to-six cylinder mode transition is expected if/when the air handling

controls are developed for the specific purpose. Cylinder deactivation in transient

operation is practical, as evidenced by load demands met with transitions from CDA

to 6 cylinder mode.

Effect of Transition Time on Transient Response:

As expected, Figure 4.17(a) shows that additional delay in the transition between

3 cylinder CDA and 6-cylinder operation causes the load and PM response to de-

grade further. As also shown in Figure 4.14, transition between CDA and 6-cylinder
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Figure 4.16. When starting from CDA at unloaded idle and tran-
sitioning to 6-cylinder mode at AFR limit, EGR fraction for 2 or 4
cylinders active is lower as compared to 3 or 6 cylinders active due
to the dynamics of EGR and VGT valves during the transition.

operation at, or just before, the AFR limit point is generally acceptable depending

on drivability and emissions constraints.

4.3.4 Part II: CDA at Curb Idle

Loaded idle refers to the operating condition where the engine produces a BMEP of

1.3 bar while running at 800 RPM. CDA with 3 cylinders active shows a fuel economy

benefit of 11% over 6-cylinder operation at steady state curb idle, as demonstrated

earlier. Fuel savings are expected with 2 and 4 cylinders active, although the results

are not shown here. The same recipe as that identified for 3-cylinder CDA is used

when 2 and 4 cylinders are active at curb idle.

The engine runs in curb idle for 35% of the time and consumes approximately 6%

of the total fuel consumed in a HDFTP.

Transition at the Onset of an Acceleration and at AFR Limit:

Figures 4.18(a) and 4.19(a) show the load response of the engine during an ag-

gressive HDFTP acceleration starting from CDA at curb idle with transitions to

6-cylinder operation at the beginning of the acceleration and at the AFR limit during
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(a) (b)

(c) (d)

Figure 4.17. As the transition between 3 cyl CDA at unloaded idle
and 6-cylinder operation is delayed, (a) the load response deteriorates
and has bigger discontinuities, although peak load is achieved, (b)
AFR is seen to stay close to its stoichiometric value between AFR
limit and point of transition, indicating fuel limiting action, (c),(d)
PM emissions are initially high when transition occurs after AFR
limit, while NOx emissions are similar.
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(a) (b)

(c) (d)

Figure 4.18. Transitioning from CDA at curb idle to 6-cylinder mode
at the beginning of the acceleration shows (a) a good load response
similar to that when run throughout with 6 cylinders, (b) lower AFR
with CDA at curb idle, while AFR remains close to stoichiometric
during the acceleration, (c),(d) shows that although PM and NOx are
high when starting with 2 cylinders active, they are similar to that of
6-cylinder operation throughout when starting with 3 or 4 cylinders
active.
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(a) (b)

(c) (d)

Figure 4.19. Transitioning from CDA at curb idle to 6-cylinder mode
at the AFR limit during the acceleration shows (a) as good a load
response as running throughout with 6 cylinders, but with small dis-
continuities at the point of transition, (b) lower AFR with CDA at un-
loaded idle, while AFR remains close to stoichiometric during the ac-
celeration, (c),(d) similar PM and NOx emissions as that of 6-cylinder
operation throughout when starting with 3 and 4 cylinders active.
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(a) (b)

(c) (d)

Figure 4.20. Starting from 3 cylinder CDA at curb idle and delay-
ing the time at which transition to 6-cylinder operation is made, (a)
transition from CDA to 6-cylinder operation later than the point of
AFR limit leads to deterioration in load response, (b) later transi-
tions keep the AFR closer to stoichiometric, as expected, (c),(d) PM
emissions are high when transition occurs after the AFR limit, while
NOx emissions for all cases are identical.

the acceleration. The response starting from CDA is as good as that when run in

6-cylinder operation throughout. Similar to Figure 4.14(a), all modes of CDA show

a small dip in torque at the point of transition due to an instantaneous increase in

pumping work upon reactivation of cylinders, which are likely to be too small to be

perceived by a driver.
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As shown in Figure 4.18(c), running with 2 cylinders active produces higher par-

ticulate matter than 6-cylinder operation and the other CDA modes, not only during

curb idle but also upon acceleration. This is because there is not enough oxygen to

sustain low-PM curb idle with only 2 active cylinders. Figure 4.19(b) shows that

while the AFR during the initial portion of the acceleration is higher with 4 cylinders

active, as expected, the AFR is identical for all cases during the acceleration. From

Figures 4.18(c) and 4.19(c), PM emissions with 3 cylinders and 4 cylinders active are

very similar to those of 6-cylinder operation both when the transition occurs at the

beginning of the acceleration and at AFR limit. Figures 4.18(d) and 4.19(d) show

that the transient NOx emissions are very similar for all cases.

Effect of Transition Time on Transient Response:

Figure 4.20 shows that additional delay in the transition between 3 cylinder CDA

and 6-cylinder operation, starting from 3 cylinder CDA at curb idle, causes the load

and PM response to degrade. Transition between CDA and 6-cylinder operation at,

or just before, the AFR limit point would be acceptable for drivability and emissions

constraints.

In summary, Figures 4.13, 4.14, 4.18 and 4.19 demonstrate that there are no issues

transitioning from CDA mode at unloaded or curb idle to 6 cylinder mode at the onset

of an acceleration, or as the AFR limit is reached during an acceleration. These results

are profound as they demonstrate that transient engine load and emissions responses

are not compromised when CDA is used at either loaded or unloaded idle.

4.3.5 Part III: CDA at Motoring

Motoring refers to the engine operation where the engine is driven by an external

load, therefore, fuel is not injected in the cylinders. CDA during motoring provides

aftertreatment “stay-hot” thermal management benefits as less air is pumped through

the engine. In this study, the engine motors at 1600 RPM in CDA and switches

to 6-cylinder operation before accelerating to a BMEP of 20 bar at 2500 RPM, as
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shown in Figure 4.10. This maneuver corresponds, for instance, to a driver pressing

the accelerator pedal abruptly after cruising downhill without pressing the pedal.

Strategies during motoring and their corresponding transient performance are likely

to be different for engines that use an engine brake.

The load response of the engine upon transitioning out of CDA at motoring is

slower as compared to 6-cylinder operation during the entire maneuver, as illustrated

in Figure 4.21(a). The reason for this lag is the lower availability of airflow during

the acceleration from a CDA motoring condition, as shown in Figure 4.22(a). This

is because the turbocharger speed is lower when fewer cylinders are active, as shown

in Figure 4.22(c), as a result of which the boost pressure is lower. The turbocharger

takes a longer time to increase its speed upon application of load, thus resulting in

lower air flow to the engine.

Figure 4.21(b) shows that the AFR is close to stoichiometric throughout the ac-

celeration. Figure 4.21(c) shows that PM emissions are higher when run throughout

with 6 cylinders active and are lower with fewer active cylinders at motoring. This

discrepancy is due to the fact that the load achieved is lower when starting from

fewer active cylinders at motoring, meaning that lesser fuel is injected during the

acceleration, as illustrated in Figure 4.22(b). Also, Figure 4.22(d) indicates that the

EGR and VGT valve dynamics drive higher EGR when running throughout with

6-cylinders active, which also contributes to PM.

Figure 4.21(d) shows that starting from CDA results in a spike in NOx compared

to starting from 6-cylinder operation. NOx is lower when starting from motoring

with more active cylinders due to higher EGR fraction made available, as shown in

Figure 4.22(d). The ECM allows flow of higher EGR when starting from more active

cylinders at motoring due to availability of higher air flow during the acceleration,

thus reducing NOx but increasing PM emissions.

Overall, from Figures 4.21 and 4.22, the transition from CDA at motoring to

6-cylinder operation shows poorer, although acceptable, transient response than run-

ning in 6-cylinder operation throughout.
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(a) (b)

(c) (d)

Figure 4.21. Employing CDA during motoring and transitioning to 6-
cylinder operation at the onset of the acceleration (a) shows a torque
response that lags that of 6-cylinder operation throughout, although
the peak load is achieved, (b) achieves close to stoichiometric AFR
throughout the acceleration (c),(d) emits lower PM and higher NOx
than 6-cylinder operation.

It may therefore be concluded from this section that transient response of the

engine remains unaffected when CDA is implemented at conditions with minimal/low

boost pressure like idle, while transient response deteriorates when the use of CDA

reduces turbocharger speed and boost pressure, typically at high engine speeds.
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(a) (b)

(c) (d)

Figure 4.22. Employing CDA during motoring and transitioning to
6-cylinder operation at the onset of the acceleration shows (a) lower
air flow rate during the acceleration despite an initial sharp rise upon
transition, (b) lower fuel flow during the acceleration, (c) lower tur-
bocharger speed throughout the test, and (d) lower EGR fraction than
that seen for 6-cylinder operation throughout.
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4.4 Cylinder Deactivation over the HD-FTP Transient Cycle

4.4.1 Introduction and Methodology

Section 4.2 describes the fuel economy and thermal management benefits of CDA,

while it is seen from Section 4.3 that transient response of the engine is not compro-

mised when CDA is implemented at and near idle operation. This section describes

the fuel economy and thermal management benefits of implementing CDA over the

HD-FTP drive cycle.

It was concluded from section 4.2 that the 6-cylinder strategy for aftertreatment

warm-up is most preferred to increase the catalyst bed temperatures while the 3-

cylinder strategy for aftertreatment ‘stay-warm’ is preferred for maintaining elevated

aftertreatment temperatures. Therefore, the 6-cylinder strategy for aftertreatment

warm-up (addressed as TM baseline in Chapter 3) was used during the initial af-

tertreatment warm-up period, while CDA was implemented after the SCR catalyst

bed temperature exceeded 200◦C. This corresponds to the ‘warm-up’ period being

between 0 and 900 seconds over the cold cycle, while the ‘stay-warm’ period includes

the remainder of the cold cycle and the entire hot cycle. Figure 4.23 shows the speed

and torque profile of the HD-FTP, with the aftertreatment ‘warm-up’ period shaded

in red and the ‘stay-warm’ period shaded in green.

In the various drive cycles compared in this section, the 6-cylinder strategy for

aftertreatment ‘warm-up’ is implemented during the ‘warm-up’ period of the HD-

FTP (i.e., 0-900 seconds of the cold cycle), and the corresponding engine calibration

(‘TM Baseline’) is used at all off-idle operating conditions over both the cold and

hot drive cycles. As shown earlier in chapter 2, the ‘TM baseline’ calibration is

characterized by delayed fuel injections at all possible operating conditions (including

non-idle conditions) in order to increase engine outlet temperatures and flow rates.

In addition, the late injections also reduce engine-outlet NOx, which together with

faster aftertreatment component warm-up, reduce tailpipe NOx to acceptable levels.
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Figure 4.23. HD-FTP drive cycle speed and torque with ‘warm-up’
and ‘stay-warm’ idle and low-load regions shaded in red and green
respectively

The various drive cycles compared in this section and strategies implemented

during their ‘stay-warm’ periods are described below, and tabulated in Table 4.2.

1. CDA stay-warm idle cycle - The 3-cylinder strategy for aftertreatment ‘stay-

warm’ is used during the ‘stay-warm’ idle regions of the HD-FTP. The ‘TM

Baseline’ engine calibration is implemented at all off-idle conditions over both

the cold and hot cycles. This drive cycle demonstrates the fuel savings pos-

sible through use of CDA during idle for maintaining elevated aftertreatment

component temperatures.

2. CDA stay-warm low-loads cycle - In addition to idle operation, CDA is

also implemented during low-load engine operation up to 3 bar BMEP dur-

ing the aftertreatment ‘stay-warm’ period. At idle, the 3-cylinder strategy for

aftertreatment ‘stay-warm’ is used, while at other low loads, the 3-cylinder op-

eration is controlled by the engine control module (ECM) with charge flow and
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EGR fraction targets appropriately modified. This drive cycle demonstrates a

further improvement in fuel savings and aftertreatment thermal management

due to additional low-load CDA operation.

3. 6-cylinder ‘stay-warm’ idle cycle - This drive cycle demonstrates the lowest

fuel consumption possible with 6-cylinder operation while meeting the current

on-highway emissions limits. The 6-cylinder strategy for aftertreatment ‘stay-

warm’ is used during the ‘stay-warm’ idle regions of the HD-FTP, while the ‘TM

Baseline’ engine calibration is implemented at all off-idle conditions over both

the cold and hot cycles. This drive cycle shows the fuel consumption increases

typically required during conventional 6-cylinder engine operation in order to

thermally manage the aftertreatment in a way consistent with meeting current

emissions limits.

In addition, the ‘TM Baseline’ drive cycle from Chapter 3 is plotted on Fig-

ures 4.24- 4.29 to provide a baseline for aftertreatment thermal management and

lowest tailpipe-out emissions possible via conventional 6-cylinder operation. The ‘FE

Baseline’ strategy is also shown on Figure 4.29 to illustrate the best BSFC 6-cylinder

operation possible over the HD-FTP.

4.4.2 Results

Figures 4.24 - 4.28 show results from running the three aforementioned strategies

over the HD-FTP. The turbine-outlet temperature, the SCR outlet gas temperature

and fuel flow rate are experimentally measured, while the SCR efficiency and tailpipe-

out NOx emissions are estimated using the method described in Chapter 2, and

illustrated by Figure 2.8. Strategies are compared by taking a weighted mean of the

fuel consumption and predicted tailpipe-out NOx of the cold and hot drive cycles.

Figure 4.24 illustrates that the TOT for all the cycles are the same during the

aftertreatment warm-up period, as all the cycles implement the same 6-cylinder warm-

up strategy. The TOT is lower for the ‘CDA stay-warm idle cycle’ as compared to the
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Table 4.2. Summary of the drive cycle strategies demonstrated in this chapter.

Drive cycle Idle
Low loads (< 3

bar BMEP)

Other

operating

conditions

CDA stay-warm idle

cycle

3-cyl strategy for

A/T stay-warm

TM baseline

calibration

TM baseline

calibration

CDA stay-warm low

loads cycle

3-cyl strategy for

A/T stay-warm
3-cyl operation

TM baseline

calibration

6-cyl stay-warm idle

cycle

6-cyl strategy for

A/T stay-warm

TM baseline

calibration

TM baseline

calibration

TM baseline cycle TM baseline
TM baseline

calibration

TM baseline

calibration

FE baseline cycle FE baseline
FE baseline

calibration

FE baseline

calibration
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Figure 4.24. Turbine-outlet temperature over the HD-FTP for the
A/T stay-warm strategies.

6-cylinder cycles, consistent with its lower TOT at steady state operation. However,

the TOT with ‘CDA stay-warm low-loads cycle’ is highest among the four cycles,

predominantly in regions where CDA is implemented at low loads below 3 bar BMEP.

It may be concluded that reducing airflow through the engine wherever possible at

low loads maintains elevated TOT for longer periods due to reduced cooling effect

from excess airflow.

Figure 4.25 compares the SCR outlet gas temperature for the four drive cycles.The

CDA stay-warm idle cycle results in nearly the same SCR temperature as the 6-

cylinder stay-warm idle cycle, as the reduced exhaust flow rate for the CDA cycle

compensates for the lower TOT, thereby showing nearly the same ‘cool-down’ effect.

This is consistent with the normalized heat transfer trends shown in Figure 4.9. Run-

ning CDA at all low loads (in the CDA stay-warm low loads cycle) further enhances

the ‘stay-warm’ operation by reducing aftertreatment cool-down and maintaining

higher SCR temperatures over the cycle.
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Figure 4.25. SCR outlet gas temperature over the HD-FTP for the
A/T stay-warm strategies.

Figure 4.26 illustrates the predicted SCR conversion efficiency using the catalyst

bed temperature-based efficiency curve shown in Figure 2.8. The CDA stay-warm

low loads cycle has higher SCR efficiency than all other cycles at the beginning of the

hot-cycle as a result of maintaining higher SCR temperature.

Figure 4.27 shows the predicted tailpipe-out NOx for the four drive cycles using

measured engine-out NOx and predicted SCR conversion efficiency. It is shown that

the CDA stay-warm low-loads cycle has lower tailpipe-out NOx during the hot cycle

due to the higher SCR conversion efficiency, while the stay-warm CDA idle cycle has

similar tailpipe-out NOx as the stay-warm 6-cylinder and ‘TM baseline’ cycles.

Figure 4.28 shows the difference in cumulative fuel consumption between the cy-

cles, with respect to the 6-cylinder stay-warm cycle. All cycles have nearly the same

fuel consumption for the first 900 seconds of the cold cycle, with minor differences

occurring due to variability between experiments. The 6-cylinder stay-warm cycle

has lower fuel consumption than the ‘TM Baseline’ cycle due to the more open VGT

position it employs during the stay-warm idle regions. The stay-warm CDA idle cy-



111

cle shows fuel savings with respect to the 6-cylinder stay-warm cycle during the idle

operation, consistent with the steady state results in Figure 4.4. It is also shown that

employing CDA at low loads other than idle results in further fuel savings.

The weighted fuel consumption and predicted tailpipe-out NOx results from all

the drive cycles is summarized in Figure 4.29. The ‘FE Baseline’ drive cycle, which is

the most fuel-efficient 6-cylinder cycle, has a 53% higher tailpipe-out NOx than the

6-cylinder stay-warm and TM Baseline cycles, which meet the emissions regulations

at 4.8% higher fuel consumption. Implementing CDA at stay-warm idle with the ‘TM

Baseline’ calibration at all other operating conditions results in 2.7% fuel savings with

respect to the 6-cylinder stay-warm idle cycle, while continuing to meet the emissions

criteria with similar tailpipe-out NOx. Implementation of CDA at stay-warm low

loads below 3 bar BMEP results in a further 0.8% fuel savings, with slightly lower

tailpipe-out NOx via improved aftertreatment thermal management.

Figure 4.26. Predicted SCR conversion efficiency over the HD-FTP
for the A/T stay-warm strategies.
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Figure 4.27. Predicted tailpipe-out NOx over the HD-FTP for the
A/T stay-warm strategies.

Figure 4.28. Change in fuel consumption with respect to 6-cylinder
‘stay-warm’ idle cycle over the HD-FTP.
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Figure 4.29. Up to 3.5% improvement in fuel consumption can be
obtained by implementing CDA at curb idle sections of the HD-FTP.
The ability of CDA to maintain A/T temperature is reflected in the
form of nearly equal tail pipe out NOx as six-cylinder thermal man-
agement mode.

In summary, the results from this section show that implementation of 3-cylinder

CDA at low-load and idle operation can result in notable fuel savings while maintain-

ing tailpipe-out NOx emissions consistent with current emission standards.
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5. DYNAMIC CYLINDER ACTIVATION FOR

MANIPULATION OF ENGINE VIBRATION CHARACTERISTICS

5.1 Introduction and Motivation

This chapter discusses dynamic cylinder activation (DCA) as a manifestation of

CDA during which a different set of cylinders are deactivated every cycle, as opposed

to a conventional form of CDA, wherein a fixed set of cylinders are deactivated for

all the cycles. Figure 5.1 illustrates the difference between the fixed diesel-engine

CDA and DCA for the same fraction of overall active/firing events. This chapter

Figure 5.1. Dynamic cylinder activation involves activation of a dif-
ferent set of cylinders every cycle, such that every cylinder is periodi-
cally activated and deactivated, and can be implemented in a number
of firing patterns.
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demonstrates that DCA enables greater control over the torsional vibrational excita-

tions from the engine than fixed CDA, thereby making it possible to move the forcing

frequency of the engine away from the drivetrain resonant frequency at all engine

speeds, through selection of appropriate firing patterns, while achieving the same fuel

savings and thermal management benefits as fixed CDA.

While this is the first study the author is aware of for diesel engines, similar tech-

niques have been studied, in various forms, on gasoline engines. Wilcutts et al. [56],

and Eisazadeh-Far and Younkins [57], investigated ‘dynamic skip fire (DSF)’ as a

fuel-efficient alternative to conventional eight-cylinder gasoline engine operation and

demonstrated 14-21% fuel savings on a General Motors V8 engine. Fuel efficiency ben-

efits over fixed gasoline engine CDA was hypothesized as a result of a greater number

of firing patterns allowing reduced usage of throttling to maintain a stoichiometric

air-to-fuel ratio.

Schaeffler implemented ‘rolling cylinder deactivation (RCD)’ on 3-cylinder gaso-

line engines, wherein every cylinder is deactivated during each alternate cycle to

maintain a uniform firing pattern [58,59]. This “1.5” cylinder operation is analogous

to half-engine CDA and provides higher fuel savings than a form of CDA where two of

the three cylinders were active as a result of lower pumping losses. Consistent firing

intervals for the RCD approach was also shown to be more favorable with regard to

torsional vibration and harshness. In addition, RCD prevented the deactivated cylin-

ders from cooling down, thereby reducing heat-related cylinder distortion, while also

preventing oil accumulation in the deactivated cylinders due to absence of prolonged

inactive periods of deactivation for a given cylinder.

DSF and RCD in gasoline engines are more efficient than conventional gasoline

engine CDA as a result of reduced implementation of the intake throttle. However,

as diesel engines are typically unthrottled, it is predicted that DCA would maintain

the performance and emissions characteristics of fixed CDA, while providing more

flexibility to control the firing frequencies and cylinder usage patterns. Experimental

results for each of these DCA characteristics – performance, emissions, firing frequen-
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cies, and usage patterns – are compared to fixed CDA experimental results in this

chapter.

Archer and McCarthy, Jr., [46] concluded that fixed CDA with a different num-

ber of active cylinders must be implemented at different engine speeds to enable

resonance-free engine operation. However, in doing so, a compromise has to be made

with engine performance, as the optimal CDA strategy cannot be implemented at

all engine speeds. It will be shown in this chapter that DCA enables greater control

over the firing frequencies than fixed CDA while operating with the same effective

number of cylinders, which can be used to tune the torsional vibration characteristics

during CDA to be better suited for a given drivetrain across the full range of engine

speeds. This flexibility is particularly useful at low engine speed operating conditions,

where (i) firing frequencies lie closer to typical drivetrain resonance frequencies and

(ii) humans are more likely to be bothered by any resulting vehicle vibration [44].

DCA also reduces the continuous time for which a cylinder is deactivated, and

enables intermittent utilization of all cylinders, while reducing the effective displaced

volume of the engine.
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5.2 Methodology

A fixed quantity of fuel is injected in each firing cylinder to realize an engine

BMEP of 1.3 bar at 800 RPM, corresponding to curb idle operation, with a cylinder

firing density of 50%. Fuel injection includes pilot and main injections. Rail pressure

and VGT position were held constant at 600 Bar and 79% open, respectively. EGR

valve position was modulated to achieve adequate EGR fraction to constrain NOx

emissions to those of the conventional six-cylinder operation. The VGT nozzle was

closed to increase exhaust manifold pressure in cases where adequate EGR fraction

was not achieved even with a fully open EGR valve. The operating set points are

summarized in Table 5.1.

Table 5.1. Engine set points for DCA operation.

Speed 800 r/min

BMEP 1.3 bar

Injection profile 2 injections (pilot + main)

Rail pressure 600 bar

VGT position 79% closed*

EGR valve
Modulated to achieve adequate EGR fraction to

constrain NOx

*VGT nozzle was closed further, to increase exhaust manifold pressure, in cases where

adequate EGR fraction was not achieved with fully open EGR valve.

Friction and parasitic losses associated with the valvetrain are not accounted for

any of the operating conditions during analysis, as the VVA system is powered by

an external hydraulic pump. It is expected that the fuel savings for fixed CDA and

DCA will be higher in production systems, as actuation of fewer valves in fixed CDA

and DCA leads to lower parasitic losses than 6-cylinder operation [60].
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Figure 5.2. DCA is implemented using two firing patterns, in this work.

5.2.1 Firing Pattern

Two firing patterns, both with a firing density of 50%, are implemented in DCA.

One of the patterns repeated every 100 cycles, with a constraint of meeting 50% firing

density at the end of every ten cycles. This pattern is illustrated in Figure 5.2(a) and

is hereafter referred to as the “long pattern”. The other firing pattern involves two

successive firing (active) events followed by two successive non-firing (inactive) events,

such that the pattern repeats every two cycles. Specifically, each cylinder is activated

every alternate cycle, as illustrated by Figure 5.2(b), and is hereafter referred to as

the “alternating pattern”. As the firing density is 50%, analogous to half-engine fixed

CDA, the quantity of fuel injected in each firing cylinder is similar to that injected

during half-engine fixed CDA.
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Figure 5.3. In-cylinder pressures during active and inactive cycles in
low-pressure charge trapping.

5.2.2 Charge Trapping Strategy

The charge trapping and release strategies implemented during deactivation and

reactivation of cylinders has a significant impact on the brake thermal efficiency of

the engine. Options include fresh charge trapping (deactivation of a cylinder after

its intake event [47, 49, 50, 56, 58, 59, 61]), combusted charge trapping (deactivation

of a cylinder after fuel injection [37, 47, 58, 59]) and low-pressure charge trapping

(deactivation of a cylinder after its exhaust event [56,58,59]). Rebbert et al. [61] advise

trapping higher pressure exhaust gas, either by fresh charge trapping or combusted

charge trapping, in the cylinder to reduce oil consumption. A comparative analysis

of fresh charge trapping and combusted charge trapping strategies on a diesel engine

during fixed CDA was performed by Allen et al. [47], and found that the pressure
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Figure 5.4. (a) The intake valve is the first to be deactivated and
reactivated during low-pressure trapping, which is implemented for
both DCA and fixed CDA in this study (b) The exhaust valve is the
first to be deactivated and reactivated in fresh charge trapping, which
is typically implemented for fixed CDA.

of the trapped charge in the deactivated cylinders decayed quite rapidly due to heat

and mass loss via gas blowby.

The charge trapping and release strategy selection is especially important during

DCA, as cylinders continuously undergo deactivation and reactivation, and therefore,

any losses experienced as a part of the charge trapping and release strategy will be

magnified. The work demonstrated by Wilcutts et al. [56] implemented low-pressure
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trapping during gasoline engine dynamic skip fire operation, in order to reduce fric-

tional losses. Schaeffler studied various charge trapping strategies for ‘alternating

cylinder deactivation’ in a three-cylinder gasoline engine and concluded that low-

pressure trapping provided the best fuel economy benefits, without noticeable loss in

engine oil due to the short period of deactivation for a given cylinder [58,59].

The exhaust valve event is the last to occur before cylinder deactivation in low-

pressure charge trapping, following which the intake valve is the first to be deactivated.

Therefore, the cylinder contains only the residual exhaust gases at exhaust manifold

pressure (EMP) at top dead center (TDC). The intake valve is the first to be deacti-

vated following a conventional exhaust stroke. The trapped gases expand to a lower

pressure, well below atmospheric pressure, as the piston moves towards bottom dead

center (BDC), and are compressed back to the EMP as the piston travels from BDC

to TDC. The intake valve is the first to be reactivated, thus inducting fresh charge

into the cylinder before injection of fuel, followed by reactivation of the exhaust valve.

Figure 5.3 shows the variation of pressure with volume during active and inactive cy-

cles for a given cylinder undergoing low-pressure trapping. Figure 5.4(a) illustrates

the sequence of valve and fuel injection deactivation and reactivation for low-pressure

trapping.

The sequence of valve and fuel injection events for fresh charge trapping, which

is typically used for fixed CDA, is shown in Figure 5.4(b) for comparison. An intake

valve event occurs in the first inactive cycle, inducting fresh charge into the cylinder,

following which the exhaust valve is deactivated. Fresh charge is therefore retained

inside the deactivated cylinder. The exhaust valve is the first to be reactivated,

thereby releasing the trapped charge into the exhaust manifold, following which the

intake valve and fuel injection are reactivated.

Low-pressure charge trapping is implemented for both DCA and half-engine fixed

CDA modes of operation in this study. It is demonstrated later in section 5.5 that

while the choice of charge trapping strategy does not affect steady state performance
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in fixed CDA operation, low-pressure charge trapping is preferred over fresh charge

trapping for DCA.

The performance and torsional characteristics of DCA over both the ‘long’ and

‘alternating’ patterns are compared with half-engine fixed CDA at steady state as

described in the following sections.
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5.3 Torsional Vibration Analysis

Figure 5.5 compares the instantaneous flywheel angular velocity of the two modes

of DCA operation with half-engine fixed CDA operation and baseline six-cylinder op-

eration at loaded idle (800 RPM, 1.3 Bar BMEP), over five engine cycles, or ∼ 0.75

seconds. Figure 5.5(a) shows the angular velocity of conventional six-cylinder opera-

tion. Figure 5.5(b) shows that half-engine fixed CDA shows less periodic oscillations,

consistent with only half the number of cylinders firing, and higher peak-to-peak am-

plitudes, consistent with the greater quantity of fuel combusted in each active cylin-

der. Figure 5.5(c) demonstrates that the flywheel velocity of DCA with the ‘long’

pattern does not appear to be periodic. Figure 5.5(d) shows the flywheel velocity

of DCA with the ‘alternating’ pattern. The signal is clearly periodic, with a period

twice that of half-engine fixed CDA, as expected. Greater peak-to-peak amplitudes

in flywheel velocity correspond to the nature of the pattern where two consecutive

firing events are followed by two consecutive non-firing events, thereby resulting in a

greater deviation in angular velocity.

Angular acceleration of the flywheel is obtained from the flywheel velocity shown

in Figure 5.5. The excitation frequencies at the flywheel are obtained by performing a

fast-fourier transform (FFT) on the flywheel acceleration signal, which is proportional

to the instantaneous torque produced by the engine.

Figure 5.6 shows the FFT of the flywheel acceleration over 100 cycles for DCA,

compared with half-engine fixed CDA and baseline six-cylinder operation at loaded

idle. The FFT shows the amplitude of flywheel acceleration as a function of frequency

and engine order. An engine order analysis normalizes the frequency content of the

vibration signal to the rotational speed of the engine. A first engine order corresponds

to frequency of rotation of the crankshaft. Events occurring n times during each

engine crankshaft rotation are said to have an nth order. As an example, an engine

rotating at 800 RPM has a first order at 13.33 Hz, and any frequency f Hz has an

order of f
13.33

.
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Figure 5.5. Instantaneous flywheel velocity during (a) conventional
six-cylinder operation, (b) half-engine fixed CDA, (c) DCA with ‘long’
firing pattern, and (d) DCA with ‘alternating’ firing pattern.
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Figures 5.6(a) and 5.6(b) show that the first harmonic of the flywheel acceleration

during six-cylinder operation and half-engine fixed CDA occur at 40 Hz (3rd order)

and 20 Hz (1.5 order) respectively, corresponding to the respective firing frequencies

at 800 RPM. The inertial torque of the engine also occurs at 40 Hz (3rd order) as a

result of the motion of the pistons in all cylinders.

Figure 5.6(c) shows that DCA with the ‘long’ firing pattern eliminates the vast

majority of the energy content at 20 Hz (1.5 order), and “spreads out” low energy

content across a range of frequencies, each with significantly smaller amplitudes. This

is a result of the less periodic nature of the ‘long’ firing pattern where engine firing

does not repeat over short intervals, as also shown in Figure 5.5(c), and therefore,

elevated energy content is not concentrated at a single or few discrete frequencies.

Energy content at 40 Hz corresponding to the flywheel inertia, is also observed.

Figure 5.6(d) shows the FFT of the flywheel acceleration for DCA with the ‘al-

ternating’ pattern. As shown, the vast majority of the energy content at 20 Hz is

replaced by distinct peaks at 10 Hz and 30 Hz. The 10 Hz peak, which has a higher

amplitude than the peak at 20 Hz in half-engine fixed CDA, corresponds to the fun-

damental frequency of the firing pattern, or two-thirds of an engine cycle. While this

firing pattern does not eliminate the concentration of energy at a few distinct frequen-

cies, it demonstrates, together with Figures 5.6(b) and 5.6(c), that the frequencies at

which energy is concentrated can be manipulated using DCA.

Therefore, it may be concluded that DCA offers the ability to either significantly

reduce the amplitude of forcing frequencies at, or move the forcing frequencies of the

engine away from, the drivetrain resonant frequency at all speeds, via selection of

appropriate firing patterns.
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Figure 5.6. FFT of flywheel acceleration during (a) conventional six-
cylinder operation, (b) half-engine fixed CDA, (c) DCA with ‘long’
firing pattern, and (d) DCA with ‘alternating’ firing pattern.
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5.4 Performance Analysis

DCA with a 50% firing density is expected to show nearly the same performance

and emissions behavior as half-engine fixed CDA, due to similarities in the gas ex-

change and combustion processes between DCA and half-engine fixed CDA, specif-

ically, the same effective displaced volume, intake and exhaust manifold pressures,

quantity and timing of fuel injection in each cylinder, and inducted in-cylinder air

mass. The experimental results described below support this hypothesis.

Figure 5.7(a) shows that the brake specific fuel consumption (BSFC) is similar for

DCA with both firing patterns and conventional half-engine fixed CDA, indicating

that DCA is as efficient as half-engine fixed CDA. DCA and half-engine fixed CDA

have 6% lower BSFC than six-cylinder operation, as expected. Figure 5.7(b) shows

that nearly the same turbine-outlet temperature, between ∼ 205◦C and ∼ 210◦C, is

achieved by half-engine fixed CDA and both modes of DCA, ∼ 50◦C higher than six-

cylinder operation. Similar turbine outlet temperature can be attributed to similar

air-to-fuel ratios between DCA and half-engine fixed CDA, because of similar airflows

and the same quantity of fuel being injected in each cylinder. Figure 5.7(c) shows

that DCA and half-engine fixed CDA have nearly the same airflow rate, slightly over

half that of six-cylinder operation, as expected.

Figure 5.7(d) shows that the NOx emissions with half-engine fixed CDA and DCA

with both firing patterns are approximately the same as six cylinder operation, as NOx

emissions from the engine are constrained via use of EGR. Figures 5.7(e)-(f) indicate

that the PM and UHC emissions are nearly the same for both modes of DCA and

half-engine fixed CDA, and lower than the emissions of six-cylinder operation. This

can be attributed to better combustion efficiencies in the active cylinders at loaded

idle operation in fixed CDA and DCA (as also shown below), combined with lower

exhaust flow rates from the engine.

Figure 5.8 shows that the in-cylinder pressures in the active cylinders are sim-

ilar among both modes of DCA and half-engine fixed CDA, as a result of similar
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Figure 5.7. DCA at steady state loaded idle operation (800 RPM/
1.3 Bar BMEP) shows similar fuel efficiency, fresh airflow, TOT and
emissions as half-engine fixed CDA
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Figure 5.8. DCA at steady state loaded idle operation (800 RPM/ 1.3
Bar BMEP) shows similar in-cylinder pressures in the active cylinders
as half-engine fixed CDA

gas exchange and combustion processes inside the cylinder. Figure 5.9 shows the

representative heat release rates inside the active cylinders. DCA and half-engine

fixed CDA have a similar heat release rate, indicating a similar in-cylinder combus-

tion process because of similar air-to-fuel ratios, fuel injection quantities and timings.

Six-cylinder operation injects a smaller quantity of fuel in each active cylinder, and

therefore has a smaller heat release rate.

Figure 5.10 compares the open cycle efficiency (OCE) and closed cycle efficiency

(CCE) of six-cylinder operation with half-engine fixed CDA and DCA. The OCE of

DCA using both the ‘long’ and ‘alternating’ firing patterns is nearly the same as

half-engine fixed CDA, as a result of similar gas exchange processes, as shown in

Figure 5.8. The CCE of both modes of DCA is also comparable to half-engine fixed

CDA as a result of similar heat release rate profiles, as also shown in Figure 5.9.

While these results are consistent with expectations, they are profound as they

prove that DCA can achieve similar fuel efficiency, emissions, and thermal manage-

ment benefits resulting from half-engine fixed CDA.
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Figure 5.9. DCA at steady state loaded idle operation (800 RPM/
1.3 Bar BMEP) shows similar heat release rates in the active cylinders
as half-engine fixed CDA

Figure 5.10. DCA at steady state loaded idle operation (800 RPM/
1.3 Bar BMEP) shows similar open and closed cycle efficiencies as
half-engine fixed CDA
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5.4.1 Combustion Stability in DCA

Combustion stability is assessed by evaluating the cyclic variation of the crank

angle at which 50% of the total energy is released (CA50), for the same injection

timing. Stable combustion is expected to achieve similar rates of heat (energy) release

from each engine cycle, and therefore, similar CA50. On the other hand, higher

standard deviation indicates that the rate of heat release is not consistent in that

cylinder, thereby corresponding to less stable combustion. Figure 5.11 shows the

cyclic variation and standard deviation in CA50 for each cylinder over 100 cycles

for DCA, half-engine fixed CDA and conventional six-cylinder operation at loaded

idle. Figures 5.11(a) and 5.11(b) show that the standard deviation of CA50 during

six-cylinder operation is between 0.16 CA◦ and 0.22 CA◦, while a standard deviation

between 0.1 CA◦ and 0.17 CA◦ is observed in half-engine fixed CDA. Figure 5.11(c)

shows that DCA operation with the ‘long’ pattern has a higher standard deviation,

between 0.37 CA◦ and 0.69 CA◦, indicating relatively less consistent combustion.

This can be attributed to the different, and varying, number of cycles for which each

cylinder is deactivated, in addition to expected cylinder-to-cylinder, cycle-to-cycle

variation in in-cylinder air-to-fuel ratios, as described earlier. Figure 5.11(d) shows

that the standard deviation for DCA operation with the shorter ‘alternating’ pattern

is between 0.08 CA◦ and 0.12 CA◦, indicating greater stability, within the range of

half-engine fixed CDA and six-cylinder operation.

It may therefore be concluded that the combustion stability in DCA depends on

the nature of the firing pattern, with higher combustion stability expected in more

uniform firing patterns, where cylinders are active more frequently.

5.5 Comparison of Charge Trapping Strategies

Two charge trapping strategies - fresh charge trapping and low-pressure charge

trapping - are compared in fixed CDA and DCA modes of operation. It is demon-

strated that while the choice of charge trapping strategy does not affect steady state
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Figure 5.11. Cyclic variation in CA50 during the active cycles of (a)
conventional six-cylinder operation (b) Half-engine fixed CDA with
cylinders 1,2,3 active (c) DCA with the ‘long’ pattern, and (d) DCA
with ‘alternating’ pattern
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Figure 5.12. The continuous activation and deactivation of valves
results in excess pumping events for DCA with fresh charge trapping,
compared to DCA with low-pressure charge trapping, for the same
firing pattern.

performance in fixed CDA operation, low-pressure charge trapping is more favorable

for DCA in this engine configuration.

Figure 5.12 compares the low-pressure charge trapping and fresh charge trapping

implementations for DCA operation over the same firing pattern. The fresh charge

trapping strategy involves an additional intake valve event during the cycle immedi-

ately after deactivation and an additional exhaust valve event immediately prior to

reactivation of a cylinder. Continuous activation and deactivation of a given cylinder

in DCA results in a greater number of pumping events than necessary for combustion,

thereby increasing the total pumping work done by the engine. Fixed CDA operation

involves combustion in a fixed set of cylinders, as a result of which deactivation and

reactivation of the inactive cylinders occur only once. Steady state operation in fixed
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Figure 5.13. Half-engine fixed CDA shows similar BSFC, fresh air-
flow and TOT between fresh charge trapping and low-pressure charge
trapping implementations, while DCA shows lower BSFC, lower fresh
airflow and higher TOT with low-pressure charge trapping.

CDA, therefore, has the same number of gas exchange/pumping events for both fresh

charge trapping and low-pressure charge trapping.

Figure 5.13(a) compares the BSFC achieved using the two trapping strategies in

half-engine fixed CDA and DCA. Half-engine fixed CDA achieves similar BSFC in

low-pressure charge trapping and fresh charge trapping. Both modes of DCA (‘long’

pattern and ‘alternating’ pattern) show higher BSFC with fresh charge trapping than

with low-pressure charge trapping. This can be attributed to the greater number of

pumping events during fresh charge trapping, which increases the total pumping work

of the engine, as described above. Greater overall pumping work for DCA with fresh

charge trapping increases the BSFC of the engine.

Figure 5.13(b) shows that the fresh airflow is similar in both charge trapping

strategies in half-engine fixed CDA operation, as airflow occurs only through the three

active cylinders during steady state operation. Fresh airflow for DCA using both the

‘long’ and ‘alternating’ firing patterns is ∼ 25% and ∼ 45% higher, respectively, with
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fresh charge trapping, as a result of airflow through the cylinders during the additional

pumping events, which is absent in low-pressure charge trapping.

Figure 5.13(c) shows that the turbine-outlet temperatures for half-engine fixed

CDA are similar with both fresh charge and low-pressure charge trapping strategies.

Both DCA firing pattern implementations, however, show ∼ 20◦−30◦C lower turbine-

outlet temperatures with fresh-charge trapping as a result of net higher airflow, and

therefore, higher overall air-to-fuel ratios, through the engine.

It can therefore be concluded that while the choice of charge trapping strategy

does not affect steady state performance in fixed CDA, low-pressure charge trap-

ping is preferred for DCA due to its lower BSFC and better thermal management

characteristics than fresh charge trapping.
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5.6 Recipe for Implementation of Fixed CDA and DCA

The dominant firing frequencies of the engine are directly proportional to engine

speed. Figure 5.14 shows the firing frequencies of six-cylinder operation, half engine

fixed CDA and DCA “alternating” pattern as a function of engine speed. Half engine

fixed CDA shows half the firing frequency of six cylinder operation at all engine speeds,

while DCA “Alternating” pattern displays energy content at 25% and 75% of the six

cylinder firing frequency. The fixed-CDA and DCA strategies are more efficient than

six-cylinder operation, and are therefore the preferred operating strategies.

A hypothetical resonance band is shown between 25 Hz and 35 Hz, to demonstrate

selection of an appropriate firing pattern at various engine speeds. Half-engine CDA

Figure 5.14. Appropriate DCA or fixed CDA strategy can be selected
based on engine speed to avoid driveline resonance without compro-
mising on performance.
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can be implemented up to a speed of 1000 RPM as the dominant frequency is below

the resonance band, while the second harmonic of DCA is within the resonance band.

DCA “alternating” strategy can be implemented between 1000 RPM and at least

1400 RPM, as the fundamental order and second harmonic are below and above the

resonance band, respectively. Either DCA or half engine fixed CDA can be imple-

mented between 1400 RPM and 2000 RPM as all the harmonics of both strategies are

outside the resonance band. Half-engine fixed CDA is the preferred strategy above

2000 RPM as the fundamental order of DCA lies within the resonance band. One

such preferred recipe, as described above, is marked in green in Figure 5.14

Similar recipes can be developed using other DCA firing patterns as well, depend-

ing on the location of the resonance band. Selection of appropriate firing patterns

can ensure engine operation away from the drivetrain resonance band at all engine

speeds while maintaining the same performance and emissions as fixed CDA.

5.7 Summary

This chapter demonstrates that dynamic cylinder activation (DCA) can enable

greater control over the forcing frequencies on the drivetrain, while achieving sim-

ilar fuel efficiency and aftertreatment thermal management benefits as fixed CDA.

Choice of appropriate firing patterns can ensure engine operation away from drive-

train resonant frequencies at all engine speeds. Further, intermittent activation and

deactivation of every cylinder ensures that a given cylinder is not deactivated for

extended periods of time and leads to a more even cylinder usage.
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6. VENTILATED CYLINDER CUTOUT FOR

FUEL-EFFICIENT AFTERTREATMENT THERMAL MANAGEMENT

6.1 Introduction

Cylinder deactivation provides fuel efficiency as well as aftertreatment thermal

management benefits, enabling simultaneous reduction of greenhouse gases and reg-

ulated pollutant emissions, as described in detail in Chapter 4. However, oil accumu-

lation in the non-firing (inactive) cylinders during CDA is a challenge, as described in

Section 1.2.6. Oil transport to cylinders primarily occurs from the crankcase through

the piston ring pack [48], and is exacerbated by low in-cylinder pressures, bore distor-

tion, smaller ring tension, and higher piston speed. The non-firing cylinders, during

CDA, experience a loss in pressure due to blowby of the trapped charge through the

piston rings [47], inducing a positive pressure gradient between the crankcase and

the cylinder, which is favorable for oil accumulation. Halbe et al. [49] observed an

increase in oil accumulation with increasing duration of CDA at 100 ft-lbf torque, at

two speeds of 800 rpm and 1200 rpm.

This chapter describes a set of alternate valvetrain strategies where the non-firing

cylinders are maintained close to the intake or exhaust manifold pressures by ‘ventilat-

ing’ the non-firing cylinders to the manifold(s). The manifolds are typically at/above

atmospheric pressure in turbocharged diesel engines due to the absence of a throttle,

therefore, ventilation of the non-firing cylinders to the manifolds eliminates vacuum

inside the cylinders, thereby potentially mitigating oil accumulation. These strate-

gies will collectively be referred to as ventilated cylinder cutout (VCC). VCC, like

CDA, involves deactivation of fueling from a set of cylinders, such that a greater

quantity of fuel is combusted in the remaining active cylinders to meet the torque/

power demand. VCC can be implemented in three forms- (i) ventilating the non-firing
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Figure 6.1. Intake and exhaust valve profiles in the active cylinders.

cylinders only to the intake manifold, (ii) ventilating the non-firing cylinders only to

the exhaust manifold, and (iii) ventilating the cylinders to the intake and exhaust

manifolds for two strokes each, alternately, as described in the following section.

6.1.1 Description of Strategies

All the VCC strategies described in this section have three firing cylinders (cylin-

ders 1,2 and 3) and three non-firing cylinders (cylinders 4,5 and 6), consistent with

‘3-cyl strategy for A/T stay-warm’ described in section 4.2. The firing order of the

engine, which is 1-5-3-6-2-4 during conventional six-cylinder operation, is 1-x-3-x-2-x

during CDA and VCC strategies, as combustion does not occur in cylinders 4, 5 and

6.

The intake and exhaust valve profiles in the active cylinders are kept consistent

with conventional engine operation, and are shown in Figure 6.1.

1. Cylinder deactivation: CDA involves deactivation of both the intake and

exhaust valves in the non-firing cylinders, as shown in Figure 6.2(a), and there-

fore, no gas exchange takes place in the non-firing (deactivated) cylinders. The
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Figure 6.2. Intake and exhaust valve profiles in the non-firing cylin-
ders during (a) CDA, (b) VCC-Intake, (c) VCC-Exhaust and (d)
VCC-Alternating.

strategy for implementation of CDA at idle, as described by “3-cyl strategy for

A/T stay-warm” in Table 4.1, is implemented in this work.

2. Ventilation to intake manifold - “VCC-Intake”: Ventilation of the cylin-

der to the intake manifold is achieved by keeping the intake valves open through-

out the four strokes of the cycle in the non-firing cylinders, with the correspond-

ing exhaust valves deactivated, as represented by Figure 6.2(b). In this config-

uration, the non-firing cylinders induct gases from the intake manifold as the

pistons move towards the BDC and expel them back to the intake manifold dur-

ing the piston motion towards the TDC, thereby remaining in near-equilibrium
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with the intake manifold. This configuration is hereby referred to as “VCC-

Intake”. The strategy is implemented on this experimental setup by closing

the intake valves near the top dead center (TDC) to avoid contact between the

valves and the piston. This strategy may also be implemented by leaving the

intake valve open at a certain height in engine configurations where a piston

valve pocket is available. Typically, valve pockets are shallow and do not allow

keeping the valves open at full lift. Therefore, the VCC-Intake strategy has also

been experimentally demonstrated with lower valve lifts of 4mm, 2mm, 1.5mm

and 1.2mm, while closing the valve to avoid the piston, where necessary, as

shown in Figure 6.2(b).

3. Ventilation to exhaust manifold - “VCC-Exhaust”: Ventilation of the

non-firing cylinders to the exhaust manifold is achieved by keeping the exhaust

valves open throughout the four strokes of the cycle, with the corresponding

intake valves deactivated, as represented by Figure 6.2(c). In this configuration,

the non-firing cylinders induct gases from the exhaust manifold as the pistons

move towards the BDC and expel them back to the exhaust manifold during

the piston motion towards the TDC, thereby remaining in near-equilibrium

with the exhaust manifold. This configuration is hereby referred to as “VCC-

Exhaust”. While VCC-Exhaust is implemented on this experimental setup by

closing the exhaust valves near the TDC to avoid contact between the valves and

the piston, it may also be implemented by leaving the exhaust valves open at a

certain height, when piston valve pockets are present. Similar to VCC-Intake,

VCC-Exhaust has also been implemented with lower valve lifts of 4mm, 2mm,

1.2mm and 0.7mm, while closing the valve to avoid the piston where necessary,

as shown in Figure 6.2(c).

4. Alternating ventilation to both intake and exhaust manifolds-

“VCC-Alternating”: Ventilation of the non-firing cylinders alternately to the

intake and exhaust manifolds can be achieved by opening the intake and exhaust
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valves alternately, each for two strokes of the engine cycle. Figure 6.2(d) repre-

sents the valve profiles used for this strategy. This configuration involves induc-

tion, and expulsion of gases, from/to the intake manifold during the two strokes

when the intake valve is open, and induction and expulsion of gases from/to

the exhaust manifold when the exhaust valve is open during the remaining two

strokes. This configuration is hereby referred to as “VCC-Alternating”. VCC-

Alternating can be implemented through a combination of (very) late intake

valve closure (LIVC) and (very) early exhaust valve opening (EEVO). Both

LIVC and EEVO can be implemented using production-viable hardware, with

lost motion valvetrain hardware being one such example [62]. Implementation

using lost-motion valvetrain hardware results in a ‘boot’-shaped valve profile,

with the valve kept open at a ‘dwell’ lift, typically lower than peak valve lift,

during the extended duration for which it is open. Dwelling at a lower valve lift

results in smaller forces acting on the valves, allowing a compact and durable

solution to be realized at a relatively inexpensive cost [55]. VCC-Alternating

has therefore been studied with valve lifts of 4mm, 2mm and 1.5mm, to under-

stand the impact of lower valve lifts in the non-firing cylinders on the overall

engine performance.

The non-firing cylinders, which are kept in near-equilibrium with the intake or

exhaust manifolds in all modes of VCC, are expected to consume negligible pumping

work as gas is inducted from, and expelled to, the same manifold. Ventilation of the

cylinders to one or both the manifolds ensures that elevated in-cylinder pressures are

maintained in the cylinders, also mitigating potential for oil accumulation in the non-

firing cylinders. Experimental data at curb idle operation (800 rpm, 1.3 bar BMEP),

presented in this chapter, confirm these hypotheses.
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6.2 Methodology

Experiments were performed at curb idle operation (800 rpm, 1.3 bar BMEP) to

demonstrate the fuel efficiency and thermal management characteristics of the VCC

strategies described above, in comparison with CDA and six-cylinder operation. All

strategies (except six-cylinder operation) involved three active cylinders and three

non-firing cylinders.

Fuel injection parameters like number of injections, injection timings, quantity of

pilot injection and rail pressure, and air handling parameters like EGR valve position,

were held constant. Quantity of main fuel injection was modulated to achieve constant

torque. EGR flow rate was modulated to constrain NOx emissions by modulating the

pressure difference between the exhaust and intake manifolds via the VGT nozzle.

The engine set points for CDA and VCC strategies, presented in this chapter, are

summarized in Table 6.1.

NOx, PM and unburnt HC emissions were constrained to remain within the emis-

sions of both the six-cylinder baseline cases. All data presented in the following

section has been normalized with the data of ‘TM Baseline’ six-cylinder strategy at

curb idle operation.

The efficiency of the gas exchange process of the non-firing cylinders is assessed by

calculating the net indicated mean effective pressure (NIMEP) of the non-firing cylin-

ders, which is mathematically represented by Equation (6.1). Non-firing cylinders

typically consume work, and therefore show negative NIMEPs. Negative NIMEPs of

greater magnitude indicate a more inefficient gas exchange process in the non-firing

cylinders.

NIMEPNF =

∮
PNFdV

Vd,NF

(6.1)
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Table 6.1. Engine set points for CDA and VCC strategies described
in this chapter.

Speed 800 rpm

BMEP 1.3 bar

Number of active cylinders 3 of 6

Injection profile 2 injections (pilot + main)

Rail pressure 600 bar

EGR valve 100% open

VGT position
Modulated to achieve adequate EGR

fraction to constrain NOx
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Figure 6.3. In-cylinder pressures in the non-firing cylinders remain
above atmospheric pressure during VCC.

6.3 Results and Discussion

Figure 6.3 compares the in-cylinder pressures in the non-firing cylinders during

CDA, VCC-Intake, VCC-Exhaust and VCC-Alternating during steady state curb idle

operation. The VCC strategies shown in this plot employ full valve lift in the non-

firing cylinders.

The non-firing cylinders, during CDA, undergo a near-isentropic compression-

expansion process during the four strokes of the cycle, due to the gas-spring effect

of the charge trapped inside the cylinder. The in-cylinder pressures are below atmo-

spheric pressure for most of the cycle, as a result of loss of trapped gases via heat loss

and blowby through the piston rings [47].
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The in-cylinder pressures in the non-firing cylinders during all three modes of

VCC, when the valves are open to full lift, are close to atmospheric pressure through-

out the cycle. This is a result of the non-firing cylinders being ventilated to, and

thereby being in near equilibrium with, the intake and/or exhaust manifolds, which

are close to atmospheric pressure at this operating condition. Absence of a promi-

nent pumping loop is a result of induction and expulsion of gases from/to the same

manifold.

Figures 6.4(a), 6.4(b) and 6.4(c) compare the in-cylinder pressures in the non-

firing cylinders during VCC-Intake, VCC-Exhaust and VCC-Alternating strategies,

respectively, as the valve lift is reduced. The pumping loops are similar in size when

the valves are open to full lift and 4mm lift, in all three cases. Valve lifts lower

than 4mm result in bigger pumping loops, as the throttling effect across the valve

between the cylinder and the manifold becomes more prominent. The throttling effect

intensifies at, and is very sensitive to, lower valve lifts. For example, reduction of valve

lift from 1.2mm to 0.7mm during the VCC-Exhaust strategy significantly increases

the size of the pumping loop, as shown by Figure 6.3(b). It is also observed that the

shape of the pumping loops is fairly consistent for a given valve lift across the three

modes of VCC.

Figure 6.5 shows the average NIMEP in the non-firing cylinders for CDA and

all three modes of VCC, against valve lift in the non-firing cylinders. As described

earlier, NIMEP of the non-firing cylinders is indicative of the parasitic work consumed

in the form of pumping loss, heat loss, and bleed-down of in-cylinder pressure via

blowby in the non-firing cylinders. CDA shows an NIMEP of ∼ −15kPa in the non-

firing cylinders, as a result of losses involved in compression and expansion of the

trapped gases. VCC-Intake, VCC-Exhaust and VCC-Alternating strategies show a

nearly identical variation in non-firing NIMEP with varying valve lifts, consistent

with the observation from the pressure-volume plots from Figure 6.3 and Figure 6.4.

VCC strategies with valve lifts of 4mm and above in the non-firing cylinders show

similar NIMEP as CDA, indicating that the gas exchange work done by the non-
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Figure 6.4. Larger pumping loops are observed in the non-firing
cylinders when VCC with lower non-firing valve lifts is implemented.



148

Figure 6.5. NIMEP of the non-firing cylinders becomes more negative
during VCC with lower non-firing valve lifts.

firing cylinders is identical to CDA, and nearly negligible. Reduction in valve lift

in the non-firing cylinders results in a more negative NIMEP, as a result of greater

throttling losses across the valves, consistent with the bigger pumping loops observed

in Figure 6.3. Valve lift of 0.7mm, implemented here only for the VCC-Exhaust case,

results in an NIMEP of ∼ −260kPa in the non-firing cylinders, almost 17 times higher

than CDA.

Figure 6.6 shows the trade-off between fuel consumption and TOT for CDA, all

three modes of VCC and the two baseline six-cylinder strategies. The ‘TM Baseline’

strategy shows a TOT of ∼ 255◦C, over 100◦C higher than the ‘FE Baseline’ strategy,

but at a significant fuel penalty of ∼ 60% with respect to FE Baseline. CDA, with

three cylinders firing, shows a TOT of ∼ 205◦C, with fuel savings of ∼ 42% with

respect to the ‘TM Baseline’ strategy, as also shown earlier in Chapters 3 and 4.

VCC-Intake, VCC-Exhaust and VCC-Alternating strategies with valve lifts greater

than 4mm in the non-firing cylinders show the same fuel consumption and TOT
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Figure 6.6. TOT vs normalized fuel consumption at steady state
curb idle operation.

as CDA. This is expected because the in-cylinder processes in the active cylinders

is maintained to remain identical, as will be shown in Figure 6.7, and the work

consumed by the non-firing cylinders is similar, as shown in Figure 6.5. Reducing the

valve lift in the non-firing cylinders below 4mm results in higher fuel consumption and

higher TOT, as a result of greater gas-exchange work in the non-firing cylinders. The

resulting trade-off curve is nearly parallel to that of six-cylinder operation, with VCC

strategies showing ∼ 75◦C higher TOT at fuel-neutral conditions and ∼ 30 − 35%

fuel savings at similar TOT.

Figure 6.7 compares the open cycle efficiency (OCE), closed cycle efficiency (CCE)

and mechanical efficiency (ME) in the active/firing cylinders for all the strategies,

against brake thermal efficiency (BTE). Figure 6.7(a) shows that OCE is the lowest

for TM Baseline six-cylinder operation, as a result of high pumping work in the

active cylinders, due to increased back-pressure upon maximally closing the VGT

nozzle. FE Baseline has ∼ 48% higher OCE due to a more efficient gas exchange
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Figure 6.7. OCE, CCE, ME and BTE of VCC at steady state curb idle operation.
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process. CDA and all VCC strategies show identical OCE, ∼ 60% higher than TM

Baseline operation, as a result of airflow occurring in fewer cylinders, resulting in lower

pumping work in the active cylinders. The valve profiles in the non-firing cylinders

have no effect on OCE, as the gas exchange process of the active cylinders is unaffected

by the gas exchange in the non-firing cylinders. Figure 6.7(a) also demonstrates that

differences in BTE upon reducing the valve lift during VCC is not driven by changes

in OCE of the active cylinders, as expected.

Figure 6.7(b) compares the CCE of the described strategies, with the labels indi-

cating the valve lift of the non-firing cylinders during VCC. CCE of TM Baseline is

8% lower than the FE Baseline six-cylinder strategy, as a result of late fuel injections

incorporated as a part of the TM Baseline strategy. There is no clear trend in the

CCE of CDA and VCC with different valve lifts. The differences in CCE can be

attributed to variations in EGR fraction and quantity of fuel combusted in the active

cylinders. The relative variation between the strategies is 6%, which is minor com-

pared to the differences in BTE between the strategies. It can therefore be inferred

that CCE is nearly similar between CDA and all modes and valve lifts with VCC,

and does not drive differences in BTE.

Figure 6.7(c) shows the ME of all the strategies, which not only captures the fric-

tion and accessory loads but also the work done and losses incurred in the non-firing

cylinders for CDA and VCC. ME of both the six-cylinder baseline strategies, CDA

and VCC with higher non-firing valve lifts are similar. A reduction in ME is observed

for VCC strategies with lower valve lifts, consistent with higher work consumed in

the non-firing cylinders, as shown by Figure 6.5. Figure 6.7(c) demonstrates that

lower BTE observed for VCC strategies with lower valve lifts is strongly driven by

reduction in ME as a result of greater work done by the non-firing cylinders.

Figure 6.8 compares the TOT and exhaust flow rate of all the strategies. The

TM Baseline six-cylinder strategy, which implements late fuel injections as a means

to mitigate engine-out NOx with low external EGR, shows the highest exhaust flow

rate. The FE Baseline strategy shows ∼ 35% lower exhaust flow rate as a result of
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Figure 6.8. TOT vs exhaust flow rate of VCC at steady state curb idle operation.

high external EGR used to mitigate NOx. CDA and VCC strategies show similar

exhaust flow rates, between 45% and 55% of the TM Baseline operation, as there

is no net airflow occurring through the three non-firing cylinders in all these cases.

Minor differences in exhaust flow rates between these strategies are a result of minor

variations in EGR fraction, to constrain NOx emissions. All three modes of VCC with

valve lifts greater than 4mm show similar TOT and exhaust flow rate as CDA, indi-

cating similar thermal management performance to maintain elevated aftertreatment

component temperatures. VCC strategies with lower valve lifts show higher TOT

at similar exhaust flow rates as CDA, thereby showing better aftertreatment ‘stay-

warm’ characteristics than CDA, but at higher fuel consumption, as shown earlier in

Figure 6.6.

Figure 6.9 demonstrates that the NOx, PM and UHC emissions for all the VCC

strategies are lower than the emissions of the corresponding six-cylinder baseline

strategies at curb idle operation. More specifically, Figure 6.9(a) shows that the NOx

emissions of CDA and all VCC strategies have been maintained similar to, or lower
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Figure 6.9. NOx, PM and UHC emissions of VCC at steady state curb idle.

than, the baseline six-cylinder strategies through modulation of VGT position with

a fully open EGR valve. Figure 6.9(b) shows that PM emissions of all strategies are

at least 60% lower than the TM baseline six-cylinder strategy. CDA and most of the

VCC strategies show similar, or lower, PM than the FE Baseline six-cylinder strategy.

Figure 6.9(c) shows that the FE Baseline strategy shows 60% lower UHC emissions

than TM Baseline, with CDA and VCC strategies showing similar, or lower, UHC

emissions than FE Baseline strategy.

It may therefore be concluded, from Figures 6.6-6.9, that choice of an appropriate

VCC strategy can enable fuel-efficient maintenance of elevated aftertreatment com-

ponent temperatures, with the choice of the strategy depending on the desired TOT,

acceptable fuel penalty with respect to CDA, and ease of hardware implementation.
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6.4 Summary

The following conclusions may be drawn based on the results presented in this

chapter:

• Ventilated cylinder cutout (VCC) is a strategy by which similar engine per-

formance as CDA may be obtained, while maintaining the non-firing cylinders

close to the manifold pressures to avoid oil accumulation in the cylinders.

• VCC shows similar fuel efficiency, thermal management and emissions charac-

teristics as CDA when the valves of the inactive cylinders are open by at least

4mm. Lower valve lifts result in relatively higher fuel consumption and higher

TOT than CDA, while continuing to achieve ∼ 60◦C higher TOT at fuel neu-

tral conditions, or ∼ 30% fuel savings at similar TOT, compared to six-cylinder

operation.

• The choice of VCC strategy to be implemented on an engine depends on the

desired TOT, acceptable fuel penalty with respect to CDA at curb idle, and

ease of hardware implementation.

• VCC can be implemented via production-viable valvetrain technology. Specifi-

cally, VCC-Intake and VCC-Exhaust may be implemented by leaving the intake

and exhaust valves, respectively, open throughout the cycle if a valve pocket is

present in the piston. VCC-Alternating may be implemented using a combina-

tion of EEVO and LIVC hardware.
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7. SUMMARY

This dissertation presents the potential of implementation of advanced gas exchange

management in diesel engines, via variable valve actuation, for reduction of green-

house gases and regulated pollutants. Although diesel engine aftertreatment systems

are highly effective in reducing engine-out emissions before releasing them into the

atmosphere, their peak efficiency lies at component temperatures in excess of 200◦C,

which is difficult to achieve during cold start and maintain at low-load engine opera-

tion in a fuel-efficient manner.

The aftertreatment warm-up potential of the combination of EEVO and iEGR

at idle operation, and EEVO and LIVC at off-idle operation, was demonstrated in

Chapter 3. Specifically, the combination of EEVO and iEGR resulted in turbine-

outlet temperatures in excess of 400◦C at steady state idle operation, with a 42% fuel

penalty with respect to the baseline thermal management operation. Implementation

of this strategy at idle over the HD-FTP drive cycle resulted in 7.9% lower predicted

tailpipe-out NOx with 2.1% fuel penalty. Implementation of EEVO and LIVC at

off-idle operation below 7.6 bar BMEP resulted in 10.1% lower predicted tailpipe-out

NOx with a fuel penalty of 3.1% over the HD-FTP.

Chapter 4 demonstrated the use of half-engine cylinder deactivation to achieve

fuel savings while maintaining higher aftertreatment component temperatures during

both the HD-FTP drive cycle. Fuel savings of 3.5% were demonstrated over the HD-

FTP drive cycle, at similar tailpipe-out NOx levels. It was also demonstrated that

the transient response of the engine remained unaffected when CDA was implemented

at and near idle operation - a key finding for enabling practical implementation of

CDA.

Dynamic cylinder activation (DCA), a variant of CDA where a different set of

cylinders are deactivated each cycle, was introduced in Chapter 5. It was demon-
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strated that DCA enabled greater control over the forcing frequencies on the driveline

while achieving the same fuel efficiency, thermal management and emissions as fixed

CDA. It was demonstrated that the charge trapping strategy during deactivation

played an important role during DCA, unlike fixed CDA, with low-pressure trapping

being the favorable strategy. Further, periodic activation of all cylinders in DCA

ensured that a given cylinder was not deactivated for extended periods of time.

Chapter 6 introduced ventilated cylinder cutout (VCC) as a variant of CDA where

the non-firing cylinders are ventilated to one or both of the intake and exhaust mani-

folds, to mitigate oil accumulation concerns with CDA. VCC maintained the pressures

of non-firing cylinders close to intake/exhaust manifold pressures by keeping the in-

take/exhaust valves open throughout the cycle, eliminating vacuum in the cylinders.

It was demonstrated that opening the valves of the non-firing cylinders to a lift of

4mm or higher resulted in the same performance, emissions and vibration character-

istics as CDA, while lower valve lifts in the non-firing cylinders resulted in higher fuel

consumption and higher TOT.

From chapters 4-6, it may be concluded that implementation of fixed CDA, in tan-

dem with DCA, and/or VCC, can ensure fuel-efficient “stay warm” aftertreatment

thermal management of the diesel engine, while better managing potential challenges

associated with CDA such as transient response, torsional vibration and oil accumu-

lation.
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8. RECOMMENDATIONS

Future work may focus on implementation of other alternate valvetrain strategies to

improve cold start aftertreatment warm-up of the diesel engine aftertreatment system.

Potential valvetrain strategies, to this end, include (i) exhaust valve throttling via

late exhaust valve opening to increase TOT, while allowing adequate time for soot

oxidation inside the cylinders, and (ii) two-stroke operation in a select set of cylinders

to increase exhaust flow rates. Two-stroke operation may also be leveraged to improve

transient response of the engine by enabling faster “spool-up” of the turbocharger.

The transient response of CDA at off-idle low-load operation, where boost pres-

sures are typically high, can be improved by optimizing the air handling controller.

Effective air handling control of CDA will also help during implementation of CDA

in turbocharged spark-ignited engines, which employ CDA at low loads at all engine

speeds. Implementation of look-ahead controls in next-generation heavy-duty vehicles

can also be leveraged to further expand the use of CDA.

DCA has been demonstrated as a means to enable greater control over the forc-

ing frequencies on the driveline, while achieving similar performance as fixed CDA.

Future work could explore the potential of DCA to operate at firing densities not

achievable by fixed CDA, thereby enabling improvements in fuel efficiency and ther-

mal management beyond what is achievable by fixed CDA, by operating the firing

cylinders at their peak combustion and gas exchange efficiencies at all speeds and

loads. DCA, when implemented with fully continuous options of firing densities, can

enable significant fuel savings on a spark-ignited engine, via reduced use of the intake

air throttle to maintain stoichiometric air-to-fuel ratios.

Lastly, the potential of production-viable variants of the valvetrain strategies de-

scribed in this dissertation, and the trade-offs involved to achieve fuel-efficient af-

tertreatment thermal management, can be studied in detail.
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