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Abstract

The medium and heavy-duty transport sector was historically
challenged by the emissions regulations that were imposed along the years,
requiring to step up the research effort aiming at advancing the product
development to deliver a normative compliant option at similar price to the
owner. Nonetheless, the recent introduction of EUVI normative have required
the addition of a complex aftertreatment system, adding new fixed costs to
the product as well as operational costs with the urea consumption. This
breakthrough was required due to the limitation of the conventional diesel
combustion which cannot decouple high NOx emissions and efficiency.

This technological limitation has boosted the investigation on different
combustion concepts that could maintain similar efficiency levels than the
diesel combustion while controlling the emission formation during the
combustion process. Among the different solutions that have appeared along
the years, Reactivity Controlled Compression Ignition (RCCI) was
demonstrated to have a competitive edge due to its better controllability,
high efficiency and low soot and NOx emissions. Despite the benefits, the
extension of RCCI to full map operation has presented significant limitations,
as excessive pressure gradients at high load and high combustion instability
and unburned products at low engine load. Recently, Dual-Mode Dual-Fuel
(DMDF) combustion concept was introduced as an attempt of solving the
drawbacks of the RCCI combustion while maintaining its advantages. The
preliminary results obtained in single cylinder engine (SCE) have evidenced
that DMDF can achieves similar efficiency levels than those from
conventional diesel combustion while promoting ultra-low levels of soot and
NOx. Albeit, the boundary condition requirements are hard to fit in the
operating range of commercial air management system as well as drawbacks
like excessive HC and CO that still persists from low to medium load, which
can be a challenge for the aftertreatment system. Moreover, short-term future
regulations will demand a 15 % reduction of CO, emissions in 2025 which
was proven in the literature to not be easily achieved only by combustion
process optimization.



In this sense, this thesis has as general objective the implementation of
the DMDF combustion concept in a multi-cylinder engine (MCE) under the
restrictions of real applications to realize clean and efficient combustion in
the complete map while providing alternatives to reduce the HC and CO
concentration and accomplish CO, savings.

This objective is accomplished by means of a first extensive
experimental calibration procedure aiming to translate the guidelines of the
DMDF combustion from the SCE to the MCE while respecting the operating
limits of the stock hardware, assessing its impacts on combustion,
performance, and emission results under steady and driving cycle conditions.
Next, dedicated studies are performed to address the issue related with the
excessive concentration of unburned products by means of experimental
investigations and numerical simulations, to understand the consequences of
using fuels with different reactivity in the stock oxidation catalyst conversion
efficiency and its ability in achieving EUVI tailpipe emissions. Finally, CO,
reduction is explored through fuel modification, investigating both
combustion process improvement and well-to-wheel balance as paths to
realize CO, abatement.



Resumen

Histoéricamente, el sector del transporte de servicio mediano y pesado
ha sido desafiado por las regulaciones de emisiones que se han impuesto a lo
largo de los afos, lo que requirié intensificar el esfuerzo de investigacién con
el objetivo de avanzar en el desarrollo tecnoldgico para ofrecer una opcion
que cumpla con las normas a un precio similar para el propietario. No
obstante, la reciente introduccién de la normativa EUVI ha requerido la
adicién de un complejo sistema de postratamiento, agregando nuevos costes
fijos al producto, asi como costes operativos con el consumo de urea. Este
avance fue necesario debido a la limitacién de la combustion diésel
convencional que no puede desacoplar las altas emisiones de NOx y la
eficiencia.

Esta limitacién tecnoldgica ha impulsado la investigacién sobre
diferentes conceptos de combustiéon que podrian mantener niveles de
eficiencia similares a los de la combustién diésel controlando la formacién de
emisiones durante el proceso de combustién. Entre las diferentes soluciones
que han ido apareciendo a lo largo de los afios, se demostré que la Ignicién
por Compresion Controlada por Reactividad (RCCI por sus siglas en inglés)
tiene una ventaja competitiva debido a su mejor controlabilidad, alta
eficiencia y bajas emisiones de hollin y NOx. A pesar de sus beneficios, la
extension de RCCI a la operacién de mapa completo ha indicado limitaciones
importantes como gradientes de presion excesivos a alta carga, o alta
inestabilidad de combustion y productos no quemados a baja carga del motor.
Recientemente, se introdujo el concepto de combustiéon Dual-Mode Dual-Fuel
(DMDF) como un intento de resolver los inconvenientes de la combustién
RCCI manteniendo sus ventajas. Los resultados preliminares obtenidos en un
motor mono cilindrico (SCE por sus siglas en inglés) han demostrado que el
DMDF puede alcanzar niveles de eficiencia similares a los de la combustion
diésel convencional al mismo tiempo que favorece niveles ultra bajos de hollin
vy NOx. Si bien, los requisitos de la condicién limite son dificiles de encajar
en el rango operativo de sistema de gestiéon de aire, asi como inconvenientes
como el exceso de HC y CO que atn persiste en la zona de baja y media



carga, lo que puede ser un desafio para el sistema de postratamiento. Ademas,
las futuras regulaciones a corto plazo exigiran una reduccién del 15 % de las
emisiones de CO;en 2025, reto que la literatura sugiere que no se logrard
facilmente solo mediante la optimizacion del proceso de combustién.

En este sentido, esta tesis tiene como objetivo general la
implementacién del concepto de combustion DMDF en un motor
multicilindro (MCE por sus siglas en inglés) bajo las restricciones de las
aplicaciones reales para realizar una combustién limpia y eficiente en el mapa
completo a la vez que brinda alternativas para reducir la concentracién de
HC y CO y lograr un ahorro de CO..

Este objetivo se logra mediante un primer extenso procedimiento de
calibracién experimental que tiene como objetivo trasladar las pautas de la
combustion DMDF del SCE al MCE respetando los limites operativos del
hardware original, evaluando su impacto en los resultados de combustién,
rendimiento y emisiones en condiciones estacionarias y condiciones de ciclo
de conduccién. A continuacién, se realizan estudios especificos para abordar
el problema relacionado con la concentracidon excesiva de productos no
quemados mediante investigaciones experimentales y simulaciones numéricas
para comprender las consecuencias del uso de combustibles con diferente
reactividad en la eficiencia de conversién del catalizador de oxidacién original
y su capacidad para lograr emisiones en el escape menores que el limite EUVI.
Finalmente, se busca la reduccién de CO; a través de la modificacion del
combustible, investigando tanto la mejora del proceso de combustién como
el equilibrio entre el ciclo de vida del combustible.



Resum

Historicament, el sector del transport de servei mitja i pesat ha sigut
desafiat per les regulacions d'emissions que s'han imposat al llarg dels anys,
la qual cosa va requerir intensificar l'esfor¢ d'investigacié amb ['objectiu
d'avangar en el desenvolupament tecnologic per a oferir una opcié que
complisca amb les normes a un preu similar per al propietari. No obstant
aixo, la recent introduccié de la normativa EUVI ha requerit 1'addicié d'un
complex sistema de postractament, agregant nous costos fixos al producte,
aixi com costos operatius amb el consum d'urea. Aquest avang¢ va ser
necessari a causa de la limitacié de la combustié diesel convencional que no
pot desacoblar les altes emissions de NOx i l'eficiencia.

Aquesta limitacié tecnologica ha impulsat la investigacié sobre diferents
conceptes de combustié que podrien mantindre nivells d'eficiencia similars als
de la combusti6 diesel controlant la formacié d'emissions durant el procés de
combustié. Entre les diferents solucions que han anat apareixent al llarg dels
anys, es va demostrar que la Ignicié per Compressi6 Controlada per
Reactivitat (RCCI per les seues sigles en anglés) té un avantatge competitiu
a causa de la seua millor controlabilitat, alta eficiencia i baixes emissions de
sutge i NOx. Malgrat els seus beneficis, 1'extensié del RCCI a 1'operacié de
mapa complet ha indicat limitacions importants com a gradients de pressio
excessius a alta carrega, o alta inestabilitat de combustié i productes no
cremats a baixa carrega del motor. Recentment, es va introduir el concepte
de combustié Dual-Mode Dual-Fuel (DMDF) com un intent de resoldre els
inconvenients de la combustié RCCI mantenint els seus avantatges. Els
resultats preliminars obtinguts en un motor mono-cilindric (SCE per les seues
sigles en anglés) han demostrat que el DMDF pot aconseguir nivells
d'eficiencia similars als de la combustié diésel convencional al mateix temps
que afavoreix nivells ultra baixos de sutge i NOx. Si bé, els requisits de la
condicié limit sén dificils d'encaixar en el rang operatiu de sistema de gestio
d'aire, aixi com inconvenients com 1'excés de HC i CO que encara persisteix
en la zona de baixa i mitja carrega, la qual cosa pot ser un desafiament per
al sistema de postractament. A més, les futures regulacions a curt termini



exigiran una reduccié del 15% de les emissions de CO, en 2025, repte que la
literatura suggereix que no s'aconseguira facilment només mitjancant
I'optimitzacié del procés de combustié.

En aquest sentit, aquesta tesi té com a objectiu general la
implementacié del concepte de combustié DMDF en un motor multi-cilindre
(MCE per les seues sigles en anglés) sota les restriccions de les aplicacions
reals per a realitzar una combusti6 neta i eficient en el mapa complet alhora
que brinda alternatives per a reduir la concentracié de HC i CO i aconseguir
un estalvi de CO,.

Aquest objectiu s'aconsegueix mitjangant un primer extens
procediment de calibratge experimental que té com a objectiu traslladar les
pautes de la combusti6 DMDF del SCE al MCE respectant els limits
operatius del motor original, avaluant el seu impacte en els resultats de
combustié, rendiment i emissions en condicions estacionaries i condicions de
cicle de conduccid. A continuacid, es realitzen estudis especifics per a abordar
el problema relacionat amb la concentracié excessiva de productes no cremats
mitjancant investigacions experimentals i simulacions numeériques per a
comprendre les conseqiiéncies de 1'is de combustibles amb diferent reactivitat
en l'eficiencia de conversido del catalitzador d'oxidacié original i la seua
capacitat per a aconseguir emissions al tub d’escapament menors que el limit
EUVI. Finalment, es busca la reduccié de CO2 a través de la modificacié del
combustible, investigant tant la millora del procés de combustié com
'equilibri entre el cicle de vida del combustible.
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1.1 Introduction

This first chapter intends to draw the actual scenario within which the
present work is found. Firstly, an overview of the current energy sources
applied for transportation followed by a contextualization of the different
sources of COs in the actual economy are presented, elucidating the relevance
of this sector. Followed, the recent advances on combustion process are
discussed revealing the advantages, disadvantages, and potential of each
concept. Finally, the organization of the document is described, providing a
summary of the different studies developed during this thesis.

1.2 Energy matrix and transport sector relevance

Since the development of the firsts engines concepts relying on internal
combustion during the 1870s, their importance has readily grown becoming
a key device in the today’s society. Indeed, they stand as the most used
energy source for road and goods transportation as depicted in Figure 1.1,
which is a graphical representation of the data provided by [1]. As it is shown,
most of the energy that is used on the transport relies on converting oil
derived fuel to propel the powertrains. Additional energy sources, such as
biofuels and electricity, still play a secondary role considering the whole

energy matrix.

Internal combustion engines (ICE) have been the most used power
source in road and maritime transportation. This is justified by the operation
flexibility and the wide range of primary energy sources that can be used by
them [2]. Different concepts were successfully developed, but undoubtedly,
the ones developed by Nikolaus Otto and Rudolf Diesel were the responsible
for the definitive success of these devices. While the first conceptualized a
constant pressure combustion cycle, the second relied on the assumption of

an ideal constant volume combustion process to obtain the maximum
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efficiency of the engine. These ideal cycles are the basis of the well-known
spark ignition engines and diesel engines [3].
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Figure 1.1. Energy consumption in transport considering the most
significant energy sources available [1].

For several years, ICEs were carelessly used, regardless of their exhaust
pollutants. But early in 1896, the scientific society would become aware of
the risks and concerns that should be accounted for regarding greenhouse
gases (GHG) emissions in the combustion process. The findings of Svante
Arrhenius [4] stablished a proportional relation between the CO,
concentration in the atmosphere and the increase of the average temperature.
Based on this statement, the accelerated growth of vehicles sales worldwide
that has proceeded in the 20™ century, became a subject of attention due to
direct increase in the CO, emissions it caused, as a function of the low
efficiency of the current engines. Moreover, different issues start to be
correlated with those pollutants emitted by internal combustion engines as
nitrogen oxides (NOx), particulate matter (PM) and the particulate number
(PN), unburned hydrocarbons (HC), and carbon monoxide (CO). Nitrogen
oxides are known to form ground level ozone (which can worsen respiratory
issues as bronchitis, emphysema, and asthma), acid rain and impact the water
and soil quality [5]. Particulate matter is also a hazardous pollutant as it
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affects both respiratory and cardiovascular systems facilitating lung cancer
[6]. Both CO and HC are also harmful for both health and environment as
they may cause coma, heart failure (long exposure to CO), cancer and photo-
chemical smog (HC) [7].

In this sense, later, in 1992, the first emission regulation appeared
pushing the original equipment manufacturers (OEMs) to obtain lower
emissions levels. As a derivative effect, this action boosted the research with
the aim of understanding the combustion process and how to optimize the
current engines. Each normative phase brought relevant advances in the
combustion process and peripherals of the engine. In which regards the diesel
engines, the early normative phases introduced the common rail injection
system, allowing to increase to thousands of bar the diesel injection pressure,
improving the mixture and combustion process, resulting in consequent
benefits on efficiency and emissions [8][9]. Additionally, the so called
aftertreatment systems were also established and applied to the vehicle
powertrain to reduce the final emissions [10][11]. These ATS system are
composed by a diesel oxidation catalyst (DOC) that oxidizes both HC and
CO and assist the formation of NO,. This specie is the responsible for the
passive regeneration of the diesel particulate filter (DPF) which filters the
particulate matter prior reaching the environment. Finally, a selective
catalytic reduction (SCR) system reduces the NOx emissions by means of a
chemical reaction with urea. However, these systems promoted an increase in
the vehicle cost and introduced maintenance and utilization costs as those
from urea consumption [12]. These advances were fundamental to fulfil
regulations that became more stringent during the years. From the first
values of the European regulation (EU) EU I to the nowadays regulation, the
emissions levels were reduced by factors higher than 36 in the case of PM
and 20 for NOx emissions. The evolution of the steady-state targets for each
pollutant is presented in Figure 1.2. It is also interesting to note that from
EUII, transient normative cycles were introduced in the legislation with
specific emission requirements.
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Even with improvements on efficiency and the reduction of pollutant
emissions, the global scenario for CO, and consequent global temperature
increase was not improved as it was thought it would be. Figure 1.3 illustrates
the global average near surface temperature evolution since the first
measurements compared to the preindustrial age considering different
measurement stations [13]. As it can be seen, the recent period from 2000 up
to 2018 presented an increase from 0.6 °C to 1.14 °C approximately. This
temperature increase is not only attributed to the transport sector itself, but
to the set of the individual process that produce CO,, some of them
intangibles.

Limits evolution for the different EURO phases

N HC*4

B CO
NOx/2

s PM*10

Emission [g/kWh]

EURO | EUROII EUROIII EUROIV EUROV EUROVI

Figure 1.2. Evolution of EURO normative since its introduction for steady
state homologation for medium and heavy-duty vehicles.
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Figure 1.8. Average global temperature variation along the years from
different measurement locations.

Regarding Europe, the efforts in reducing the CO, footprint were being
effective up to 2014 as it is depicted in Figure 1.4 (a). The period from 1990
to 2014 presented a reduction rounding 23% in the total CO, production,
which seems to be a direct impact of the CO, reduction in the energy sector
[14]. Nonetheless, starting from 2014, the CO; levels started to increase again,
turning on the red flag on the policies that had been employed until this
moment. The main question that should be raised is: what is happening in
the energy sector that could be causing this increase? Figure 1.4 (b) allows
to identify some key points to understand this phenomenon. From 2007, both
energy industry and transport sector have experienced a drastic decrease in
the CO, production which can be correlated to the financial crisis that started
that year and was followed by a recession period [15]. From 2012, both
transport and construction sector started to accelerate again, reverting its
downtrend in CO; emissions.
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Contrary to the construction sector that represents a small percentage
of the total CO, from the energy sector, in 2017 transportation represented
more than 30% of the CO, emitted in the atmosphere from the energy sector,
comprehending land, air and marine transportation. Its relevance on the
greenhouse gases production is clear, which justifies the stringent policies that
will be introduced as the targets for CO, reduction to 2025 (15%) and 2030
(30%) [16]. In this sense, the understanding of the major CO; contributors in
this sector is fundamental to develop technologies and measures to reduce
the GHG footprint. Figure 1.5 illustrates the most relevant transport media
in terms of CO, production. As shown, both cars and trucks stand to more
than 80% of the total CO, production. While alternatives as fleet
electrification coupled to renewable energy generation are prone to provide a
significant reduction on CO, emissions for cars and light duty trucks [17], the
direct use of electrification on heavy duty transportation is a difficult path
to tread, as factors as charging times, truck utilization, battery size and total

cost of ownership drive the purchase decisions [18].
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Figure 1.5. Share of the total equivalent CO, in the transportation sector by
each one of the transport types.

Therefore, research on developing advanced combustion processes, that
can provide CO, savings as well as alternatives to introduce renewable fuels
on heavy duty transportation, is urgent. At the same time, the former
normative emissions (NOx, soot, HC and CO) are still a challenge to be
addressed to deliver a cleaner and cheaper powertrain option to the consumer.
Recent advances have introduced the so-called low temperature combustion
(LTC) process as a path to realize improvements in conversion efficiency
while providing ultra-low-NOx and soot emissions [19]. Among the different
combustion approaches, Reactivity-Controlled Compression Ignition (RCCI)
has presented competitive advantages, like active control of combustion
phasing through tailoring the in-cylinder reactivity, and a wider operating
range compared to most of the LTC concepts [20][21]. Despite these benefits,
the extension of the concept to real applications has been a challenge due to
high pressure gradients at high load, combustion instability and excessive
unburned products at low load operation [22][23]. Different attempts have
been made to extend the operating limits of the RCCI combustion towards
the full map calibration. The Dual-mode Dual-Fuel (DMDF) combustion has
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emerged as a potential solution. Single cylinder engine (SCE) results
demonstrated that it allows to overcome the major drawbacks of RCCI by
modifying the gasoline fraction (GF) and switching the combustion strategy
according to the engine load requirements while providing ultra-low NOx and
soot in the complete map [24].

In spite of the promising SCE results, the extension of the concept to
real platforms often introduces additional phenomena to consider as the air
management system and engine safety operation that may prevent the
replication of the settings from SCE engine. Moreover, the concept stills
incorporate the fully premixed combustion at low and medium engine load,
which provides excessive amounts of engine-out HC and CO with very low
exhaust temperatures [25]. Last, but not least, previous results have
demonstrated that the CO, reduction are still far from those of short-term
horizons as H2025.

Having the aforementioned points in consideration, the work proposed
in this thesis aims to extend the DMDF combustion process to a multi-
cylinder engine targeting higher time readiness levels (TRLs) while dealing
with the different challenges that should be faced in the process. Moreover,
it also intends to assess the impact of the concept on the aftertreatment
system and to propose new fuel solutions able to deliver well-to-wheel CO,
reductions. In this sense, a deep characterization of the concept concerning
current and future normative can be done. To do this, an experimental-
numerical approach is proposed, combining multi-cylinder engine testing
(with its stock hardware) coupled to 0-D/1-D simulations.

1.3 Document content and structure

This thesis is structured in seven chapters starting from this
introduction chapter. The main contents of each subsequent chapters can be
outlined as follows:



10 Chapter 1

Chapter 2 details the literature review addressing the most relevant
advancements considering novel combustion strategies for internal
combustion engines as well as their benefits, drawbacks, and challenges. This
first discussion will enlighten which should be the gaps to be filled by this
research, justifying it, and defining the main objectives to be pursued.

Chapter 3 presents the experimental and numerical tools that were
used. First, the multi-cylinder engine and its subsystems are discussed in
detail. Next, the experimental facility in which the engine was installed is
described, evidencing the most relevant measurement devices,
instrumentation, and test cell characteristics. At the numerical side, both 0-
D and 1-D numerical fundamentals are presented, including a description of
the most relevant aspects of each software. To conclude, both experimental
calibration and numerical evaluation methodologies are presented in detail.

Chapter 4 describes the implementation of the calibration methodology
proposed in chapter 3 to obtain optimized operating maps in terms of fuel
consumption, respecting a set of emissions constraints. These open loop maps
describe the engine settings to implement the DMDF concept on a multi-
cylinder engine application. In a second step, the steady-state maps are used
as input data during driving cycle simulations addressing representative
driving conditions and payloads. In this sense, the results from the proposed
calibration can be also compared directly with those from transient
normative. Finally, the main drawbacks of the concept are identified, and the
potential solutions are the basis of the next chapters.

Chapter 5 aims to assess the impact of the different engine-out
pollutants on the performance of the stock aftertreatment system. First, the
diesel oxidation catalyst is evaluated in terms of conversion efficiency for
both HC and CO under steady and transient conditions. Moreover, the
chapter discuss the application of hydrocarbon speciation to understand the
impact of having two different fuels on the engine out hydrocarbon
composition. Still, the first part of chapter 5 presents a detailed investigation
of the DPF accumulation and regeneration processes (passive and active)
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under steady DMDF conditions. Next, both DOC and DPF numerical models
are calibrated based on the experimental results and driving cycle simulations
are employed to assess the potential of having EUVI tailpipe emissions for
these pollutants.

Chapter 6 proposes the modification of both low reactivity and high
reactivity fuels as an attempt to address short term future fuels aiming at
CO; reduction and future legislation fulfillment. The first part of the chapter
presents a detailed analysis on the research octane number and motor octane
number influence on the combustion, performance, and emissions by means
of experimental and numerical assessment. The optimum fuel is then selected
through a merit function approach based on an eight points-based driving
cycle. In the second part, the evaluation focuses on assessing advanced high
reactivity fuels with lower well-to-wheel CO, footprint and lower soot
production as an alternative to realize cleaner and efficient operation
compared to the previous diesel-gasoline calibration. The select fuel is then
combined with that from the low reactivity fuel evaluation and a new
calibration is proposed and evaluated in the same driving cycles than that
presented in chapter 4.

Chapter 7 summarizes the contributions of the investigation and draws
the most significant conclusions of this work. Moreover, enhancements and

additional investigations for this topic are proposed as future works.

Figure 1.6 depicts the argument line that was followed from the thesis

definition to the conclusions.
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2.1 Introduction

This second chapter intends to set the fundamentals of the research
scope by evidencing the different challenges that have been faced during the
last years in which regards medium duty powertrains. Moreover, it also aims

to establish a detailed description of the research approach.

To accomplish this, a comprehensive literature review is presented,
addressing the issues that are currently faced by conventional diesel
combustion (CDC). Next, some of the most promising alternative combustion
concepts that have been proposed to tackle the CDC issues are discussed,
enlightening their advantages and drawbacks. Moreover, the implications
related to the extension of these concepts to real applications are also
highlighted. This justifies the introduction of new combustion concepts to be
able to extend the benefits of LTC combustion while covering the full engine
map. Such characteristics are fully addressed by the Dual-Mode Dual-Fuel
(DMDF) combustion concept, which is then described in detail, allowing to
emphasize its governing parameters, advantages and the most critical
drawbacks that are still needed to be solved.

Lastly, the chapter is closed by establishing the thesis approach,
comprehending the motivation of the study, the detailed objectives of the
thesis and a general description of the methodology that will be employed to

achieve the proposed objectives.

2.2 Problematic of conventional diesel combustion

Conventional diesel combustion can be phenomenologically described
as a sequence of processes from the fuel injection at the end of compression
stroke to the well-controlled diffusion combustion during the expansion
stroke. Briefly, the injection process takes place on a high-density flow,
originated by the compression of the fresh air plus residuals during the
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compression stroke [1]. The liquid fuel is injected with high velocity into this
environment to allow a proper spray penetration [2]. During this injection
process a variety of simultaneous phenomena can be found, like gas-liquid
phase interaction [3], spray atomization [4], evaporation [5][6], and droplet-
wall interaction [7]. The evolution of the mixing process coupled to the high
pressure and temperatures inside of the combustion chamber enables the
spontaneous ignition of the mixture, burning part of the already premixed
fuel [8]. The period from the start of the injection process to the ignition of
the mixture is defined as the ignition delay and generally last a few crank
angle degrees. Once the combustion is stablished, the fuel continues to be
injected into a more reactive environment, reducing the vaporization and
ignition delay time. This sequence of steps is generally known as the mixing-
controlled part of the diesel combustion or, also, the diffusive part once the
fuel and air must diffuse into each other to realize flammable mixtures [9].
Dec [10] has proposed the most accepted conceptual description of the diesel
combustion, defining characteristics zone in terms of the fuel state, flame,
and pollutant formation. His well-known conceptual description is presented
in Figure 2.1.
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Figure 2.1. Conceptual description of DI diesel combustion during the
mizing-controlled burn phase illustrating the different zones and process
that occurs in the diffusive combustion. Adapted from [10].

As it can be observed, once the combustion is stablished, the injected
fuel is progressively vaporized and mixed by diffusion from the rich fuel zone
near to the spray to the leaner mixture near to the thin reaction sheet. This
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rich zone is prone to agglomerate polycyclic aromatic compounds and
therefore, initiate the soot formation [11]. In the outer side of the flame, the
high temperature with the excess oxygen and nitrogen environment give
space to the thermal NOx formation mechanism which consists of the
decomposition of Nj; by unimolecular oxygen and its subsequent reactions,
producing nitrogen oxides [12].

As discussed in Chapter 1, both pollutants are actual concerns due to
the diversity of issues that may be caused by them. Despite the intensive
research on reducing the conventional diesel combustion hazardous products,
it was concluded that soot and NOx emissions coexists and strategies to
reduce one of them penalizes the other, which is called the NOx-soot trade
off [13][14]. In this sense, the technological answer to the current normative
was the introduction of aftertreatment systems, to reduce the emissions levels
after leaving the combustion chamber. Nonetheless, these devices have
increased the vehicle price and the total cost of ownership (TCO) [15].

This scenario has supported the development of new combustion
concepts, aiming at the active reduction of the combustion pollutants while
maintaining similar efficiency levels than those found on conventional diesel
combustion. The next section provides a brief description of the recent
advances on the alternative combustion field which can promote the
aforementioned benefits. This discussion will act as an argument line on
which the objectives of the thesis will be defined.

2.3 Potential of low temperature combustion

strategies

This subsection intends to describe some of the most relevant low
temperature combustion approaches that have been developed along the
years. As discussed, these combustion concepts aim to mitigate both NOx
and soot emissions by means of avoiding the trade-off between them. This
means that they should be able to operate at leaner mixtures than those
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found at CDC (to avoid the soot formation) and with high levels of charge
dilution to decrease the in-cylinder temperatures (mitigate NOx). Figure 2.2
illustrate the conventional operation zone of some of these concepts
compared to the conventional diesel combustion on a ®-T diagram based on
the work performed by Neely et al. [16].

Local
Equivalence Ratio ¢

1400 1800 2200 2600 3000
Local Temperature K

Figure 2.2. NO and soot formation zones as function of the local
equivalence ratio and local temperature with the operating zone illustration
of conventional diesel combustion, LTC, PCCI and HCCI. Adapted from

[16].

Two different low temperature strategies have been proposed in the
literature, being classified as: mixing controlled low temperature combustion
[17] and premixed low temperature combustion [18]. The difference between
them can be evidenced from Figure 2.2. It can be observed that the mixing
controlled low temperature combustion (defined as LTC in the figure)
operates in a narrow range regarding both local temperature and equivalence
ratio compared to the conventional diesel combustion. This allows to avoid,
almost completely, the soot and NOx formation islands [19]. Nonetheless, the
shape of the ®-T island in which it occurs still presents the characteristics of
the diesel combustion [20]. By contrast, premixed low temperature
combustion relies on early fuel injections, allowing to obtain a more
homogeneous fuel mixing, avoiding rich zones which allows to mitigate the
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soot formation. Some of the most conventional premixed low temperature
combustion modes are homogeneous charge compression ignition (HCCI),
premixed charge compression ignition (PCCI), partially premixed
combustion (PPC), and reactivity-controlled compression ignition (RCCI).
Despite having similar operating zones inside the ®-T diagram, these
concepts rely on different techniques to achieve this [21]. The next
subsections describe some of the most studied premixed low temperature
concepts: HCCI and RCCI. Detailed discussion of concepts as PCCI and PPC
was not included for brevity sakes.

2.3.1 Homogeneous charge compression ignition

Homogeneous charge compression ignition was a pioneer premixed L'TC
technique, incorporating the theoretical characteristics of a fully homogenous
combustion. It was frequently defined as a merging of the benefits from the
conventional SI and CI combustion [22]. The HCCI combustion concept
consists of an early fuel injection allowing to obtain a complete air fuel mixing
during the compression stroke. This homogeneous charge is then compressed
towards the top dead center, increasing its temperature and pressure. In a
certain point, the environment inside the combustion chamber will provide
enough energy to activate the initiation reactions in several sites that will
depend on the thermal stratification of the combustion chamber. Once the
reactions initiate, a chain reaction will occur, burning rapidly the mixture
inside the cylinder. This fast combustion process has several benefits such as
the low heat transfer losses combined with low in-cylinder temperature and
the volumetric combustion, close to an ideal cycle [23]. Originally, this
concept was proposed considering the combustion of diesel [24]. Nonetheless,
the versatility of the concept allowed to introduce a wide range of fuels as
alcohols, gasoline, ethers, etc. [25][26]. In spite of that, HCCI is restricted to
narrow zones inside the engine map [27]. The high load operation extension
is a challenge in terms of mechanical limitations, since the increase of the
energy delivered in short periods has as consequence pressure gradients that
cannot be supported by conventional engines [28]. On the other side, low load
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conditions are a challenge scenario for Kinect controlled combustion concepts
as they may not be able to provide the required activation energy for a proper
fuel oxidation, reducing the fuel conversion efficiency and presenting
excessive cycle-to-cycle variability [29]. The Kinects controlled nature of this
combustion concept is indeed a hurdle, independent of the engine load, since
the combustion process can be significantly affected by small variations of
temperature and composition, which reduces the control over the combustion
progress [30]. Figure 2.3 depicts a conventional operating map for an HCCI
engine illustrating the restrict operating zones considering engine speed and
load.
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Figure 2.3. HCCI operating zone for a light duty naturally aspirated engine
(red). The blue dots stand to the operating points for the FTP 75 driving
cycle. Adapted from [31].

Several authors have tried to extend the HCCI operating range and
improve the combustion controllability by different means, such as charge
preparation, air heating control, fuel additives and reactivity modification.
Both charge preparation and air heating control demonstrated to be effective
means to extend the lower limit of the HCCI combustion. Ganesh et al. [32]
have proposed the use of a dedicated fuel vaporizer to avoid conventional
issues of liquid fuel injection as wall wetting and fuel impingement. In
addition, the high temperature stratification and its consequent reduction by
the fuel vaporization could also be mitigated, allowing to reduce the exhaust

unburned products concentration. Regarding high load operation, studies
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have been focused on using high research octane number (RON) fuels,
compression ratio (CR) variation and high heat capacity substances to lower
the in-cylinder temperature. This last has been deeply addressed by the works
of Christensen et al. [33], Mack et al. [34] and Saxena et al. [35]. They have
investigated in detail the effects of the water addition or blends of water in
ethanol to realize higher engine load, concluding that the increase of mixture
heat capacity can be a path to extend the HCCI upper limit. The works
performed by Kalghatgi [36][37] and Bessonette [38] have followed a similar
research line, concluding that the use of low cetane or high-octane fuels are
an alternative to realize engine loads as higher as 16 bar of IMEP .
Although, these levels of power output were achieved at the cost of excessive
pressure gradients (130 bar/CAD). Moreover, the use of low reactivity fuels
has as side effect the worsening of low load operation, increasing the
unburned products and deteriorating the combustion stability, suggesting
that the a proper HCCI operation would infer the use of a high reactivity
fuel at low load and a low reactivity fuel at high load operation.

Despite the promising results, the HCCI combustion implementation
was still challenging in terms of the combustion controllability since most of
the control techniques rely on low dynamic parameters such as inlet
temperature. Moreover, the short combustion duration found at high load,
even if it is well adjusted, is a limiting condition concerning pressure rise rate
(PRR) and noise, vibration, and harshness (NVH). In this sense, several
authors have suggested that a controlled energy release at high load should
be introduced to successfully extend the upper limit operation and improve
the control over the combustion process [39]. Promising results were obtained
by introducing controlled degrees of thermal and/or fuel stratification.
Sjoberg et al. [40] have evaluated the potential of including different thermal
stratification degrees as an alternative to reducing pressure rise rate at high
engine load. To do this, a multizone Kinects based simulation model was
built in the software Chemkin, allowing to define the number of zones
temperatures and specific thermal stratification widths. The results have
demonstrated that the increase of thermal stratification is an effective way
to enlarge the combustion process and therefore to reduce the pressure
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gradient, allowing to extend, in theory, the upper limit of the HCCI
combustion up to 16 bar of IMEP.. Herold et al. [41] has continued the
work from Sjoberg by inducing both thermal and compositional stratification
through different heating rates and air-fuel-argon composition for each intake
valve. The results have demonstrated that there is an inverse correlation
between both stratifications, i.e., the increase of the compositional
stratification compensates the higher thermal stratification.

The work presented by Inagaki et al. [42] is considered a breakthrough
on solving the issues related with the HCCI combustion. They have
demonstrated that the creation of a reactivity stratification inside the
cylinder is a mean to achieve a mild combustion progress. To realize such
stratification, they have proposed two different injection systems. A port fuel
injection system to supply iso-octane (which will be herein defined as low
reactivity fuel - LRF), representing a high-octane fuel and a direct injection
system to inject diesel (which will be herein defined as low reactivity fuel-
HRF). In this sense, the reactivity of the cylinder mixtures could be tailored
according to the injected mass ratio of the fuels. This combustion system
proposal demonstrated to be capable of extending the operating map of
conventional HCCI combustion in both directions with ultra-low soot and
NOx emissions while maintaining the pressure gradient values under
reasonable levels. Later, this concept was further investigated by Kokjohn et
al. [43] reinforcing the promising results. They have also renamed the concept
as Reactivity Controlled Compression Ignition (RCCI) as a reference to the
combustion control by the reactivity modification.

2.3.2 Reactivity controlled compression ignition combustion

The promising results achieved by Inagaki et al. have promoted the
interest on understanding the fundamentals of this combustion concept to
allow the optimization for current applications. Kokjohn [43] and Hanson [44]
were pioneers in optimizing the work from Inagaki through experimental
evaluation and numerical simulations. The combination of in-cylinder planar
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laser induced fluorescence (PLIF) and emissions spectroscopy have supported
that the combustion progress is dominated by the sequential ignition of zones
with different reactivity, from the most reactive to the least. These zones
with non-uniform reactive were found to be a consequence of the blending
process of both high reactivity and low reactivity fuels [45]. As previously
said, this originated the name reactivity controlled compression ignition [46].

Since its introduction, RCCI combustion was extensively investigated
with different aims, e.g. determination of the concept dependence with
respect to the fuel characteristics [47] and operating parameters [48], piston
and combustion chamber geometry optimization [49], assessing its potential
on different engine platforms (light duty and heavy duty) [50] [51],
understanding the major source of efficiency improvements [52],
quantification of its operating limits [53], etc. The different studies have
stablished the basics to realize the benefits from the RCCI mode as the
dependence with parameters as gasoline fraction, high reactivity fuel injection
and dilution levels [54]. These different parameters allow to obtain a better
control on the combustion onset, where the HRF injection timing can dictate
the combustion start [55]. Moreover, the investigations have demonstrated
that the RCCI concept can be successfully implemented on both light duty
and heavy duty engine platforms as a partial load combustion concept by
modifications in the engine injection system like the addition of a port fuel
injector and low pressure pump and a separated fuel tank for the low
reactivity fuel.

The use of the RCCI combustion in large displacement engines
(medium and heavy-duty platform) was proven to be an interesting
technological application of the concept. Investigations performed by Splitter
et al. have experimentally demonstrated that the RCCI concept can be
extended to engine loads as high as 18 bar of IMEP, i.e., full load operation
[56]. As opposed to the earliest LTC concepts, RCCI allowed to extend the
benefits of LTC combustion in high load zones, which have a significant
weight on the final emissions for this type of application. Similar results were
also obtained in a heavy-duty SCE engine by Benajes et al. [57]. The authors
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proposed a full map calibration in a SCE engine, representative of a 13L
commercial engine to demonstrate the potential of the RCCI application to
realize ultra-low NOx and soot emissions and efficient combustion. The
original engine compression ratio was decreased from 17.5:1 to 11:1 as an
attempt to reduce the excessive pressure gradients and extend the RCCI
combustion towards full load operation. Figure 2.4 presents the values of
gross indicated efficiency (GIE), SNOx, dry soot and PRR obtained by the
authors.

As it can be seen, the use of RCCI combustion with a lower compression
ratio enabled the achievement of almost full load operation. Moreover, it
provided EUVI NOx (£0.4 g/kWh) and soot (<£0.01 g/kWh) engine out
emissions while maintaining similar to higher values of gross indicated
efficiency compared to typical conventional diesel combustion engines
considering medium to high loads. Although this is a promising result within
the heavy-duty area, the concept still presents some concerns about its
applicability. First, it is not possible to avoid the excessive pressure gradients
at high engine load, as depicted in Figure 2.4 (d). The PRR results at low to
medium engine speeds can be as high as 26 bar/CAD, much higher than the
current limits that are used by OEMs (15bar/CAD). If this threshold is
considered, the proposed calibration should be able to reach only 50 % of
engine load, even in the case of having a CR of 11:1. In addition, the use of
these low compression ratios are detrimental to low load operation, resulting
in CO and HC emissions higher than 80 g/kWh and 22 g/kWh, respectively
[58].
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Figure 2.4. Iso surface representation of (a) gross indicated efficiency, (b)
nitrogen oxides emissions, (c¢) dry soot emissions and (d) pressure rise rate
for a single cylinder engine calibration with RCCI combustion. Adapted
from [58].

From this brief review on RCCI combustion, it can be concluded that
the concept is indeed a breakthrough in alternative combustion concepts,
allowing to explore the benefits of the LTC combustion while promoting
degrees of combustion controllability. Nonetheless, the trials to extend the
combustion concept to full map operation have faced recurrent issues from
the LTC combustion as excessive pressure gradient at high engine load and
low combustion efficiency with high cycle-to-cycle variation at low load.
These results have pushed the investigation efforts on answering the question:
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how can the combustion process be managed to allow exploring the benefits
of RCCI combustion while enabling a full map operation?

2.4 Dual-Mode Dual-Fuel concept: potential and

challenges

Dual-Mode Dual-Fuel (DMDF) combustion has emerged as an attempt
to answer the previous questions. It incorporates the benefits of the RCCI
combustion while the pressure gradients allow it and progressively switch the
operating parameters to obtain a mixed controlled dual fuel combustion as
the engine load is increased towards higher values. The next subsections
intend to describe in detail the fundamentals of this combustion concept, as
well as to evidence its advantages, drawbacks and the points that still need
to be addressed to extend its application on real powertrains.

2.4.1 Conceptual description of the DMDF combustion

The Dual-Mode Dual-Fuel combustion (DMDF) combustion concept
proposed by Boronat [59] has its roots on the previous experimental works
presented by Monsalve [58], considering the issues that were found to extend
the engine load to low and high limits. Considering the previous conclusions
from Monsalve, modifications of the combustion process were suggested
according to the different restrictions found at each operating zone (low,
medium, or high load). Figure 2.5 depicts a conceptual description of the
DMDF concept. As it is shown, the concept is composed by two main
combustion modes, a fully premixed combustion and a dual-mode diffusive
combustion. Between both, a highly premixed zone is included which is a
consequence of the progressive switch between both combustion modes
(premixed and diffusive). To obtain this, different constraints in terms of
mechanical abuse as well as NOx and soot emissions were set prior to the
calibration. The information about each one of these constraints can be
visualized in the left-hand side of Figure 2.5.
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As it is depicted, the mechanical stress was limited by setting the
maximum in-cylinder pressure and PRR to 190 bar and 15 bar/CAD
respectively. Moreover, the emissions constraints were set as NOx<0.4
g/kWh and soot <0.01 g/kWh. These constraints could be achieved from low
load up to medium load by implementing a conventional RCCI combustion.
Nonetheless, as the load was increased the pressure gradients started to be a
limitation in extending the RCCI mode. In this sense, modifications of the
injection settings were proposed, including decreasing the relevance of the
energy provided by the gasoline and the shifting of the diesel injections
towards the top dead center as it is shown in Figure 2.5.
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Figure 2.5. Conceptual description of the Dual-Mode Dual-Fuel combustion
and the respective constraints that are generally used for each one of the
operating zones. Adapted from [59].

Although this strategy is effective in reducing the pressure gradients,
the increase of the diesel quantity with delayed start of injection (Sols)
enhances the formation of rich zones, which increases the soot formation. In
this sense, this highly premixed zone requires a relaxation of the soot
constraints to values up to 1.5 filter smoke number (FSN). In the last part
of the operating map, even highly premixed strategies result in excessive
mechanical requirements. Then, a dual fuel diffusive combustion mode was
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proposed as an alternative to enlarge the heat release rate and smooth the
combustion process. This diffusive combustion is enabled by an early gasoline
injection (340 CAD bTDC) coupled with a single diesel injection near to the
TDC. Therefore, once the diesel is injected, the high temperature and
pressure that are found in the combustion chamber allows to have a small
ignition delay, which initiates the combustion of the gasoline that was fully
premixed in a highly diluted by exhaust gases recirculation (EGR)
environment. Nonetheless, this first heat release is not high enough to exceeds
the mechanical limitations.

Once the combustion is stablished, the diesel injection remains,
providing the energy by means of a well-controlled conventional diffusive
combustion. As the diffusive combustion is recalled, the drawbacks of its
usage are again introduced. At these conditions, both NOx and soot emissions
must be relaxed to 2 g/kWh and 3 FSN, respectively. Despite the relaxation,
these values are still much lower than those verified at conventional diesel
combustion since part of the energy is provided by the gasoline and the fuel
premixing is maximized to avoid soot formation. In addition, the high levels
of EGR at low load, an order of magnitude higher than those from CDC,
allow to inhibit to a certain degree the formation of NOx emissions by the
Zeldovich mechanism.

Boronat [59] remarked that the width of the zones inside of the
operating map are highly dependent on the engine compression ratio and the
fuel characteristics. As the RCCI combustion and most of the transition zone
are still kinetically controlled combustion, the variation of the in-cylinder
state parameters as well as the fuel reactivity would impact the development
of the combustion process. The effects of the compression ratio modification
have been extensively discussed by Boronat while the fuel impact was still
not addressed in the literature and will be later presented in this thesis.
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2.4.2 Hardware influence on DMDF combustion

Boronat [59] has evaluated the benefits that could be achieved by
modifying the transition zone locations by using different compression ratios.
To accomplish this, the same approach proposed by Monsalve [60] was used,
reducing the compression ratio by means of piston machining. The bowl
templates were also based on the CFD optimized pistons proposed by
Monsalve and depicted in Figure 2.6. As it can be seen, compression ratios
of 15.3:1 and 12.75:1 were achieved by removing the material from the piston
bowl, moving from a reentrant bowl (original piston) to a non-reentrant
(15.3:1) and finally to a bathtub bowl (12.75:1). The details of each bowl
template are presented in Table 2.1.
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T
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Figure 2.6. Optimized piston bowl templates to reduce the compression
ratio while mazimizing gross indicated efficiency. Adapted from [60].

The results of both compression ratios are presented as absolute
difference maps considering the percentage variation for each parameter as
CR 15.3 - CR 12.75. This means that positive values indicate a higher value
for CR 15.3 while a negative value means the opposite. As it is demonstrated
in Figure 2.7, it was concluded that the use of the lower compression ratio
has a negative impact on the gross indicated efficiency. In general, CR 15.3
was able to deliver higher efficiencies (2-4 %) for most of the engine map with
the exception of isolated conditions at high load operation in low engine
speeds [61].
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Table 2.1. Characteristics of the original piston bowl template as well as the
two optimized bowls for CR 15:3 and CR 12.75 [60)].

Production bowl
(CR 17.5:1)

Non re-entrant bowl
(CR 15.3:1)

Bathtub bowl (CR

12.75:1)

Area/Volume:8.18
cm?/63.51 cm?=0.128

Area/Volume: 9.05
cm?/77.8 ¢cm*=0.116

Area/Volume: 9.78
cm?/97.8 cm?=0.1

Depth: 20.8 mm

Depth: 20.8 mm

Depth: 24.35 mm

Min. distance to oil
gallery

Min. distance to oil gallery:
5.35 mm >3.9 mm (used in
bathtub design)

Min.
gallery:

(used in bathtub design)

distance to oil
4.5 mm >3.9 mm

In distance in center:
19.3 mm

In distance in center: 16.79
mm

In distance in center:

10.37 mm

IMEP [bar]
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Figure 2.7. Gross indicate efficiency percentage difference between
compression ratio of 15.3:1 and CR 12.75:1. Adapted from [61].

The authors have also assessed the impact of the compression ratio

modification on the different regulated emissions. It was concluded that the

higher compression ratio demands an early transition due to the dual fuel

diffusive combustion. Consequently, both NOx and soot emissions are
worsened at high loads, exceeding values of 1g/kWh (NOx) and 1 FSN (soot)
in a wide part of the operating map as shown in Figure 2.8. These results

suggested that higher compression ratios should require the use of dedicated

after treatment systems since the use of these higher engine loads could have

a significant weight during normative evaluations.
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Figure 2.8. Iso surface map depicting the percentage absolute differences of
(a) indicated specific nitrogen ozides emissions and (b) filter smoke number
(FSN) between compression ratio of 15.3:1 and CR 12.75:1. Adapted from

[61].

Moreover, the same analysis has been extended to the HC and CO
emissions (Figure 2.9). It was remarked that the most affected zone is the
low load region which reflects the effect of using higher intake temperatures
in the case of CR 12.75. Moreover, it is suggested that both excessive HC
and CO emissions at low load operation are an additional challenge to the
diesel oxidation catalyst due to the low exhaust temperature that is found on
these conditions.
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Figure 2.9. Iso surface map depicting the percentage absolute differences of
(a) indicated specific unburned hydrocarbons and (b) indicated specific
carbon monoxide between compression ratio of 15.3:1 and CR 12.75:1.
Adapted from [61].
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The contrasting behavior between emissions and efficiency has required
the use of comparative assessment by means of a World Harmonized
Stationary Cycle (WHSC). The calibration operating conditions were
assumed close enough from those proposed by the normative cycle as
presented in Figure 2.10. In this sense, both compression ratios were
evaluated targeting the achievement of EUVI engine-out NOx and Soot.
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Figure 2.10. Schematic description of the normative WHSC steady cycle
points and those operating conditions from the DMDF calibration. Adapted
from [59].

The results of the analysis can be evidenced in Table 2.2. In spite of
the high efficiency obtained compression ratio of 15.3:1, the early switch to
the dual fuel diffusive combustion impairs both NOx and soot emission. This
last exceeds the limits imposed by the normative, which in the authors
judgement, prohibits the use of this hardware setup. Therefore, the
compression ratio of 12.75:1 was suggested as the best alternative as it
provides reasonable levels of conversion efficiency while fulfilling EUVI engine

out emissions in terms of NOx and soot.
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Table 2.2. Characteristics of the original piston bowl template as well as the
two optimized bowls for CR 15:3 and 12.75 [61].

WHSC WHSC
Ermissi EUVI limit
HHSSIONS T [CR 15.3:1] [CR 15.3:1]
NOx 0.4 0.223 0.138
Soot 0.01 0.016 7.4x10™

2.4.3 DMDF': benefits and challenges

This subsection intends to detail the benefits that can be achieved by
using the DMDF with the previously selected hardware as well as the
challenges to obtain those benefits in multi-cylinder engine platforms.
Starting with the benefits, the results from Boronat [59] have suggested that
the use of the DMDF combustion, even with low CR, is able to provide diesel
like indicated specific fuel consumption (ISFC). As it is demonstrated in
Figure 2.11, it was possible to obtain ISFC values as low as 180 g/kWh in a
wide zone of the map, comparable to modern heavy duty diesel engines. This
should be summed up to the EUVI NOx and soot emissions that are realized
by means of the successful implementation of an LTC combustion in the
complete engine map (premixed and mixed controlled LTCs). As it is shown
in Figure 2.12, all the evaluated experimental conditions are able to remain

under the EUVI normative limits.

The detailed analysis of the unburned products presents a less favorable
scenario. Despite having lower CO and HC emissions at low load compared
to CR 15.3:1, the specific emission of these pollutants exceeds by order of
magnitudes those from CDC, which may be a challenge even for optimized

oxidation catalyst materials.
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Figure 2.11. Indicated specific fuel consumption for the DMDEF calibration
with compression ratio of 12.75:1. Adapted from [59].
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Figure 2.12. Iso surface representation of (a) indicated specific nitrogen
ozides emissions and (b) indicated specific soot emissions for the DMDF
calibration with compression ratio of 12.75:1. Adapted from [59].

In addition, the high concentration of hydrocarbons in the exhaust
competes at low temperatures with the formation of NO, which is an
important specie to guarantee a proper passive regeneration of the DPF [62].
This may be an important question to be addressed if the DMDF concept is

intended to be used in real powertrains.
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Figure 2.13. Iso surface representation of (a) indicated specific unburned
hydrocarbon emissions and (b) indicated specific carbon monoxide
emissions for the DMDEF calibration with compression ratio of 12.75:1.
Adapted from [59].

The detailed analysis of the air management system also provides a
challenging scenario to be faced. As it is shown in Figure 2.14 and Figure
2.16, the values of intake and exhaust pressure coupled with the higher EGR
levels and low exhaust temperature seems not be easily reproduced with a
real turbocharger. In which regards the pressure targets, it is demonstrated
that a minimal backpressure is added to the system since the difference
between the intake and exhaust pressure is very low. This scenario is
commonly achieved in well matched turbocharged diesel engines where the
turbo group is operating at their optimum point [63]. Generally, this zone is
very narrow which limits the optimum points that can be founded in the
map. From the figure analysis, it can be concluded that to obtain the same
conditions than those from the experiments, the turbocharger should be
working always close to its best efficiency point. This could be true if the
reduced mass flow and pressure ratio were maintained during the operation.
Nonetheless, the wide range of intake and exhaust pressures depicts that this

is not accomplished in the concept.
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Figure 2.14. Iso surface representation of (a) manifold inlet pressure (b)
manifold exhaust pressure for the DMDF calibration with compression ratio
of 12.75:1. Adapted from [59].

This can be better visualized by placing the operating conditions inside
the compressor map from the stock air management system as depicted in
Figure 2.15. As it is shown, the DMDF use requires a mass flow and an intake
pressure that cannot be addressed by the original compressor map from 75
% of the engine load. The higher mass flows and intake pressure place the
operating points outside the compressor, which in real applications leads to
compressor overheating and choke, reducing its lifetime. The solution for this
situation could be the modification of the compressor to a higher capacity
one. Nonetheless, this modification could impair the low engine speed
operating conditions since they are already found close to the surge line of

the compressor.

Moreover, the intake pressure values are higher than 2 bar for almost
the complete operating map. This means that the turbocharger should be fed
by a high energy flow, allowing to extract this energy and provide it again as
dynamic pressure. Nonetheless, the results from Figure 2.16 demonstrate the
opposite. Most of the flow that leaves the engine is recirculated as EGR while
the temperature is lower than 400 °C in most of the map. The compensation
of the low mass flow can be made using a variable geometry turbine,
modifying the impeller angle as the mass flow is reduced. Nonetheless, such
approach may result in higher back pressures, impairing the efficiency results.
In addition, even a closed impeller could still be not able to deliver the
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required energy if the energy flow is lower than the required. Finally, the
high EGR rates are also a challenge to be matched in the air management
system. Considering that the system is equipped with a high pressure (HP)
EGR only, this lack of energy could lead to a compressor surge. By contrast,
the use of low pressure (LP) EGR would mean a significant mass flow flowing
through the compressor which could elevate its working temperature and
cause issues as over speeding and mechanical fatigue. The use of both systems
could be a feasible alternative to be applied at the cost of increasing the

overall complexity.

10% | 50% A 100%
5 — 25% @ 75% K

0 0.1 0.2 0.3 04 05
Corrected mass flow
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Figure 2.15. Measured operaling condiltions inside the stock compressor
map illustrating the exceeding of the operating range of the device. Adapted
from [59].
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Figure 2.16. Iso surface representation of (a) exhaust gas recirculation rate
(b) exhaust temperature for the DMDF' calibration with compression ratio
of 12.75:1. Adapted from [59].

In this sense, it can be concluded that the DMDF concept is a promising
combustion concept to face the actual and the upcoming scenarios in the
transportation sector. Nonetheless, there are still significant points to be
addressed as the issues with the high concentration of unburned products and
the challenges in translating the concept to real applications. Lastly, the
short-term future will require a significant reduction of the total CO, emitted
by medium and heavy-duty transportation. In spited of having similar to
higher efficiency than conventional diesel engines, the concept is still not able
to provide the required reductions of 15 % and 30 % on the 2025 and 2030
horizons, respectively, which requires additional investigations on techniques
or fuels that could help the concept to fulfill these requirements.

2.5 Approach of the study

2.5.1 Motivation of the study

Solutions to the diesel combustion dilemma have been proposed along
the years. Within the combustion area, low temperature combustion concepts
have demonstrated a major potential to avoid the NOx-soot trade-off while

providing superior conversion efficiencies.
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The introduction of homogeneous charge compression ignition was a
breakthrough in the engine combustion area due to its promising results and
the simplicity of the engine hardware. Nonetheless, several problems were
identified as excessive HC and CO at low load, limited operating range and
low combustion controllability. Extensive investigations on mixture
preparation, fuel ignition quality, etc., have been made as an attempt to solve
these issues. Compositional and reactivity stratification by the introduction
of a second fuel have proven to be a path to obtain a higher degree of control
over the combustion while maintaining the benefits of the LTC, introducing
the reactivity controlled compression ignition combustion concept. In
addition to the better combustion control, RCCI also allowed to extend the
operating range inside the engine map. Nonetheless, the issues of the
premixed low temperature combustion persist, avoiding working in high load
conditions due to the pressure gradients and low load due to the excessive
unburned products and combustion instability.

Dual-Mode Dual-Fuel combustion has been introduced as a pathway
to realize full load operation while maintaining the benefits from the premixed
LTC. For this, the combustion concept is based on a progressive modification
from a fully premixed combustion to a dual-fuel diffusive combustion as the
engine load is increased. Literature results demonstrated that the application
of the concept in a medium duty SCE with compression ratio of 12.75:1 can
achieve full load operation while fulfilling the EUVI NOx and soot normative
in all the operating conditions evaluated with diesel-like efficiency.
Nonetheless, the extension of these results to a real platform are challenging
due to the air management and ATS requirements. Hence, the literature
review suggests that there are still specific research areas that require deeper
investigation to extend this concept to real applications:

e The technological development of the combustion concept was made
on a SCE platform with external air management system to provide
the required boost pressure, EGR rate and backpressure to the engine.
The engine settings extension to real multi-cylinder engine may be a
challenge in which refers to the higher intake pressures and massive



42

Chapter 2

EGR amounts that are simultaneously required. In this sense, the
calibration of a real engine is recommended to assess the impact of
translating the engine settings from SCE in the overall engine
performance.

The previous results from Boronat [59] have demonstrated an
excessive concentration of unburned products (HC and CO) at low
load operating coupled to low exhaust temperatures. These
combinations can be a hurdle on the performance of ATS devices.
Moreover, high load operation still produces significant amounts of
soot due to the change from premixed L'TC to mixing controlled LTC.
This should be added to the fact that the use of a dual EGR system
(LP+HP) requires the filtering of the exhaust gases prior to
reinserting them in the intake system. This means a dedicated DPF
would still play a significant role on the DMDF combustion. In this
sense, a complete evaluation of the DMDF impact on the performance
of the DOC and the DPF is required.

Finally, despite the benefits in NOx and soot emissions, the tank to
wheel CO, emissions are only slightly reduced by the DMDF
combustion, being far from the targets imposed to 2025 and 2030. In
this sense, the improvement of the efficiency of the concept as well as
the use of alternative fuels that may promote a reduction in the CO,
footprint in its lifecycle should be assessed.

2.5.2 Objectives of the study

Considering the detailed literature review and the investigation gaps

that were identified, the general objective of this work is to adapt the DMDF
combustion concept under the restrictions of real applications to realize clean

and efficient combustion in the complete map while providing alternatives to

realize COy savings in a medium duty multi-cylinder engine, representative

of on-road applications.
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Specific objectives were defined to accomplish the general objective that

was proposed:

o Understand the feasibility of extending the DMDEF concept on real
engine platforms and its potential with respect to mormative under
driving cycle evaluations. The extension of the previous calibration
settings from literature on real applications will be explored.
Moreover, a full map calibration for the real engine platform will be
proposed considering the restrictions that may be faced during the

process.

o Assess the impact of the DMDFE combustion on the oxidation catalyst
and particulate filter in both steady and transient conditions.
Experimental and numerical evaluations will be performed aiming to
identify the overall impact of the DMDF combustion on the DOC and
DPF as well as to characterize the critical operating conditions for

these devices.

o [dentify solutions in terms of fuel characteristics to realize ultra-low
emissions, high efficiency, and life cycle CQO, savings. Both low
reactivity fuel and high reactivity fuel properties will be explored as
an attempt to identify the most suitable fuel to the concept. First,
several low reactivity fuels will be assessed by means of bi and tri
component blends, allowing to sweep both research octane and motor
octane number. Lastly, different advanced reactivity e-fuels and their
blends with diesel will be evaluated aiming to combine both CO,

reduction potentials with efficiency and emissions improvements.

2.5.3 General methodology and research development

An experimental-numerical methodology approach is proposed to
address the different objectives that were defined as it can be evidenced in
Figure 2.17. The experimental results obtained in the fully instrumented
multi-cylinder engine are processed by means of CALMEC (an in-house
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combustion diagnostic tool). The processed results are then ready to be
analyzed or to be used as boundary conditions in different evaluations. The
instantaneous pressure and temperature profiles as well as the in-cylinder
composition are fundamental to Kinects evaluation. Moreover, the GT-drive
simulations are based on the interpolations of the experimental maps for
performance and emissions. Finally, the engine-out results analysis is needed
to understand the impact of operating parameters on the performance,
combustion, and emission results.

Experimental setup ") combustion diagnostics 0-D Kinects evaluation

. Cantera

Control and data acquisition

& ElabVEW
@

GT-drive model

Experimental devices ‘ \ GT if‘t“w
SR

3% DYNO

I Data Analysis I

Figure 2.17. Conceptual description of the different sources of information
and workflow followed during the investigation.

The research was developed in a connected way, trying to bring the
results from the SCE development to a real-world application while solving
the already known issues and those that would appear. Hence, chapter 4
describes the implementation of the DMDF concept following the guidelines
provided by Boronat [59] in a multi-cylinder engine. The chapter 4 answers
if the proposed boundary conditions can be achieved in a stock platform,
identifies possible solutions and proposes an adaptation of the calibration to
deal with the restrictions imposed by the system. Finally, it assesses the
potential of the DMDF calibration in achieving normative NOx and soot
emissions and highlights the main drawbacks of the concept.
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Chapter 5 responds the second particular objective of this investigation
by analyzing the dominant parameters on the DOC conversion efficiency. To
do this, a steady-state methodology is proposed measuring the calibration
points from low to medium load, since these are the most challenging
operating conditions. Speciation, conversion efficiency and temperature
evolution are measured for each one of the calibration points allowing to
understand the effect of the fuel composition variation on the exhaust
emissions. Then, transient measurements are proposed to understand the
DMDF influence on light off time under specific transient steps. Finally, two
models representing the DOC and DPF are calibrated and used in driving
cycle simulations allowing to assess the DMDF performance on different
normative, in-service conformity and real driving conditions. This provides
an overview of the DMDF impact on the ATS as well as the capabilities of

the stock system in realizing tailpipe EUVI emissions.

The last objective (achieve reductions on CO, emissions by means of
fuel optimization) is accomplished through an extensive test matrix. First,
PRFs from 100 to 80 are evaluated, isolating the effect of RON on the DMDF
combustion. Then, the most promising candidates for short-term future and
midterm future are selected by a merit function. Then, the sensitivity effect
is introduced on the RON by means of ternary blends with toluene, assessing
the impact of increased aromatic content from real fuels on the combustion
and emissions process. This analysis is aided by means of 0-D Kinects
simulations in Cantera. In a second step, OMEx and e - Fischer Tropsch are
considered in their net form of blended with diesel as potential high reactivity
fuels enabling the reduction of CO, in the lifecycle while providing an
alternative to reduce the soot emissions. Lastly, a new calibration is proposed
considering the best set of low reactivity fuel and high reactivity fuel and

then compared with the previous calibration in a driving cycle evaluation.
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3.1 Introduction

This work intends to implement the DMDF combustion concept on a
multi-cylinder commercial engine and assess its potential and challenges.
Moreover, dedicated studies are aimed at identifying the aftertreatment
response to the DMDF combustion and the fuel optimization to realize CO,
reductions. To do this, experimental and numerical tools and methodologies
will be employed. This allows to extend the capabilities regarding the
evaluation of the DMDF implementation on real applications. Therefore, this
section will be divided in different subsections. First, the experimental
devices, working principles and important considerations are presented. Next,
the different 0-D and 1-D simulation and analysis tools are described. Finally,
the methodologies that will be employed in both numerical and simulation

campaign will be explained in detail.

3.2 Experimental facilities

This section intends to describe the different devices that compose the
experimental facilities that were used in this research in terms of their main

characteristics, working principle and operation.

3.2.1 Multi-cylinder engine description

The main object of study is a multi-cylinder commercial engine, 8L,
that is originally provided by VOLVO trucks®. This engine is equipped with
devices that allow to extract the maximum engine efficiency while fulfilling
the current normative. Modifications were done in the original engine
platform to accommodate the DMDF combustion concept. In this sense, this
subsection intends to describe the engine itself as well as its auxiliary devices
and the modifications that were made in the original platform to enable
DMDF combustion.
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3.2.1.1 Engine description

As previously discussed, this research has as aim at the implementation
of the DMDF concept in a real engine platform. For this, a multi-cylinder
engine (MCE) with the same unitary displaced volume than the one used in
the initial single cylinder evaluations [1] it was selected. The engine in
discussion is a VOLVO D8K 350, 8L, with a configuration of six cylinders in-
line. This engine equips a wide range of commercial trucks, and is presented
in different power versions (250-350 hp) by modifying the injection and air
management system as well as the calibration maps, as it is depicted in Figure
3.1. Its commercial version is compliant with the last normative (EUVI) at
the cost of using a complex aftertreatment system for each one of the engine-
out pollutants: DOC (HC and CO), DPF (Soot) and SCR (NOx) [2].

Power hp Torque Nm
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= D8K320
200 D8K280
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600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
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Figure 3.1. Maximum torque and power curve for the same 8L engine
considering different calibration setups [2].

Geometrical modifications were made in the engine to enable the
implementation of the Dual-Mode Dual-Fuel combustion concept based on
the result from previous works [59]. First, the compression ratio was reduced
from 17.75 to 12.75 by decreasing the piston height. Moreover, the piston
geometry was optimized by means of CFD aiming to realize low emission and
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improved fuel consumption. Both modifications were based on the previous
work from Boronat [59]. The main characteristics of the engine are presented
in Table 2.1.

Table 3.1. Main characteristics of the modified engine DSk 350.

Engine Type 4 stroke, 4 valves, direct injection

Number of cylinders [-] 6

Displaced volume [cm?] 7700
Stroke [mm] 135
Bore [mm)] 110

Piston bowl geometry [-] | Bathtub

Compression ratio [-] 12.75:1
Rated power [kW] 235 @ 2100 rpm
Rated torque [Nm] 1200 @ 1050-1600 rpm

3.2.1.2 Fuel injection systems

As presented in the literature review, the DMDF combustion concept
relies on using two different fuels with contrasting reactivities, generally
diesel and gasoline. To do this, an additional fuel injection system (FIS) was
included. Therefore, a port fuel injection (PFI) system was added, composed
by six PFI injectors (described in Table 3.2) as well as a low-pressure pump.
In addition, a fuel conditioning system was developed to control the
temperature of the fuel, mitigating the influence of the test cell environment
temperature on the fuel properties.

The high reactivity fuel is injected by means of the stock engine high-
pressure piezoelectric injector whose characteristics are presented in Table
3.2. The injection system is composed by a fuel lubricated high-pressure
pump (which allows to achieve injection pressures up to 2000 bar), pressure

regulator and common rail.
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Table 3.2. Fuel injection system characteristics for both direct injection and
port fuel injection subsystems.

Direct injector Port fuel injector
Actuation Type [-] | Solenoid Injector Style [-] Saturated
Steady flow rate @ 100 Steady flow rate @ 3 bar
0 1300 . 980
bar [cm®/min] [cm®/min]
Included spray angle [°] 150 Included Spray Angle [°] 30
Number of holes [-] 7 Injection Strategy [-] single
Start of Injecti
Hole diameter [pm] 177 [acr A(I)) ar;[{]c;c Cl]o " 340
Maximum injection Maximum injection
2500 5.9
pressure [bar] pressure [bar]

3.2.1.3 Dual route exhaust gas recirculation system

The detailed analysis done in the literature review on the air
management requirements that should be faced in a real engine application
considering the EGR amounts and the aimed manifold pressures has led to
the decision of including a low pressure EGR (LP EGR) system to be summed
with the original high pressure EGR (HP EGR) system. Since higher EGR
levels are needed, the use of only one route would difficult the implementation
on a real platform. The use of only HP EGR would difficult the
implementation on a real platform due to a lack of energy in the turbine
inlet. Consequently, the turbocharger would be not able to provide the
required boost pressure. By contrast, the use of only LP EGR would result
in an excessive mass flow flowing through the compressor. In this case, the
stock turbocharger would be not able to deal with this mass, exceeding the
temperature restraint at the compressor. In this sense, the dual route EGR
was chosen allowing to control the energy and mass flow balances at the
turbine and compressor. Moreover, the dual route approach also enables a
way to control the temperature at the intake manifold, becoming an
additional path to tailor the mixture reactivity.
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As said, the original engine was equipped with only HP EGR since the
EGR amounts in conventional diesel applications rarely exceed 10 %. In this
respect, a LP EGR system, composed of pipes, control valves, intercooler,
particulate filter, and water filter, was designed to be included in the engine,
as depicted in Figure 3.2. The last two devices are responsible of cleaning and
to drying the EGR flow, eliminating both particulates and water condensates
prior to entering the compressor, which could damage the compressor blades,

reducing the compressor efficiency and lifetime [4].

LP-EGR loop EGR Gaseous emissions

cooler analyzer

HC
Ty @P co

DPF NOx
co,

EGR

Turbocharger *’ Exhaust
P PT 1 T PT E ‘

oF
Tr P Back exhaust I
valve

Figure 3.2. Low pressure exhaust gas recirculation system illustrating the

EGR flow
valve

different that are included to remove the moisture and particles from the

exhaust gases.

3.2.1.4 Aftertreatment system

The commercial engine platform enables the achievement of EUVI
emissions limits by means of a complete aftertreatment system as that
illustrated in Figure 3.3. It consists of a diesel oxidation catalyst (DOC),
diesel particulate filter (DPF), selective catalytic reduction (SCR) and an
ammonia slip catalyst (ASC) [5]. Based on the previous results presented by
Boronat [59], the DMDF concept should be able to realize engine out EUVI
NOx emissions. Therefore, the SCR and ASC system were disabled on the
ATS package and only the DOC and DPF were operative during the
aftertreatment system evaluation proposed in chapter 6. The characteristics
of both DOC and DPF are presented in Table 3.3.
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Figure 3.3. Scheme of the aftertreatment layout in the commercial truck.
Adapted from [5].

Table 3.3. Diesel oxidation catalyst and diesel particulate filter
characteristics of the stock after treatment system.

DOC
Diameter [m] 0.266
Length [m] 0.102
Cell density [cpsi] 400
Total volume [dm?| 5.7

DPF
Substrate Cordierite NGK
Diameter [m] 0.266
Length [m] 0.254
Cell density [cpsi] 200
Volume [dm?] 14.2

3.2.1.5 Air management system

An important feature present in the commercial engine platform is its
air management system. This comprehends a turbocharger with variable
geometry turbine and a fixed geometry compressor. The operating map in
terms of pressure ratio and corrected mass flow are presented in Figure 3.4.
As it can be seen, the compressor map presents the optimum efficiency point
at pressure ratios of 2.5 bar and corrected mass flow 0.22 kg/s (Figure 3.4

(a)). Moreover, the variable geometry turbine allows an efficient operation in
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a wide range of mass flows according to its vane position (Figure 3.4 (b)).
This provides an additional degree of flexibility which is beneficial in the case
of having huge mass flow variations and EGR concentrations.
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Figure 3.4. Compressor (a) and turbine (b) operation map of the
turbocharger.

3.2.2 Test cell characteristics

Experimental facilities for engine testing are generally complex and
costly as they must be provided with reliable measurement systems as well
as robust control to guarantee precise and steady boundary conditions during
each test. Figure 3.5 depicts the standard test cell configuration used during
this investigation, which is composed by a dynamometer (that will be
presented in detail in the next subsections), an AVL 415S Smoke meter, a
Horiba Mexa 7100 D-EGR, two AVL 733S gravimetric fuel flow balances
(one for HRF and one for LRF), controls and acquisition systems. Additional
devices are added to the standard configuration depending on the
investigation that is performed and will be introduced in the corresponding
chapters.

In addition, the test cell scheme allows also to visualize the different
systems that were included to the conventional engine configuration. The LP
EGR system can be found at the center of the figure, with the filters that
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were previously discussed. Moreover, a backpressure valve is introduced right
before the LP EGR split, which aims for the introduction of a pressure loss
to create a positive pressure gradient from the exhaust and intake manifold
and, therefore, extend the quantities of LP EGR that can be done. Finally,
the six PFI injectors are located at the intake manifold, after the HP-EGR

mixer.
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Figure 3.5. Test cell facility scheme presenting the different subsystem as
well as the measurement devices that were used to assess the DMDF

concept on the multi-cylinder engine.

Instantaneous pressure transducers are also employed at both intake
and exhaust manifold to capture pressure wave interactions and flow
pulsation caused by the engine operation, which can provide valuable
information for modelling applications. In addition to this, average pressure
and temperature sensors are included in different locations of interest to
capture important phenomena like pressure drop and flow expansion in
specific devices as well as to track the heat transfer that occurs along the
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exhaust and intake lines. The main pressure and temperature measurement
locations are depicted in Figure 3.5.

As it can be seen, all the six cylinders contains instantaneous in-
cylinder pressure transducers which are introduced to monitor the in-cylinder
dispersion that could occur from different sources as differences in the
emptying-filling process, air distribution or even injection differences.
Moreover, the individual monitoring allows to guarantee that none of the
cylinders are operating over the mechanical limitations that are imposed
during the evaluations.

3.2.2.1 Engine speed and torque regulation

Each engine operating condition is defined by a combination of a unique
engine speed and torque. The control of these variables must be accurate
enough to guarantee no variation over the time. The engine size is an
additional challenge since its power output at full load can achieve up to 260
kW (350 hp) and the dynamometer system must be capable of to absorb this
power and its fluctuations.

The engine was installed in a test cell facility containing an AVL
DYNOEXACT dynamometer. This equipment can support engines with
power outputs up to 400 kW. Moreover, its working principle allows to load
and to motor the engine, assisting the engine start and the evaluation
conditions near to misfire operation. The dynamometer control was carried
out by means of the AVL PUMA interface, allowing to select different
operating modes as well as to acquire the most important parameters during
the evaluations. The system also enables a complete integration of the gas
analyzers, fuel measurement balances, air flow meter, etc., allowing to have
online visualization of the most important metrics. During the engine tests,
the speed/alpha mode was selected, where the dynamometer control is
responsible to maintain the engine speed, independently of the disturbances
caused by the user. Alpha here stands for engine load, which is modified by
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the user according to the desired operating condition by means of the injected
fuel.

3.2.3 Instrumentation and measuring equipment

This subsection intends to describe the variety of sensors that have
been employed during the experimental campaign. Their working range,
measurement uncertainties and principles are discussed to provide insights
about the reliability of the measurements. Moreover, the different
correlations and signal processing devices are also presented.

3.2.3.1 Torque and engine speed measurements

Torque and speed measurement systems are part of the dynamometer,
allowing to measure the reactive force of the device and, consequently, the
engine power output present since the first friction band dynamometers [6].
Nowadays, different measurement devices can be found for torque
measurement, for example, torque flanges as well as load cells. The latter is
frequently found at steady-state applications; it consists of a strain-gauge
inside a specific metal shape, designed to provide the highest sensibility to
load variations. Prior to its application, a calibration curve should be
provided to the acquisition software which relates the voltage output (post
load cell amplification circuit) to a calibrated weight. The AVL
DYNOEXACT used in this research is equipped with load cell measurement,
calibrated prior to starting the experimental campaign, and frequently
checked by the specific AVL PUMA® routine which consists in using
calibrated weights to verify the corresponding torque.

Regarding engine speed measurements, a variety of type of sensors can
be also found. Hall and inductive effect sensors placed near to a teethed well
can deliver precise engine speed measurements. Nonetheless, due to the
teethed well limitations, they generally provide 60-2 pulses/stroke, which is
not suitable for heat release analysis applications. In this sense, an additional
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optical encoder AVL 364 was installed on the crankshaft of the engine which
has an interpolated resolution of 0.2 CAD. The common three band signals
(A, B and C) are also present in this encoder where A allows to acquire the
pulses per stroke, B is a phased A, which allows to determine the direction
of rotation, and C the trigger that is used to reference the start of acquisition
with respect to the piston position.

3.2.3.2 Average pressure and temperature measurement

Despite not having a temporal discretization, the time-averaged
quantification is still useful to monitor and control boundary conditions at
sites where the signal dynamics are low. Generally, their cost is order of
magnitude lower than instantaneous instrumentation, which allows to use
several sensors in a same experimental facility.

The test bench was instrumented with both average pressure and
temperature sensors. Average pressure was measured by means of a PMA
P40 model piezoresistive pressure transducer with a measurement range from
0 to 10 bar and an accuracy of 25 mbar. On the other hand, temperature was
acquired by means of both thermocouple and thermo resistive sensors.
Thermocouples type k were used with a measurement range from 0 to 1100
°C, and a precision of 2.5 °C. Pt100 thermo resistances have been used to
measure the oil and water temperatures with a measuring range from -200 to
4850 °C, and precision of 0.3 °C.

3.2.3.3 Instantaneous pressure transducers

Instantaneous pressure measurement is one of the most critical tasks to
be performed,, since it requires special instrumentation that must be able to
provide signals with low thermal shock and to support high pressure values.
In this sense, the piezoelectric Kistler 6125C sensor was chosen as it fulfills
all these previous requirements, allowing to measure pressure ranges from 0
to 300 bar (higher than the maximum pressure limit imposed during the
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evaluations) with low thermal impact on its sensibility [7]. The 6125C
pressure transducer presents an uncertainty of 1 % at maximum pressure
and a linearity of £0.4 % of the full-scale output. Moreover, this sensor does
not require any additional cooling system which simplifies its mounting and
reduces the required space for its assembling in the engine. A Kistler 5011B10
charge amplifier was used to pre-condition the signal before its acquisition.
It should be stated that instantaneous pressure measurements were also
performed at the intake and exhaust manifold. Nonetheless, the pressure and
temperatures found at these locations are far inferior to those in the in-
cylinder, allowing to use Kistler 4045A10 piezoresistive sensors.

3.2.3.4 Mass flow measurement

Mass flow measurements can be divided according to the state of the
fluid in discussion. First, the gas phase is considered addressing the
measurement of the intake air that flows to the engine per unit of time. This
is accomplished by means of a positive displacement flow meter Elster RVG
G100 rotary meter, located at the intake runner, before any heat transfer
device. The device allows to measure flows ranging from 0.05 m*/h to 160
m*/h with a precision of 0.1 %. The conversion from volumetric to mass flow
basis is done considering the state properties of the air, measured by

thermocouple and pressure sensors.

On the other hand, the main liquid phase fluids of interest are the fuel
flow of both low reactivity and high reactivity fuel. Their measurement is
performed by means of two AVL 733S balances based on the gravimetric
measurement principle, allowing to measure flows from 0 to 160 kg/h with a
precision of 0.2 % [8].

3.2.3.5 Data acquisition systems

The diversity of signals that can be found on the experimental facility
represents a puzzle concerning the data acquisition system. A reliable system
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must be able to address the contrasting frequencies, protocols, and output
signals. The logical simplification seems to be the use of a high frequency
acquisition for all the signals of interest. Nonetheless, this would produce files
with excessive sizes and the system to overflow. In addition, according to the
Nyquist’s principle, there is no need to acquire average signals at the same
frequency than the instantaneous ones since no additional information would
be gathered [9]. In this sense, the measurement system was divided in two
main blocks: a low frequency and a high frequency acquisition system.

Low frequency signals address the average pressure sensors as well as
the temperature and flow measurements. These signals are then connected to
a native AVL FEM-A board from the PUMA® system which allows the
acquisition at 10 HZ of frequency. These signals are them available to the
PUMA interface allowing to monitor their behavior as well as to set safety
operation limits based on temperature and pressure outputs. Once an
operating condition is set, the signals of interest are described in a DST (data
storage table) and are recorded during 40s. Finally, their average value is
written at the output file.

By contrast, high frequency signals are dealt by a dedicated high
frequency system consisting of a NI PXlIe 1071 board with an in-house
interface built in LabView. The high-frequency signals comprehend
instantaneous pressures as well as encoder position and injection profiles. The
same routine can use these signals as inputs to an online heat release analysis
routine, which allows to monitor the effect of settings variation on the main
combustion metrics as well as the HRR profile.

3.2.3.6 Emission measurement

As deeply discussed in chapter 2, most of the investigations on internal
combustion engines aim to achieve fuel consumption improvement and
reductions on the main hazardous pollutants at engine-out. In this sense, the
experimental instrumentation must be able to deliver precise quantification
of these magnitudes. In which concerns emissions measurements, different
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measurement principles and devices are found on the market with specific
capabilities. This subsection intends to provide light on the devices that were
used during the experimental campaign as well their measurement principles

and specificities.
Horiba Mexa 7100 D-EGR

The Horiba Mexa 7100 D-EGR is a compact solution in terms of a
measurement system for different components: CO, CO,, THC, O,, NOx, NO
and NO,. Each specie is determined by specific measurement principles that
are extensively addressed in the literature. Table 3.4 relates the specie in
discussion with the respective measurement principle, range and uncertainty

associated with the measurement.

Table 3.4. Horiba MEXA 7100 D-EGR components, measurement

principles range and assoctated uncertainty.

Component Model Principle Range Uncertainty
CO ATA-31 NDIR 0-12 vol % 4 %
CO; AlA-32 NDIR 0-20 vol % 4 %
THC FIA-01 FID 0-10000 ppmC 4 %
O, MPA-01 MPD 0-25 vol % 4 %
NO/NOx CLA-01 HCLD 0-10000 ppm 4 %
NO, NOx, NO, | CLA-02HV | DH-CLD | 0-10000 ppm 4 %

As it can be seen in Table 3.4, four measurement principles are
employed in determining the different engine-out species. The Non-Dispersive
InfraRed detector (NDIR) is based on the separation of the broadband light
into suitable wavelength that can be absorbed by the gas of interest. This
signal is compared to a reference signal in a neutral environment and the
respective intensity reduction is proportional to the concentration values [10].
A magneto-pneumatic detector (MPD) measurement system is employed
exclusively for O, measurement. This specie is known to have extremely
strong paramagnetism which produces a modification of a dumbbell position



70 Chapter 3

as it flows. A feedback system applies a force to return the dumbbell to its
original position which can be measured and translated into oxygen
concentration [11].

Heated chemiluminescence detector (HCLD) consist of producing a
high energy state of the NO, molecule through the reaction of NO and ozone.
Once the reaction stops, the NO, returns to its ground state emitting light
which is then correlated to the concentration of NOx [12]. Finally, HC is
measured by means of flame ionization detection (FID). The measurement
principle consists of burning a sample of the exhaust gas with a mixture of
hydrogen, helium and synthetic air. The oxidation process produces ions that
are submitted to an electric field. The ionization current produced by this
process is then correlated to the quantity of carbon atoms [13].

It should be noted that the emissions measurement system is composed
by sensors that deliver their result in molar concentration and different basis
(wet or dry). Since mandates are expressed in mass basis and at wet basis,
the conversion of the raw emissions is required. The regulation 49 from
UNECE is widely accepted as an emission measurement guide providing
guidance to attain the aforementioned conversion and it was herein employed
[14]. Tt determines that once the raw emissions are obtained, they can be
converted to mass by employing the general equation presented in equation
3.1. The units of each parameter are introduced at the first time usage.

m_emission [g/s] = yi[_] " Qexhaust [g/s] 3.1

Where Goxnaust is the exhaust mass flow rate in g/s and y; stands for
the mass fraction of each component which can be obtained by:

_ - MW [kg/mol]
A= e kg /mol] 5.2

The equation 3.1 can be particularized for each component of interest
and their measurement basis. In addition, the values can be converted to
power specific units dividing by the power delivered in each operating
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condition. This last parameter can be given in both brake (BS) or indicated
basis (IS) depending on the power (P) used in the denominator (indicated or
brake power).

| MW
SCo — Meo [g/s] _ co MWexhaust exhaust ~ *w,r 2.9
P[kW] P
MWyo,
o = o _ N0, Ty oce Qexhaust* Kwr - knp[—] 3.4
X p P
CHC = Myc _ HC " MW, ohaust Qexhaust 35
P P " kFID

In the previous equation k,, , stands for the dry to wet correction factor
while kp, p is the humidity correction factor (both are dimensionless factors).
It is also worth to be stated that the D-EGR in the Horiba measurement
system, previously introduced, stands for an additional CO, measurement
line which enables the online measurement of the EGR quantity by a simple
equation:

COyintakeg,, [ppm] — COambient[ppm]

EGR [%] = * 100 3.6

CO,exhaust gy, [ppm] — CO,ambient[ppm]

A last remark should be done considering the A/F calculation. The
equipment allows to obtain the online output of the A/F values during the
measurement considering the routine proposed by Silvis [15]. Nonetheless,
the fuel composition is an input for this method. As the gasoline fraction is
frequently changed during the investigations, the same occurs with the
composition. Therefore, any A/F reported in this investigation is a result of
an offline application of the Silvis [15] method considering the real
composition of the fuel blend.
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Horiba Mexa ONE-FT

Specific studies performed during the experimental campaign required
the measurement of additional species which the traditional measurement
principles from HORIBA Mexa 7100 cannot deal with. For these cases, a
Horiba Mexa ONE FT was included, since its measurement principles are
based on Fourier transformed infrared spectroscopy (FTIR) which allows to
obtain information about a variety of species and their respective

concentration in the exhaust gases.

FTIR fundaments are based on the fact that each substance interacts
with a characteristic wavelength which depends on its chemical bonds and
mass of each element that compose it. Once the molecule is excited by this
specific wavelength, it absorbs energy, jumping from its ground state to a
high energy one. Consequently, this energy difference is observed in the
infrared detector. Table 3.5 summarizes the species and the ranges that could
be measured by the Horiba Mexa FTIR used in the investigations for
hydrocarbon speciation that are presented in chapter 5.

Table 3.5. Horiba Mexa ONE FT components, measurement principles
range and associated uncertainty.

Component Range Component Range
CO 0-5000 ppm NH; 0-1000 ppm
CO, 0-20 vol% SO, 0-200 ppm
NO 0-5000 ppm C,Hg 0-200 ppm
NO, 0-200 ppm C;Hg 0-200 ppm
N,O 0-200 ppm 1,3-C.H¢ | 0-200 ppm
H,O 0-24 vol% Iso-C,Hs | 0-200 ppm
CsHg 0-500ppm C-Hs 0-500ppm
C,Hy 0-500ppm CH, 0-500ppm




3.2 Experimental facilities 73

It should be remarked that both monoatomic and homonuclear
diatomic molecules cannot be measured by this principle as they present no
vibration (first case) and symmetrical vibration (second case) [16].

AVL smoke meter

Last, but not least, an AVL 415S smoke meter was employed to
quantify the soot production for the different operating conditions assessed.
A specific volume of exhaust gases is forwarded to the smoke meter passing
through a clean paper filter. The blackening of the paper filter is measured
by means of a reflectometer and then correlated to FSN (Filter smoke
Number) that can range from 0 to 10. The AVL 415 S has a resolution of
0.001 FSN with a minim detectable limit of 0.002 FSN [17]. Since the
normative values are generally specified in g/kWh, the correlation presented
in equation 3.7 proposed by Christian et al. [18] was employed to determine
the volumetric soot mass (mg/m?). Following, a constant exhaust gas density
is used to convert it to mass basis (Mguot/KGexhaust zas). Next, the total soot
mass is obtained by multiplying the mass fraction by the total exhaust mass
and dividing it by the engine power allowing the subsequent conversion to
g/kWh.

1
Soot = ———+ 4,95 FSN - ¢(0-38:FSN) 3.7
00t =405 ¢

It should be stated the smoke meter measurements are not able to
quantify the totality of particulate matter mass presented in the exhaust
gases. Its optical measurement system is not accurate to account condensable
organics, underestimating the real particulate matter mass in the exhaust.
Moreover, the DMDF particulate matter composition has shown to deviate
on that from that of the CDC because the condensable organic hydrocarbons
are the dominant PM mode on RCCI, affecting the accuracy of the soot
estimation for this combustion concept [19]. Despite, AVL 415 S has been
widely used for estimating the particulate matter values, being a good and
fast indicator of the total soot mass produced by the engine.
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3.3 Fuels properties and characteristics

Throughout this work, different fuels for both low reactivity and high
reactivity application were evaluated aiming to precise the fuel characteristics
to deliver the best results in terms of both performance and emissions.
Therefore, this subsection intends to describe the net fuel characteristics as
well as the blending process that were used to derive the different blends to
be assessed.

3.3.1 Low reactivity fuels

Considering LRF, mostly of the investigation relied on using
commercial gasoline. Nonetheless, dedicated studies were performed using
surrogate fuels obtained by binary and ternary blends of iso-octane, n-
heptane and toluene allowing to attain different octane numbers as well as
fuel sensitivities. Table 3.6 presents the characteristics of each one of them.
In the table RON stands for research octane number while MON stands for
motor octane number. Both are metrics to report the reactivity quality of a
fuel.

Table 3.6. Characteristics of commercial gasoline as well as the different
net components that are used to emulated different research octane
numbers and sensitivilies.

Gasoline | N-heptane |Iso-octane | Toluene
Density [kg/m?] (T= 15 °C) 720 645 658 866
Carbon content [%m/m] 83 91.3 84 84.2
Hydrogen content [%m /m] 13.5 8.7 16 15.8

Oxygen content [%m/m] 3.5 0 0 0

RON [-] 95.6 0 100 121
MON [] 85.7 0 100 107
Lower heating value [MJ/kg] 42 44.5 44.4 40.5
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The volumetric proportion of n-heptane and iso-octane in binary blends
dictates the RON of the fuel. RON 100 fuels stands for net iso-octane while
RON 0 is obtained when only n-heptane is employed. Any intermediate RON
can be achieved by mixing both components, being the iso-octane volume,
the reference for the RON value. However, the blend of ternary components
requires a more methodological step to assure the reliability of the fuel blends
in which refers to the research octane number and sensitivity. To do this, the
method proposed by Morgan et. al. [20] was employed, which consist of a
two-step iteration to determine the volume fraction of each component from
a diagram analysis. Figure 3.6 (a) depicts the sensitivity (RON-MON) versus
toluene diagram for several RONs while Figure 3.6 (b) illustrates the
dependence of the primary reference fuel (PRF) strength for a given toluene
volumetric percentage for different RONs.
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Figure 3.6. Diagram representation of the (a) sensitivily- toluene

dependence in a ternary blend of iso-octane, n-heptane and toluene and (b)
the PFR for desired RON (PRF strength) with respect to the toluene
fraction on the mixzture for different RON [20].

The first step in the methodology is to define the aimed sensitivity for
the blend, the target RON for the mixture and the total blend volume. Then,
one should find in the first diagram what should be the toluene volume
percentage to accomplish the first two target values. Once this value is
defined, the PRF strength, i.e., the iso-octane and n-heptane blending ratio
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is defined by means of identifying the point where the toluene volumetric
percentage crosses the RON line and looking at y-axis the resultant value.
With this set of results, the volume of both iso-octane and n-heptane can be
finally calculated by equation 3.8 and equation 3.9.

VOlC8H13 [L] = PRFstrength [_] ’ (VOltotal[L] - VOltoluene [L]) 3.8
VOlC7H16 [L] = (VOltotal [L] - Volioruene [L]) - VOngH]_s (L] 3.9

3.3.2 High reactivity fuels

Commercial diesel was used extensively during the investigations as a
drop-in fuel to DMDF combustion. Despite this, additional high reactivity
fuels were also evaluated as alternatives to push the combustion concept
towards lower CO, emissions. Specifically, e-Fischer Tropsch (e-FT) and
oxymethylene ethers (OMEx) were used as both can achieve a significant

reduction of the CO, footprint during their production process.

E-Fischer-Tropsch diesel (e-FT) can be obtained from syngas (mix of
CO and H,) processing at specific temperature and pressure ranges. From
this process a highly paraffinic fuel is obtained, with qualities similar to those
found in hydrogenated vegetable oils (HVO). Like in HVO, the absence of
polyaromatic compounds and the low sulfur reduce the soot formation during
the combustion process. Additionally, the absence of aromatics together with
highly paraffinic contents results in a high cetane number for this fuel.
Hydrocarbon-based feedstock is generally used as source for CO and H, co-
production using processes like gasification or steam reforming. They can also
be produced via separated processes like water electrolysis, using renewable
electricity for H, and reverse water-gas shift (RWGS) of CO, captured from
ambient air for CO. Then, they can be mixed in the desired proportions.
These last routes enable substantial CO, savings since hydrogen is produced
from a non-hydrocarbon source and CO; is extracted from direct air capture
(DAC). Moreover, both processes can consume renewable energy supporting
the CO; reduction [21].
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The production process of Oxymethylene dimethyl ethers (OMEx)
involves a few conversion steps from CO, and H, to methanol and finally to
OMEx. Once CO, is used as raw material, this fuel presents a substantial
potential on CO,abatement. Nonetheless, if the electrical energy demand and
the electrolysis efficiency are considered, OMEx still ranks lower than other
e-fuels as dimethyl ether (DME) and methanol. This means that the CO,
abatement will be real only when low carbon intensity energy sources are
employed in the production process. Regarding the combustion process,
OMEx allows for a drastic reduction of soot formation. Nonetheless, it has a
low value of lower heating value (LHV), which increases its volumetric fuel
consumption. The low LHV is a direct consequence of the low carbon and
hydrogen content in the molecule, as almost half of it is composed by oxygen
[22]. Table 3.7 summarizes chemical-physical properties of the high reactivity
fuels used.

Table 3.7. Physical chemical properties of the high reactivity fuels that are
evaluated during the investigation.

EN 590 diesel e-FT OMEx
Density [kg/m?| (T= 15 °C) 842 832 1067
Viscosity [mm?/s] (T= 40 °C) 2.9 3.2 1.2
Cetane number [-] 55.7 75.5 72.9
Carbon content [% m/m] 86.2 85.7 43.6
Hydrogen content [% m/m] 13.8 14.3 8.82
Oxygen content [% m/m] 0 0 47.1
Lower heating value [MJ/kg] 42.4 44.2 19.0

It should be remarked that both LRF and HRF fuels present a
significant dispersion on the lower heating values. In this sense, the brake
specific fuel consumption can be seen affected by these LHV differences.
Therefore, an equivalent brake specific fuel consumption premise was
included whenever the fuel is modified to account these differences by
normalizing the LHV (MJ/kg) of the given fuel with respect to diesel as a
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way to create a comparable metric to the engine running only with diesel as
presented in equation 3.10.

) (_LHVygr . (_LHV gp
"UHRF (LHVdiesel) Mg (LHVdiesel)

Py

3.10

BSFCoqlg/kWh] =

3.4 Theoretical tools

This section intends to briefly describe the theoretical tools used during
the post-process of the experimental data. Moreover, the different software
interfaces used in the simulation part of the work, as well as the main
governing equations of them, are herein discussed.

3.4.1 0 - dimensional models

In spite of the simplifications that can be found in 0-D calculations, it
is a powerful approach to investigate phenomena under specific assumptions
and well controlled conditions. Moreover, it allows to obtain a general
overview of a process in a much fast time order than 1-D and multi-
dimensional approaches. This investigation uses different 0-D routines for
post-processing and to investigate specific phenomena of interest, which will
be described in this subsection.

3.4.1.1 CALMEC

CALMEC is a 0-D package developed in CMT-motores térmicos with
the aim of allowing an organized and user-friendly process to perform heat
release calculations. It consists of using experimental boundary conditions, as
the instantaneous in-cylinder pressure and averaged values of mass flow
consumption (air and fuel), as well as temperatures and pressures to
accomplish an accurate heat release analysis. This analysis is based on a
closed cycle calculation considering the first law of thermodynamics with the
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fuel energy as the energy added to the system and different energy outcomes
that leaves the control volume (inefficiencies, blow-by, heat transfer, etc.)
[23].

As expected, this 0-D approach does not provide spatial resolution,
assuming homogeneity of the in-cylinder pressure and composition during the
analysis. Moreover, the in-cylinder gas is considered a homogenous mixture
off air, fuel and burned products that are governed by ideal gas law. The
effect of using ideal and real gas to represent the in-cylinder mixture were
deeply addressed in previous investigations which concluded that the
differences are minimal, allowing to accept this approach during the
calculations [24].

The energy balance solved during the closed cycle is presented in
equation 3.11. As it can be seen, different terms are accounted, representing

the most important phenomena that occurs during the engine operation.

AHRL = Mgy Mgy + AQy + P AV — (R inj — s g) * AMy gpap + Reyy * Teyr * Ay
(3.11)

Equation 3.11 states that the total energy released during the
combustion of the fuel injected at a given CAD interval (AHRL[J/CAD]) is
equal to the sum of the internal energy variation of the mass trapped (dm.y,; -
Auy,), the heat transfer AQ,,, total work produced by the gas on the piston
area (p-AV), the energy balance in the injection process ((f_lf'inj —uf,g)-
Ams oyqp) and the term referent to the mass loss due to blowby ( Rey;* Tey; -
Amyp). Each term comprehends detailed submodels which address the
dominating parameters of each process; for example, the piston velocity and
pressure included in the Woschni model. The detailed description of them
can be found in [25].

The heat release analysis allows to obtain insights about the burning
process in the cylinder, which is fundamental to reach an efficient energy
conversion. From the instantaneous heat release, an accumulated profile can
be generated and them normalized by the total energy provided to the
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system, resulting in the mass fraction burned (MFB) curve. This approach
allows to define different combustion metrics such as the ignition delay (0-2
% of MFB), CA 10, CA50 and CA 90 (crank angle degrees where 10, 50 and
90 % of the mass fraction is burned) or the combustion duration, generally
defined as CA90-CA10.

Combustion efficiency

One important source of energy loss in an engine is caused by the part
of the fuel that is not properly burned. This can be originated by different
mechanisms as the trapping of fuel between the gaps of the cylinder or partial
oxidation of the hydrocarbon molecule. Once this information is obtained
through the exhaust emissions measurement, the combustion efficiency can
be calculated by means of an energy balance. This is done by considering the
total fuel energy that enters the cylinder subtracted by the energy from the
unburned species that are present in the exhaust and can be calculated by:

3 2y - LHV;
[y / (g + )| - LHV

ne=1 5.12
Where y; stands for the mass fractions of the different exhaust species
that contains heating value greater than zero. During the calculations, only
the most common species where used: HC, CO and H,. This last was
approximated as 1/3 of the carbon monoxide molar fraction [26]. The heating

value of each specie was obtained from the literature as: CO=10.1 MJ/kg,
HC=42.5 MJ/kg, H,=120 MJ /kg

3.4.1.2 Cantera

Cantera is a 0-D /1-D open source code to perform different Kinects
evaluations as the solution of reactive systems as well as the determination
of laminar burning velocities, etc. In this investigation Cantera has been
applied to solve chemical reaction systems in its simplest form, which are
generally known as 0-D reactors. These systems are 0-D domains where the
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different conservation equations are solved for the state parameters as well
as the chemical species giving a set of boundary conditions. The use of this
approach allows to exclude the interaction from flow, wall shear and heat
transfer from the Kinects problem itself, allowing to investigate the
composition effect of a specific fuel on a reactivity basis and over the
dominant reaction paths that governs the oxidation of a fuel molecule. The
closed ideal constant volume reactor was chosen to evaluate different
situations found during the experimental campaign. Its formulation is mainly
based on solving the mass conservation equation for each species and the
energy equation which are presented in equation 3.13 and equation 3.14,

respectively [27].

dyy ) ) .
mo-= Z Min (Yein — Yi) + M gen — Ye Muwanr
in

(3.13)
ar _ av
M T TP ¢
: PV . .
+ Z Mmin (hin - Z ukYk,in> - EZ Moyt — Z mk,genuk
in k out k
(3.14)

Where, m stands for the reactor mass, V is the reactor volume, p is the
reactor pressure, t is the time, T stands for temperature, Y, is the mass
fraction of each specie, u is the internal energy, h is enthalpy and Q is the
total heat transfer through an wall. These equations are presented in the
expanded form and simplifications are done in the convenient way during the

problem setup.
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3.4.1.3 Particulate filter submodels

Diesel particulate filter models can be found in different degrees of
complexity. Once the DPF evaluation performed in this work aimed to
evaluate global effects of DMDF combustion on the DPF performance, a 0-
D model proposed by Piqueras el al. [28] was employed. This routine has
shown to be able of modelling the different phenomena that takes place on
the DPF as filtration, accumulation and regeneration under different steady-
state and transient conditions [29]. Because the routine is presented in an in-
house code, the simulations were done by means of using the results from
GT-Drive as boundary conditions to the model.

3.4.2 GT-suite description

GT-Suite is a simulation tool from Gamma technologies® which
addresses the variety of problems found in transportation (road, maritime
and aerial). During this research, the packages GT-Power and GT-drive were
used to develop flow, chemical simulations and driving cycle evaluations,
respectively. In this sense, the following subsections intend to describe each
one of them to elucidate the specificities of each package as well as the most
significant points to be remarked.

3.4.2.1 GT-Power

This package consists in multi domain approach combining the 1-D
discretization of the conservation equations by finite volumes method with 0-
D phenomenological model and experimental data to properly describe the
engine operation [30]. Generally, these equations are solved explicitly in the
time, i.e., considering the solution field from the last iteration during the
integration and specifying a proper time step to guarantee solver stability
calling the Courant condition [31]. It also allows the modelling of several
subsystem as cooling circuits and after treatment by including dedicated
submodels. This last was the focus of the simulation campaign performed in
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GT-Power, aiming to calibrate a Diesel oxidation catalyst to the proposed
combustion concept [32]. The submodels and validation of the DOC are
deeply discussed in chapter 5, were the after treatment is discussed in detail.

3.4.2.2 GT-Drive

GT Drive is a dedicated tool for vehicle simulation aiding the
development phases by enabling the assessment of multi subsystem as
powertrain, vehicle cooling, etc. in driving cycle conditions by means of 0D
formulation. This means that there is no space discretization of the
differential equations, i.e., they are integrated only with respect to time in
an explicit manner. In this work, GT-drive is applied to determine the
performance of the proposed engine calibration by assuming that the
instantaneous values of performance and emissions values can be assumed as
an interpolation of steady-state maps. Different driving conditions as
normative, in-service conformity and real driving cycles are assessed. For each
condition, an energy balance equation is solved as that presented in equation
3.15 [33].

T ] — [1 + [transz Idsh + [axl + (Mveh)(rv?zhl) dwdrv
A e T ORE TR T RDRD T RDE®D) | de
_ [Itra_nsz Idsh Iaxl (Mveh)(ruzzhl)]w % 2.15
R TR T RPEH T RHEH | at '

[Faer + Frol + Fgrd r
Rth whl

In Equation 3.15, I,gns1 and Iipgnsp accounts for the inertia in the input
and output of the transmission while I;,, and I,,, represents the driveshaft
and axle moment of inertia. Next, R; and R, comprehends the final drive and
transmission ratio for each gear. Wheel speed, herein defined as w, is directly
related to the wheel radius () and vehicle mass (M,,,) for each instant of
time (t). Finally, aerodynamic forces (F,,, ), rolling resistance forces (F,,;) and
gravity forces (Fy4) are included in the last part of the equation.
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3.5 Experimental and numerical methodologies

This last section has as aim to present the different methodologies that
are used in both experimental evaluation and simulation. More specific
methodologies that are used only in short campaigns are described in the

correspondent chapters.

3.5.1 Calibration Methodology

Through the years, with the development of the electronic devices, the
adjustment of settings to obtain the required output of the engine (i.e.,
calibration) become more complex. In the beginning, a few parameters could
be adjusted, like the injection timing in diesel engines or carburetor nozzles
and spark advance for SI engines. Nowadays, besides the ignition and
injection maps, the electronic control units have a vast number of correction
maps to deal with the different situations that can be found during the engine

operation.

In the DMDF combustion concept, the use of two different fuels
injected separately requires two independent injection maps for each one of
them. The air management settings like inlet and exhaust pressure and the
injection pressures should be also determined. Nonetheless, from the formal
definition of the word calibration, a target/output should exist to justify the
calibration process. In the case of an engine calibration, one desires always
to obtain the maximum efficiency while minimizing the emissions under
determined constraint, e.g., mechanical limitations. In this context, a
calibration procedure was defined to obtain the final operating maps in the
multi-cylinder engine platform. It should be bore in mind that nowadays
automated calibration processes in platforms are a more effective way of
obtaining the best calibration settings. The calibration process here presented
tries to approximate to the best settings solution, nonetheless, it has
limitations regarding the number of settings combinations that should be
tested. Despite of its limitations, it is worth to remind that manual
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calibration can be also safer for this novelty combustion concept as

calibration rules needs to be developed.

The calibration methodology employed is based on an iterative method
where different settings are adjusted under determined constraints. The first
step of this routine is presented in Figure 3.7 and has as aim to obtain the
desired engine load at dual fuel combustion fulfilling the mechanical
constraints of the engine: 15 bar/CAD of PRR, 185 bar of in-cylinder
pressure. In addition, a maximum COVwer of 4 % is respected for all

operating conditions.

First, the engine is started in a CDC operating condition at a low load.
Gasoline is steeply increased aiming the target load (as there is no strict rule
regarding the best gasoline fraction to be used, the calibration assumes that
the higher the GF value, better should be the results since higher GF means
high premixing which delivers lower NOx and soot emissions. This
assumption is retested during the calibration). If the pressure and/or pressure
gradient are exceeded, the Sol of both injections is delayed. In the case of not
being enough, the premixing degree is reduced. This premixing degree
reduction is here defined as the Sol delay coupled with the reduction of the
gasoline fraction. Once the load is achieved, the combustion variability is
assessed. If the value is higher than 4 %, a low GF value is used, and the

routine is performed again until fulfilling all the constraints.

The next step has as goal to obtain EUVI compliant emissions in which
regards NOx with soot values lower than 0.01g/kWh by adjusting injection
and air management settings. As it is presented in Figure 3.8, four different
scenarios can be achieved during the first calibration steps: (1) EUVI
fulfillment of NOx and Soot lower than 0.01g/kWh, (2) higher NOx than
EUVI, (3) soot exceeding the 0.01g/kWh threshold and (4) both emissions
exceeding the targets (NOx higher than EUVI and soot higher than
0.01g/kWh). Different strategies are developed according to each one of these
scenarios except in the case of already fulfilling NOx and soot targets. For
the first non-compliant scenario strategies that allow to reduce NOx should
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be employed. Therefore, both higher EGR. levels as well as delayed Sol can
be employed to reduce the in-cylinder temperature and decrease the NOx

formation.

Engine start at CDC

Increase gasoline
injection

X

i ?
Pressure gradient <15bar/CAD? S 1st Delay Sol

Maximum pressure < 185 bar? NO

Yes
2nd Premixing reduction
COV,ep <4%? > /l\
NO
Yes

NO
+ Target engine load ?

Yes

Figure 3.7. Schematic description of the first stage of the calibration

methodology which aims to achieve the desired engine load under Dual-

Mode Dual-Fuel combustion.

The second non-compliant scenario requires strategies that aim to
increase both the oxygen content and the premixing time of the high
reactivity fuel. The main strategies are: decrease the EGR concentration,
increase oxygen content by means of higher boost pressure and using early
Sols. In addition to this, higher injection pressure can be also used to improve
the fuel mixing. Last, both NOx and soot can be higher than the defined
constraints. In this case, generally, the strategies employed have a negative
impact on fuel consumption. For example, the increase of the injection

pressure and closed VGT position can increase the auxiliary and the pumping



3.5 Experimental and numerical methodologies 87

losses respectively. Nonetheless, this is required to reduce the soot at levels
in which higher EGR can be used to reduce the NOx emissions. It is
important to remark that despite the strategies previously defined, there are
conditions where it is not possible to achieve the proposed constraints. These
conditions are generally found at high load operation where a triplet exists:
excessive NOx and soot coupled with high pressure gradients. In these cases,
the second step of the optimization routine aims to reduce the emission levels
as much as possible. Detailed description of these cases will be provided in

i
¢ 7 7 g

So00t<0.01 & NOx EUVI ? So0t<0.01 & NOx 1EUVI?  Soot>0.01 & NOx EUVI ? Soot>0.01 & NOx tEUVI ?

Yes \I/ Yes \l/ Yes \l/ Yes

the calibration results chapter.

-Add Egr - Remove EGR - close turbine

- Delay Sol - Increase oxygen content - Advance Sol
- Advance Sol - Increase injec. pressure
- Increase Inj. Pressure -Add EGR

|+ ¥

Soot <0.01 & NOx EUVI ?
NO

Yes

Figure 3.8. Schematic description of the second stage of the calibration
methodology which aims to minimize the emissions of NOx and soot under

specific constraints.

Finally, the last phase intents to optimize the fuel consumption values
by adjusting the injection settings and the EGR levels. Figure 3.9 depicts a
scheme of the different optimization subroutines that are employed. The
application of each subroutine is straightforward. Different sweeps are made
in each one of the subroutines and the final impact of each iteration on torque
is assessed. The loop is exited if the torque does not show any benefit
compared to the previous steps. It should be bear in mind that the

modifications in each one of the settings are in a narrow range since the NOx
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and soot emissions should be maintained under the constraints defined in
step 2 while optimizing the BSFC.

Evaluation of LP/HP EGR split

Yes
Torque, > Torque,?
Yes U‘:} NO
Torque,; > Torque ? EGR sweep
PER sweep———<&—————
NO iy
Sol sweep —>— Torque, > Torque,,? v
+ /o Yes Torque,> Torque,,? 185> |
é) NO

Figure 3.9. Schematic description of the third stage of the calibration
methodology intending to realize the optimum fuel consumption values for
each operating condition.

Figure 3.10 summarizes the main steps of the optimization routine
previously described. It is interesting to note that an additional step is
present here: at the final of the three steps a new starting GF is proposed.
This is recommended to avoid choosing a local optimum as the final
calibration set. In addition, this is also required to confirm the assumption
used in step 1 that higher GF should provide better results in terms of

efficiency and emissions.
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Identify the settings to achieve
the engine load under dual fuel operation

- Initial PER

- number of injections

- Sol of each injection

- Intake and exhaust pressure
- EGR concentrations

Obtain EUVI NOx & soot<0.01g/kWh: to tailor the previous
engine settings to achieve EUVI NOx and ultra-low Soot

Modify the initial settings according to the cases:
- NOx |EUVI & Soot >0.01 gkWh
> - NOx 1EUVI & Soot<0.01 gkWh
- NOx tEUVI & Soot>0.01 gkWh
- NOx |EUVI & Soot<0.01 gkWh

Optimize BSFC by means of reducing
the main engine losses
Modify the engine settings (fulfilling
the previous constraints) to obtain:
- optimal CA50
- minimal pumping losses
- improve combustion efficiency
- best combustion duration

— PER sweep to evaluate the assumption —-

Figure 3.10. Summary of the steps followed during the caltbration
methodology.

3.5.2 Vehicle model and driving cycle assessment

methodology

The implementation of a new technology in a real platform requires a
TRL 9. This means that the subsystems, controls, sensors and trials are
already done. Unfortunately, reaching this level of readiness is time and
money consuming. Nonetheless, despite of being in lower TRL, the potential
of the concept can be proved to some extent by means of the technology
emulation in a virtual platform. Among the different software to perform this
task, GT-drive stands as a leading market option. The vast number of tools
and templates ready to be used together with the user-friendly interface
allows to model complex systems in a reduced time. Therefore, this software
was employed to perform the evaluation of the developed concept and asses
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the advantages and drawbacks of using the DMDF combustion mode in a
truck application. The section that follows describes the characteristics of the
truck used during the evaluation, its configuration in GT-drive and the map-
based evaluation methodology.

3.5.2.1 Truck characteristics

As discussed in the beginning of the chapter, the engine evaluated in
this research equips a wide range of trucks from different OEMs (VOLVO
and Renault). Each model has its peculiarities regarding structure, geometry
and assembling. As the modelling and validation of all trucks is time
consuming and there is no significant contribution to the archival nature of
the study, a single model was chosen based in the experimental data provided
by the OEM. Table 3.8 summarizes the characteristics of the VOLVO FE
350 truck. Additional details can be also evidenced in Figure 3.11.

Table 3.8. Aerodynamic and geometric characteristics of the VOLVO FE
350 truck.

Truck characteristics

Engine MDS8 350K
Vehicle weight [kg] 7035
Max. payload [kg] 17965

vehicle frontal Area [m?] 6.9
Vehicle Wheelbase [m] 44
Rolling friction [-] 0.0155
Drag coefficient [-] 0.65
Tires specification 295/80R /22.5”
Gear box models ZE 6AP1400B SP4.
AMT 24122
5.29 for ZF

Differential drive ratio

3.36 for AMT
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The truck is commercialized in different versions which differ in terms
of the truck applicability. One of the most significant variations is the gear
box model used in each model. Some of the cycles used for model calibration
are based on the manual gearbox while others use the automatic one. In this
sense, both gearboxes were introduced in the model allowing to modify it as
always as needed. The characteristics of each one are presented in Table 3.9.

Table 3.9. Characteristics of the automatic gearbox AT2412F and the

manual ZF 6AP1400B SP/.

AT2412F ZF 6AP1400B SP4
Gear | Gear ratio | Gear | Gear ratio
F1 14.94 1H 7.80
F2 11.73 1 3.36
F3 9.04 2 1.91
F4 7.10 3 1.42
F5 5.54 4 1.00
F6 4.35 5 0.72
F7 3.44 6 0.62
F8 2.70 R 9.86
F9 2.08
F10 1.63
F11 1.27
F12 1.00
R 17.48

The data herein identified is of utmost importance to represent the real
truck behavior in GT-drive. The characterization of the different templates

according to these data is detailed in the next subsection.
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FEB26 6x2 Platform 26 tonne - Rear Air Suspension FE B2TR A

=0

=

Figure 3.11. Geometrical characteristics of VOLVO FE 350K, illustrating
the wheelbase (WB), disposition of the different axis as well as the cabin

dimensions.

3.5.2.2 Final model and evaluation methodology

Based on the previous discussion and using the data that was detailed,
a complete GT drive model of the truck to be investigated was developed.
Figure 3.12 represents the final model with the respective general

subassemblies.

TRANSMISSION

ENGINE

Figure 3.12. Overview of the final model developed in GT-drive to enable
the simulation of the FE350K truck.
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Each one of them are a set of submodels that are coupled allowing to
realize different configurations. To exemplify, the transmission subassembly
will be analyzed. As it can be seen in Figure 3.13, this subassembly is
composed by the gear box, clutch and inertia axes models. This set of objects
can describe the different phenomena that occurs at the transmission during
the vehicle operation as slip, inertial resistance, gear transition time, etc.

Figure 3.13. Transmission subassembly illustrating the different components
that constitutes the transmission setup as clutch, gearbox and signal
connections.

Another important subassembly is the vehicle part in which the
information about the truck geometry is inserted, for example, cabin, axle,
chassis and tires. The aerodynamic factors are also included in this
subassembly as well as the main axle properties. Finally, environment as wind
velocity and the road properties, like elevation are set in this subassembly.
Figure 3.14 presents the configuration of the truck used in this work.

The last subassembly comprehends the engine modelling being depicted
in Figure 3.15. This subassembly requires the complete characterization of
geometrical characteristics like engine displacement as well as the description
of idle conditions, engine starter speed, etc. Moreover, it includes the
complete description of the performance, operation and emissions
characteristics of the steady-state maps. Operation maps here are defined as
the maps of friction mean effective power and brake mean effective power
that are required to calculate the friction losses and the total power that can

be delivered by the engine given a specific engine speed.
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Figure 3.14. Vehicle subassembly depicting the different subsystem that are
included in the simulation as tires, azles, environment, etc.

The calculation routine is based on solving equation 3.15, allowing to
specify what should be the required engine torque to move the vehicle at a
given velocity. Moreover, this velocity will dictate the required engine speed
once it passes through the transmission and differential. This pair reaches the
engine subassembly where torque is converted to BMEP by means of the

displaced volume, while engine speed has its units in rpm.
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Figure 3.15. Illustration of (a) engine subassembly (b) operating points

388

distribution inside the efficiency map for the world harmonized vehicle cycle
(WHVC).

With these values, the solver searches on the brake specific fuel
consumption and emission maps what should be the interpolated values of
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each one of the parameters. This will provide a rate of production for them
that can be integrated over time to realize a cumulative profile. Figure 3.15
(b) illustrates the scatter operating points distribution on a WHVC driving
cycle. Each of these points has its own production rates for the
aforementioned parameters which at the end of the cycle will be integrated
and normalized to deliver different metrics to assess the driving cycle
performance.

3.6 Summary and conclusions

In this chapter the different experimental and numerical tools that are
used to develop this investigation were detailed. At a first instance, the
experimental setup was described evidencing the characteristics of the multi-
cylinder engine, test cell facility and the instrumentation that is used to
obtain the required information to assess the combustion process as well as
the performance and emissions. Then, the numerical tools were introduced
divided in 0-D simulation codes and 1-D routines that complement the study
in both fundamental understanding of the chemical processes involved and
the overview of the proposed calibration applied to a commercial truck.
Finally, the most recurrent methodologies that were applied in the
investigation are detailed focusing on the calibration methodology that was
developed and on the driving cycle assessment approach.



96

Chapter 3

3.7 Bibliography

[1] Benajes J., Garcia A., Monsalve-Serrano J., Boronat V. “Achieving clean

2]

and efficient engine operation up to full load by combining optimized
RCCI and dual-fuel diesel-gasoline combustion strategies”. FEnergy
Conversion and Management, Vol. 136, pp. 142-151, 2017.

VOLVO trucks. Powertrain specification of VOLVO  FE truck.
Available in  https://www.volvotrucks.es/es-es/trucks/trucks/volvo-
fe /specifications/powertrain.html.

Boronat Colomer V. Dual-Fuel Dual-Mode combustion strategy to
achieve high thermal efficiency, low NOx and smoke emissions in
compression ignition engines. Doctoral Thesis, Universitat Politécnica
de Valencia, Departamento de Maquinas y Motores Térmicos, 2018.

Serrano J.R., Piqueras P., Angiolini E., Meano C., De La Morena J..
“On Cooler and Mixing Condensation Phenomena in the Long-Route
Exhaust Gas Recirculation Line”. SAE Technical Papers, n° 2015-24-
2521, 2015.

VOLVO  trucks. VOLVO D8K  Engine. https://www.volvo
trucks.com.au/en-au/trucks/volvo-fe/features/d8k-  engine.  html#,
acessed in July 2020.

Payri F. and Desantes J.M. Motores de combustion interna alternativos.
FEditorial Reverté, 2011.

KISTLER, PiezoStar ® Pressure Sensor kistler 6125C, Datasheet. (2013)
1-4.

AVL 733S fuel Dbalance. Technical information available at
http://www.avl.com.

Landau H.J. “Sampling, Data Transmission, and the Nyquist Rate”.
Proceedings of IEEE, Vol. 55, pp. 1701-1706, 1967.

[10] Dinh T.V., Choi LY., Son Y.S., Kim J.C. “A review on non-dispersive

infrared gas sensors: Improvement of sensor detection limit and


https://www.volvotrucks.es/es-es/trucks/trucks/volvo-fe/specifications/powertrain.html
https://www.volvotrucks.es/es-es/trucks/trucks/volvo-fe/specifications/powertrain.html
http://www.avl.com/

3.7 Bibliography 97

interference correction”. Sensors and Actuators B: Chemical, Vol. 231,
pp- 529-538, 2016.

[11] Tsai C.L., Fann C.S., Wang S.H., Fung R.F. “Paramagnetic oxygen
measurement using an optical-fiber microphone”. Sensors and Actuators
B: Chemical, Vol. 73 pp. 211-215, 2001.

[12] Collier T., Gregory D., Rushton M., Hands T. “Investigation into the
performance of an ultra-fast response NO analyser equipped with a NO2

to NO converter for gasoline and diesel exhaust NOx measurements”.
SAFE Technical Papers, n° 2000-01-2954, 2000.

[13] Holm T. “Aspects of the mechanism of the flame ionization detector”.
Journal of Chromatography A, Vol. 842, pp. 221-227, 1999.

[14] U. Nations, UNECE Regulation 49, 2013.

[15] Silvis W.M. “An algorithm for calculating the air/fuel ratio from exhaust
emissions”. SAE Technical Papers, n° 970514, 1997.

[16] Smith B.C., Fundamentals of Fourier Transform Infrared Spectroscopy,
2011.

[17] AVL. Smoke Value Measurements with the Filter-Paper-Method, 2005.

[18] Northrop W.F., Bohac S. V., Chin J.Y., Assanis D.N. “Comparison of
filter smoke number and elemental carbon mass from partially premixed
low temperature combustion in a direct-injection diesel engine”. Journal
of Engineering for Gas Turbines Power, Vol. 133, 2011.

[19] Benajes J., Garcia A., Monsalve-Serrano J., Boronat V. “Gaseous
emissions and particle size distribution of dual-mode dual-fuel diesel-
gasoline concept from low to full load”. Applied. Thermal. Engineering,
Vol. 120, pp. 138-149, 2016.

[20] Morgan N., Smallbone A., Bhave A., Kraft M., Cracknell R., Kalghatgi
G. “Mapping surrogate gasoline compositions into RON/MON space”.
Combustion and Flame, Vol. 157, pp. 1122-1131, 2010.



98 Chapter 3

[21] Liu C.M., Sandhu N.K., McCoy S.T., Bergerson J.A. “A life cycle
assessment of greenhouse gas emissions from direct air capture and
Fischer-Tropsch fuel production”. Sustainable Energy and Fuels, Vol. 4,
pp. 3129-3142, 2020.

[22] Burre J., Bongartz D., Mitsos A. “Production of Oxymethylene Dimethyl
Ethers from Hydrogen and Carbon Dioxide - Part II: Modeling and
Analysis for OME3-5”. Industrial and Engineering Chemistry Research,
Vol. 58, pp. 55675578, 2019.

[23] Payri F., Olmeda P., Martin J., Garcia., A. “A complete 0D
thermodynamic predictive model for direct injection diesel engines”.
Applied Energy, Vol. 83 pp. 4632-4641, 2011.

[24] Lapuerta M., Ballesteros R., Agudelo J.R. “Effect of the gas state
equation on the thermodynamic diagnostic of diesel combustion”.
Applied Thermal Engineering, Vol. 26, pp. 1492-1499, 2006.

[25] Martin J. Aportacion al diagndstico de la combustion en motores Diesel
de inyeccion directa. Docctoral Thesis, Universitat Politécnica de
Valéncia, Departamento de Maquinas y Motores Térmicos, 2007.

[26] Heywood J. B. Internal Combustion Engine Fundamentals. New York:
McGraw-Hill, 1988.

[27] Cantera userguide. Available at https://cantera.org/ science/reactors.
Html.

[28] Payri F., Arnau F.J., Piqueras P., Ruiz M.J., Lumped Approach for
Flow-Through and Wall-Flow Monolithic Reactors Modelling for Real-
Time Automotive Applications, SAFE Technical Papers, n® 2018-01-
0954, 2018.

[29] Macian V., Serrano J.R., Piqueras P., Sanchis E.J. “Internal pore
diffusion and adsorption impact on the soot oxidation in wall-flow
particulate filters”. Energy, Vol. 179, pp. 407-421, 2019

[30] Gamma Technologies. Engine Performance Application Manual, 2016.
[31] Gamma Technologies. Flow Theory Manual, 2016.



3.7 Bibliography 99

[32] Gamma Technologies. Aftertreatment manual, 2016.

[33] Gamma Technologies, Vehicle Driveline and HEV application manual,
2016.



Chapter 4

Engine calibration under
DMDF combustion and driving

cycle assessment

Content

4.1 INtrodUiCtion...ooo i e 102

4.2 Steady state engine calibration under DMDF combustion ................ 103
4.2.1. Engine settings: injection and air management ....................... 104

4.3

4.2.1.1. Injection settings: Sol, Tol, GF and injection pressurel04

4.2.1.2. Air management Settings..........ccovviiiiniiiiiiiiiiiiianenn 107
4.2.2. Performance analysis: efficiency, combustion, and main energy

losses of the DMDF calibration..........ccccoooiiiiiiiiiiiiiinnn 110
4.2.3. Emissions: NOx, CO, HC, Soot and COsg..ccceevvvveniiiiiinnenniinnnen. 116
4.2.4. Summary of the DMDF calibration ..........ccccooeiiiiiiiiiinn..n. 119
Driving cycle assessment: CDC versus DMDF ..o, 120
4.3.1. DTiving CYCLOS ..oiiiiiiiiiiiiiiis e 121
4.3.2. GT-power model validation ............ccooeeiiiiiiiiiiiiiineiiiiiineeeiiine, 124

4.3.3.

DMDF performance and emission results in driving cycle

EVALTLATIOTIS ettt 133



4.3.3.1. Effect of DMDF calibration and driving conditions on

performance TesUltS ... ...eiiiiii i 134

4.3.3.2. EMmiISSIONS «eevuuiiiiiiii it 138

4.4 Drawbacks of the concept under real applications..........cccccceeiinniiie. 151
4.5 Summary and CONCIUSIONS . ...uuiiiiiiiiiiiiiiiiii e 153

4.6 BiblOgraphy . ccoeuu it 156



102 Chapter 4

4.1 Introduction

From the previous literature review, it could be inferred that the Dual-
Mode Dual-Fuel combustion is a pathway to realize ultra-low NOx and soot
emissions while achieving diesel like conversion efficiencies. Despite these
clear benefits, some possible hurdles that could be found in applying this
concept in real platforms were identified. Since the SCE facilities rely on
external devices to emulate the effects of real devices (e.g. turbocharger) and
provide the required amount of air and EGR, those boundary conditions seem
to be not easy to be obtained with real air management devices. The
extension of those boundary conditions to real applications can be limited by
the mechanical and thermodynamic constraints as maximum pressure and
the limiting amount of the energy in the flow. In this sense, the results from
both platforms (SCE and MCE) can differ, requiring a proper assessment of
the potential of the concept considering the use of a stock hardware.

Therefore, this chapter aims to describe the calibration process of a
stock multi-cylinder engine operating under DMDF combustion concept
employing commercial gasoline and diesel as LRF and HRF, respectively. As
described in previous chapters, a few modifications of the original setup of
the engine were made to enable the operation in this combustion regime. The
combustion, performance and emissions maps obtained in the calibration
process are presented and discussed. Next, these results are used as inputs in
a truck model developed in GT-Drive to evaluate the potential of this concept
in replacing the original diesel engine under normative and real driving
conditions. Finally, the main conclusions from both steady-state and
transient analysis are drawn allowing to evidence the benefits and drawbacks
that are found when the DMDF concept is extended to a real engine platform.
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4.2 Steady-state engine calibration under DMDF
combustion

The aim of this subsection is to present the calibration settings and the
final performance and emission maps resultant from applying the
methodology described in section 3.5.1. Initially, the calibration was intended
to be performed at 30 different operating conditions (6 engine speeds and 5
engine loads) as depicted in Figure 4.1. As it can be seen, the brake power
output of the engine was translated to engine load percentage, which is an
indicative of the pedal position. Next, this pedal position was refereed to
BMEP as this is a more direct measure of the engine load to target at the
calibration. For each operating condition, the optimization routine was
applied aiming at optimizing the engine settings for the DMDF combustion
concept under the pre-defined constraints. Eventually, additional operating
conditions are included in transition zones to refine the limit definition of
each combustion mode.
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(a) (b) (c)
Figure 4.1. Operating conditions to be calibrated inside the power output
maps in terms of (a) engine brake power, (b) engine load and (c) brake
mean effective pressure.

First, the maps containing the most relevant engine settings are
presented. Second, the performance maps such as brake specific fuel
consumption (SFC), gross indicated efficiency (GIE) combustion efficiency
(nc) as well as combustion metrics (combustion duration, CA50, etc.) are
depicted and discussed. Finally, the different pollutant results are presented
followed by an analysis of the main findings. From now on, the dark dots are
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representations of the experimental conditions while the surface maps are a
spline interpolation of the experimental results.

4.2.1. Engine settings: injection and air management

As previously described in the calibration methodology, the main
settings that were adjusted during the process can be summarized as EGR,
GF and injection settings (SOI and TOI). In addition to this, air management
settings were also adjusted to obtain the minimum pumping losses for each
operating condition while providing the required air and EGR. The results
for each one of these parameters are presented in the next subsections.

4.2.1.1. Injection settings: Sol, Tol, GF and injection pressure

The reactivity stratification inside the cylinder is one of the most
important features of the DMDF combustion that allows it to operate in a
fully premixed combustion while having smoother heat release rates than
conventional single fuel LTCs [1]. This is accomplished by injecting two fuels
with different reactivity (LRF and HRF) at different timings. The low
reactivity fuel is always injected at -340 CAD aTDC which was demonstrated
to be the optimum timing in previous researches in this platform [2]. By
contrast, the injection of the high reactivity fuel needs to be calibrated to
obtain the best values of fuel consumption while maintaining the emissions
values under the desired constraints. Figure 1 presents the values of injection
timing (a) and duration (b) obtained for the pilot injection.

The pilot injection is generally set to early times during the compression
stroke and has as main role the creation of a first reactivity stratification,
conditioning the mixture near to the squish zone to assure a proper oxidation
at this region. By crossing the information of the two graphs (Figure 4.2 (a)
and Figure 4.2 (b)) it is possible to verify that the pilot injection is not used
at high loads, medium to high speed conditions in the final calibration. This
will be furtherly discussed in the next subsections. Nonetheless, it can be
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advanced that the main justification relies on the mechanical (1 in-cylinder
pressure) and emissions constraints (fsoot) that cannot be fulfilled when
double injection strategy is used at these conditions. It can also be inferred
that the pilot injection durations do not exceed 1000 s and generally happens
from -15 to -50 CAD aTDC. At low engine speeds, the pilot injection is also
used for high load conditions to improve combustion stability and reduce the
amount of unburned HC and CO.

Sol_Pilot [CAD bTDC] Tol_Pilot [3]5]
67.5 25 900

60.0 750
52.5

45.0

BMEP [bar]
BMEP [bar]

1000 1200 1400 1600 1800 2000 2200 . 1000 1200 1400 1600 1800 2000 2200
Engine Speed [RPM] Engine Speed [RPM]

(a) (b)
Figure 4.2. Iso-surface maps depicting the (a) Start of injection and (b)
injection duration of the pilot injection for the complete engine map.

From low to medium load, the pilot and main injections (Figure 4.3)
are present at the same time to enable a fully premixed combustion. The
analysis of the injection timing of the main injection allows to understand
the strategy that should be used at each zone of the calibration map. Starting
from low loads, both pilot and main injections are placed in the last 40
degrees of the compression stroke. This allows to inject the fuel in conditions
with higher pressure and temperature, reducing the unburned components at
the exhaust. Moreover, at 10 % of the engine load (first row of black dots),
the combustion relies on only diesel combustion (GF=0, see Figure 4.4 (a))
as any gasoline injection is directly converted to unburned products due to
the improper conditions to the oxidation of a low reactivity fuel (poor ignition
quality). As the load is increased, and so is the pressure and temperature,
early injection timings can be employed (~-60 aTDC). This produces a fully
premixed combustion which supports high gasoline fraction levels. From
medium to high load, the use of premixed combustion results in excessive
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pressure gradients because of the high amount of energy released in a short
period of time. Therefore, the injection strategy must be modified aiming a
higher compositional stratification which allows to increase the engine load
towards full load operation. This modification was accomplished by delaying
the injection timing towards the expansion stroke and removing the pilot
injection resulting in a dual fuel diffusive combustion. Moreover, the GF
values were consistently decreased to reduce mechanical demand (pressure

gradients).
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(a) (b)
Figure 4.3. Iso-surface maps depicting (a) start of injection and (b)
injection duration of the main injection for the complete engine map.

The reduction of the GF required an energy compensation by the DI
system. Therefore, the injection durations have been extended reaching
values up to 1400 ps. Unfortunately, these long injections are prone to
produce soot as the amount of locally rich mixtures is increased. In addition,
the high EGR levels decrease the oxygen availability contributing to the soot
production. To minimize this, high injection pressures were employed at the
cost of increasing the parasite power losses. Even in this case, the air
management system configuration was not able to provide the required
amount of oxygen to achieve EUVI limits in all the operating map. Some of
the main operating parameters of the air system will be discussed in the next
subsection, together with the problems that were verified during the

calibration process.
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Figure 4.4. Iso-surface maps depicting (a) gasoline fraction and (b) rail
pressure values employed in the calibration map.

4.2.1.2. Air management settings

Low temperature combustion techniques are generally based on high
dilution levels as a path to control the reaction rates and consequently the
rate of heat released during the combustion [3]. The SCE results from
Boronat [2] have suggested that a proper DMDF combustion should be
obtained if both oxygen content and EGR rates are maintained over the full
calibration map. This was pointed as a challenge for the air management
system and the implications of trying to replicate this approach in a multi-
cylinder engine are herein discussed. As it can be seen in Figure 4.5 (a), from
low to medium load the EGR levels are always higher than 30 %,
independently on the engine speed. Therefore, a proper premixed combustion
can be achieved by combining the early injections and high GF presented in
section 4.2.1.1 with high EGR levels. Nonetheless, this strategy cannot be
extended as the load is increased, since the pressure gradients exceeds the
proposed mechanical constraint. Therefore, the GF starts to be steeply
decreased and the diesel energy starts to be more relevant. In addition to
this, the injection timings are modified to values closer to the TDC. By doing
this, the pressure gradient problem can be solved. As a side effect, the
strategy now is prone to produce soot as the combustion tends to be less
premixed (i.e., more diffusive) and the A/F ratios are close to the
stoichiometric as presented in Figure 4.5 (b). In this sense, the air
management settings must be modified to increase the fresh air mass in the
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cylinder. The most important modifications rely on the decrease of the EGR

levels (Figure 4.5a) and increase of boost pressure (Figure 4.6a).
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Figure 4.5. Iso-surface maps depicting (a) EGR concentration and (b) air-
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With these modifications, the oxygen concentration can be maintained

at levels where the partial soot oxidation is achieved. Nonetheless, the

increase of boost pressure demonstrated in Figure 4.6 (a) means that the

VGT should be closed, increasing the pumping losses. Moreover, the low

temperatures from the LTC combustion and the requirements of boost

pressure imply critical conditions at the VGT inlet, where the turbine inlet

pressure values start to be higher than 3.5 bar as it can be seen in Figure 4.6

(b) (the maximum recommended value is 3.8 bar at turbine inlet due

mechanical reasons). Once this condition is achieved, the VGT exploration

was limited, requiring a new strategy to continue increasing the load.
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Figure 4.6. Iso-surface maps depicting (a) Boost pressure and (b) exhaust

pressure/turbine inlet pressure for the complete engine map.
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At this point, the combustion strategy is based on a partially premixed
combustion and the turbine is working at its maximum allowable inlet
pressure, with almost stoichiometric conditions and excessive pressure rise
rates. To continue increasing the load under partially premixed combustion,
both EGR and oxygen should be increased. Nonetheless, higher HP EGR
should reduce the mass flow through the turbine, decreasing the inlet
pressure. An option should be the increase of LP EGR, which could maintain
the energy in the turbine. However, as it is depicted in Figure 4.7, the
compressor is also operating at its maximum allowable temperature (~200°C)
which prevents the increase of the low pressure EGR amounts as well as the
fresh air flow. Consequently, the direct conclusion is that the engine hardware
is at its limiting conditions. To solve this, the combustion strategy should be
modified to a dual fuel diffusive combustion with low GF levels, single
injection and delayed Sol, close to or after the TDC fire as previously
discussed. It is implicit that, in these cases, the air management system is
not able to provide the required amount of EGR and air to achieve EUVI
limits. Therefore, the calibration limits were relaxed to values higher than
the EUVI normative to allow obtaining full load operation.
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Figure 4.7. Iso-surface maps depicting (a) compressor outlet and (b)
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turbine outlet (b) temperature for the whole calibration map.

As it was demonstrated by these two first subsections, the
implementation of the DMDF concept on a real platform presented
significant hurdles. Unfortunately, at high engine loads, the air management
system was not able to provide the required boundary conditions that were
proposed from the SCE evaluations. Therefore, the full load operation was
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achieved by low GF (around 30 %) and low EGR levels (around 20 %). This
may have significant influence in the performance and emissions values of the
final calibration. The next subsection will detail the final calibration results
of some of the most relevant performance, emission, and combustion
parameters.

4.2.2. Performance analysis: efficiency, combustion, and main
energy losses of the DMDF calibration

The conversion of the fuel energy into work under determined
constraints is the task that one wants to optimize during a calibration
process. The quantitative evaluation of this can be done by the fuel
consumption and efficiency parameters. As discussed, they can be presented
in both indicated and brake basis, having as difference that the brake values
consider the losses that are presented up to the work deliver output. In this
sense, this section describes the indicated results obtained, the losses that
result from the different sources and the final brake parameters in which

regards the engine performance.

Figure 4.8 (a) presents the indicated fuel consumption and indicated
efficiency results obtained for the final calibration settings. As it can be seen,
most of the fuel consumption values are lower than 200 g/kWh. Moreover,
the medium load zone presents the best ISFC values. In these operating
range, a fully premixed combustion can be used, resulting in a fast
combustion process as it can be verified in Figure 4.9 (a), decreasing the heat
losses [4]. This volumetric combustion is highly efficient as it can provide
most of the fuel energy in a short period of time and at the best phasing (see
Figure 4.9 (b)), even though, most of the calibration map presents indicated
efficiency higher than 40 %.
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Figure 4.8. Iso-surface maps depicting (a) gross indicated specific fuel
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consumption and (b) gross indicated efficiency obtained for the complete

engine map.

Once the combustion mode is modified to a diffusive one, the
combustion duration starts to increase, providing more time for heat transfer
losses. This can be visualized in Figure 4.9 (a) where the values of combustion
duration for medium to high load increases by a factor of three. Generally,
the diffusive conditions (80 % to full load) present combustion duration up
to 30 CAD enhancing the heat transfer process. In addition, the combustion
phasing must be delayed maintaining the pressure gradients levels under the
limiting value of 15 bar/CAD. This constraint is one of the most difficult to
realize as the fast heat release has as consequence a rapid increase in the in-
cylinder pressure. As it can be seen in Figure 4.10 (a), most of the medium
to high load zone presents cycle average pressure gradients higher than 10
bar/CAD.
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Figure 4.9. Iso-surface maps depicting (a) combustion duration and (b)
combustion phasing obtained for the complete engine map.
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It is interesting to note that the maximum pressure gradient values do
not happen at full load operation. As it is depicted, they are found mainly at
medium to high load, where the combustion presents high gasoline fraction
values and consequently a high degree of premixing. In the case of high to
full loads, the use of lower GF and the diffusive combustion enlarges the
combustion duration reducing the maximum pressure gradients. Figure 4.10
(b) depicts the maximum in-cylinder pressure values. This parameter is an
additional mechanical constraint employed during the calibration as
discussed in the methodology section. As it can be seen, the maximum
pressures achieved at the fully premixed zone do not exceed the limiting value
of 185 bar. Nonetheless, as the load is increased, the in-cylinder pressure is
steeply increased to around 160 bar. At these conditions, small modifications
in the engine settings as Sol modifications can result in surpassing the
maximum pressure values.
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Figure 4.10. Iso-surface maps depicting Pressure rise rate (a) and

mazimum in-cylinder pressure for the complete engine map.

During the calibration process, different settings should be adjusted to
guarantee the minimum losses for each operating condition, maximizing the
work output. Different mechanisms are responsible to impair the fuel
conversion and work delivery. For example, the fuel can be only partially
burned because of the reaction inhibitions due to low temperatures or cold
walls. This means a direct reduction in the combustion efficiency. In addition,
the work delivery is affected by different losses that can be related to the
heat transfer, pumping losses and additional energy requirements to run
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auxiliary devices (e.g. the injection system). For these reasons, a complete
evaluation of each one of these sources of losses is next presented.

First, the combustion efficiency was assessed by employing equation
3.12 that accounts the unburned products that have lower heating value
greater than 0. The most important ones are the unburned hydrocarbons,
carbon monoxide and hydrogen. As it can be seen in Figure 4.11, the major
losses by combustion inefficiency are verified at conditions where a fully
premixed combustion is employed. It can be also stated that low engine loads
(<5 bar) are the most impacted. This is justified by the low pressure and
temperature values resultant from the low compression ratio. As the engine
load is increased, so is the combustion efficiency, achieving similar levels to
those verified from current diesel engines that run on diffusive combustion.
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Figure 4.11. Combustion efficiency results for the different operating
conditions.

Considering the four engine strokes, usually, the expansion is the only
that provides positive work while the others are accounted as negative work
(compression, exhaust, and intake). Sometimes, the pumping work (exhaust
and intake lace) can provide a positive balance if the manifold intake pressure
overcomes the exhaust pressure. Nonetheless, this is difficult to obtain, and
generally, one desires to minimize the pumping losses. For this, the difference
between the intake and exhaust pressure should be minimized as described
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in the calibration methodology [5]. A common parameter to evaluate the total
pumping losses is the pumping mean effective pressure. Figure 4.12 depicts
the results obtained for this parameter in the final calibration. It is interesting
to state that the engine has an air throttle at the inlet manifold that was
kept fully open during all the tests. Two different trends can be observed in
the PMEP map. First, a horizontal one, correlated with the engine speed,
demonstrates the impact of increasing the flow velocity through pipes and
consequently the pressure losses due to the wall interaction. Second, a vertical
trend, correlated with the air management requirements at each condition.
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Figure 4.12. Pumping mean effective pressure for the complete engine map.

As previously discussed, at low engine loads, the air management
system can deal properly with the demanded EGR amount while providing
the air mass to the combustion process. Nonetheless, as the load is increased
and the combustion is modified to a diffusive one, the air requirements are
stricter, demanding an increment in the intake pressure. As the EGR
amounts are also higher, the VGT should be closed to increase the gas flow
velocity in the stator to reach the desired pressures. As a side effect, the
exhaust pressure increases in a higher proportion than the intake pressure,
increasing the pumping losses. In addition, in these conditions the
backpressure valve should be closed to provide the required amount of LP
EGR. This also contributes to increase the back pressure since low
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modifications in the turbine exhaust affects the inlet turbine pressure by a
factor that depends on the pressure ratio of the operating condition.

All these losses have fundamental impact on the final brake fuel
consumption results. Figure 4.13 presents the results of brake specific fuel
consumption and brake thermal efficiency for the final calibration. As it can
be seen, some of the best zones verified in the indicated efficiency and fuel
consumption are not maintained in the brake values. In addition, the values
are considerably decreased, mainly at low load conditions. This is justified
by the importance of the friction losses compared to the indicated work
delivered at these conditions. As the load is increased, the ratio between
IMEP /FMEP increases, reducing the importance of the friction losses.

The previous analysis of the indicated efficiency demonstrated that an
optimum zone was achieved at medium load, medium to high speed. As
depicted in Figure 4.13 (b), this zone is not presented in the brake values.
This can be attributed to the pumping losses presented at this region (see
Figure 4.12) due to the high engine speeds combined with a closed turbine to
provide enough air. Even with this scenario, it is interesting to note that the
BSFC achieved values lower than 200 g/kWh (minimum value of 192
g/kWh). These values are comparable to those of modern EUVI diesel
engines, i.e., to those of the original engine calibration. Therefore, it can be
stated that the proposed DMDF calibration is able to obtain similar fuel
consumption to the original engine.
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Figure 4.13. Iso-surface maps depicting (a) brake specific fuel consumption
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4.2.3. Emissions: NOx, CO, HC, Soot and CO.

The emissions maps obtained in the calibration process are presented
from Figure 4.14 to Figure 4.16. From their analysis, it is possible to verify
the impact of the calibration strategy in the different zones. Figure 4.14
depicts the results of NOx (a) and soot (b) for the whole operating map. As
it can be seen, most of the NOx emissions are lower than 0.4 g/kWh, i.e.,
under the EUVI steady normative limits. This was accomplished by using
highly diluted strategies as frequent as possible. Therefore, the low bulk
temperature achieved during the combustion with its small duration inhibits
the formation of this pollutant by the Zeldovich’s mechanism. Unfortunately,
as previously stated, the high-pressure gradients found from medium to full
load required the progressive modification to a dual fuel diffusive combustion
at the cost of increasing the combustion duration and soot production. The
soot increase is a consequence of the major dependence of the HRF as the
energy source (i.e., lower GF values).

Therefore, the increase of the diesel injection times produces richer
zones where the fuel cannot be properly oxidized, resulting in soot production.
This drawback is even more pronounced as the engine approaches to full load
operation. As it was previously discussed, in these conditions, the
turbocharger operation was limited by the turbine inlet pressure as well as
the temperature at the compressor outlet that are close to the limiting
mechanical constraints provided by the manufacturer. In this case, the
NOx/soot trade-off could not be avoided resulting in penalties of both
emissions. As the soot values could not exceed 2 FSN (defined in the
calibration methodology), it was chosen to reduce the EGR rates, promoting
higher engine out NOx. As it can be seen, the NOx emissions reached 2.2
g/kWh as maximum values. Even in this case, the raw emissions are
considerably lower than conventional EUVI diesel engines. The same cannot
be said for the soot emissions. The limit of 2 FSN at high load conditions
results in a specific soot emission of 0.3 g/kWh that is one order of magnitude
higher than the values obtained for conventional diesel combustion in this
engine platform.
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Figure 4.14. Iso-surface maps depicting (a) brake specific NO, and (b)
brake specific soot emissions for the complete engine map.

The chosen strategy (premixed to diffusive) also impacts the unburned
products as was previously discussed in the combustion efficiency results. The
results of the total unburned hydrocarbons and the carbon monoxide are
depicted in Figure 4.15 (a) and Figure 4.15 (b). The major concern on these
emissions is found at low load to medium load conditions, where a fully
premixed combustion is employed. The high GF in very diluted environment,
low in-cylinder temperature and the amount of the fuel that enter in the
piston gaps during the compression stroke are the major reasons to obtain
the excessive unburned HC values [6]. Both pollutants are usually controlled
by adding a DOC at the exhaust line. Nonetheless, the particularity of having
two different fuels burning under low temperature conditions modifies the
common reaction paths, resulting in a different composition at the exhaust
line. In addition, the low exhaust temperatures can difficult the proper
operation of the after-treatment system that relies on the oxidation of the
major pollutants in specific devices. Therefore, the impact of having these
composition modifications on the efficiency of commercial after treatment

system should be assessed.
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Figure 4.15. Iso-surface maps depicting (a) brake specific CO and (b) brake
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specific HC emissions for the complete engine map.

Considering the new regulations regarding the CO, emissions, that
should start in the upcoming normative updates (H2025, H2030), the engine-
out values of this pollutant were also quantified [7]. The raw values of the
CO; are depicted in Figure 4.16. It should be bore in mind that the results
at low to medium load conditions are masked by the low combustion
efficiency values. This means that once the CO and HC emissions are
converted in the after treatment system, the final emissions of CO, should
increase. Nonetheless, this accounts for a small portion of the total. Once
diesel and gasoline present a similar CO; to fuel carbon molar mass ratio
(CO; mass divided by the carbon mass of the fuel) the benefits in the final
CO, emissions can be only obtained by reducing the exhaust flow or
improving the fuel conversion efficiency. The point to point comparison with
conventional diesel combustion could be done. However, it was preferred to
evaluate the differences on transient conditions that will be addressed in the
next sections. Nonetheless, it can be seen that the CO, is scaled
proportionally to the fuel consumption in a ratio of nearly 3.06, which is
almost the aforementioned mass ratio (3.09 for gasoline and 3.17 for diesel).
In this sense, it can be stated that neither the total mass nor the CO; molar
concentration is modified to a level where the CO is reduced.
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Figure 4.16. Brake specific engine-out CO, emissions for the complete

engine map.

4.2.4. Summary of the DMDF calibration

The different issues faced during the calibration process that were
previously discussed required setting new limits for NOx and soot emissions
according to the zone in which the operating condition is included. First, the
EUVI limit was aimed at NOx while maintaining soot levels lower than
0.01g/kWh. When the pressure gradients started to be a problem, the GF
started to be decreased and the soot emissions were relaxed to 1 FSN. The
following reduction of the GF values and the delayed Sol required an even
more pronounced relaxation of the soot emissions to FSN 2. In the cases
where the FSN 2 started to be exceed, the EGR amount was reduced. This
resulted in a continuous increase in NOx emissions, first to 1 g/kWh and
finally to 2 g/kWh. These boundaries can be easily verified at Figure 4.17 (a)
and Figure 4.17 (b) where the whole engine map is presented. As it can be
seen, EUVI limits are fulfilled in most parts of the calibration map, reaching
values up to 60 % of engine load independently on the engine speed. Only
1/3 of the engine map is not able to fulfil soot emissions while only a small
part of it exceeds the EUVI limits for NOx emissions. It is believed that
depending on the truck operation (payload and driving cycle), transient

normative limits can be achieved.
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Figure 4.17. Calibration constraints obtained for the DMDF with respect to
the (a) engine load and (b) BMEP.

It is clear that the engine application and the load requirement can
shift the operating conditions in a fashion that penalizes the soot and NOx
emissions. Moreover, despite not being directly compared, the DMDF
combustion have demonstrated to achieve similar BSFC values than those of
the original CDC calibration, which are also dependent on the engine zone
that the truck operates. In this sense, the evaluation of different scenarios to
address these possibilities is of utmost importance. This will allow deeper
insights into the potential of the concept. In the next sections, these results
will be confronted against the original OEM engine calibration by employing

driving cycle analysis.

4.3 Driving cycle assessment: CDC wversus DMDF

Single operating conditions are useful to investigate the effect of
isolated parameters on the combustion process of an engine. However,
homologation phases require the assessment on a set of operating conditions,
which have different weights, representing the time usage on real
applications. Both stationary and transient tests are considered according to
the engine application. As the present work intends to assess the DMDF
potential in truck applications, it must be evaluated on transient driving
cycles. The actual homologation process requires the evaluation under the
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World Harmonized Vehicle Cycle (WHVC). Nonetheless, recently, in-service
conformity tests (ISC) were also included to guarantee that the vehicle still
fulfills specific emissions targets (broader than the WHVC) [8] during its
daily application. In this sense, this section aims to detail the evaluation of
the previous engine calibration under the WHVC, ISC and real driving
conditions, allowing to compare the engine out emissions with those values
from the normative. The results of the stock engine (with conventional diesel
combustion) are also included as reference for some of the parameters
evaluated, e.g., fuel consumption. The original diesel calibration maps will be
omitted as they are part of a non-disclosure agreement (NDA). However, the
cumulative and cycle average results obtained from them will be used as
references to the comparison with the DMDEF calibration.

4.3.1. Driving cycles

Since the introduction of regulations in the transport market, driving
cycles were continuously enhanced by increasing their complexity (e.g. speed
profile) to better represent the real usage of the vehicle and to avoid the
possibility of having frauds in the verification procedure, as occurred in the
past. Currently, the homologation procedure of a new engine in Europe is
composed by different stages of verification. Both steady and transient tests
are employed for homologation purposes. In the first case, the engine is
submitted to the WHSC (World Harmonized Stationary Cycle). This cycle
is a weighted average of thirteen modes (speed and loads) that represents
real drive conditions from Europe, USA, Japan and Australia. In sequence,
the transient phase is employed. In EUVI, transient tests are composed by
two types of evaluation. First, the World Harmonized Transient Cycle
(WHTC) test is employed which is representative of the different real-world
heavy commercial vehicle on typical driving conditions found in United
States, Europe, etc. Lately, the evaluation of tailpipe emissions under in-
service conditions was also introduced as a way of guarantee that the vehicle
can maintain the emission levels below the normative ones during its lifetime.
The frequency of evaluation is dependent of the vehicle class and a relaxing
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factor of 1.5, which multiplies the EUVI constraints, is allotted for each
emission to account for the differences of real operation from the controlled
ones verified in laboratory testing.

In light of this, a set of driving cycles representing both normative and
in-service conformity were chosen to perform the evaluations in this work.
First, the WHVC will be used to compare the results to those from normative.
Despite not being identical to the WHTC, the chassis dynamometer cycle
WHYVC is generally accepted for comparison purposes with the values of the
normative. In sequence, three different driving cycles comprehending an ISC,
an urban real driving condition and a fuel consumption evaluation cycle are
used to assess the truck performance. Figure 4.18 (a) to Figure 4.18 (d)
represent the driving cycles that will be employed in the transient
evaluations. First, the WHVC driving cycle is presented, followed by an ISC
full cycle. Next, an urban real driving condition is depicted, being
characterized by low maximum velocities and frequent start-stops and
acceleration. Finally, a fuel consumption evaluation cycle (FCEC) is
employed to compare the truck performance with those of the original truck
operating in CDC.

It is interesting to note that the WHVC presents significant differences
compared to the remaining full cycles. First, the duration of the ISC (FC1)
is almost 4.5 times higher than the normative cycle. Second, the number of
acceleration and deceleration is more representative of the real conditions
than the smooth WHVC. Finally, the idle times are reduced, being able to
reproduce fuel consumption values closer to the reality. Table 3.2 summarizes
some of the relevant parameters of each driving cycle, evidencing the
differences in terms of speed and driving cycle phases.
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Table 4.1. summary of statistic parameters for the driving cycles evaluated.

Parameter WHVC ISC_FC Urban FCEC
Time [ 1800.0 9489.4 8688.2 2592.0
Distance [km] 20.1 118.6 119.0 85.3
Maximum speed [km/h] 87.2 95.8 75.3 90.3
Average speed [km/h] 39.3 66.8 35.4 43.6
Idle phases [%] 16.4 3.8 11.3 18.4
Acceleration phases [%)] 32.7 19.7 28.7 16.8
Deceleration phases [7)] 28.3 15.6 21.4 11.3
Cruising phases [%)] 25.0 60.9 38.7 53.6
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Figure 4.18. Different driving cycle used for the trainset evaluation (a)
WHVC, (b) ISC-full cycle (c) urban and (d) fuel consumption evaluation
cycle.

4.3.2. GT-power model validation

Prior to the evaluation of the developed model described in section
3.5.2 under DMDF combustion mode, it should be -calibrated with
experimental results from the original truck. To do this, experimental data
from real truck tests were provided by the OEM in an ISC cycle.
Measurements were made at different locations during the driving cycle to
obtain values of torque and speed at the engine, before transmission, after
transmission and at the axle. In addition to those values, the instantaneous
and average fuel consumption values were also recorded.

Initially, the engine was isolated by means of a simplified model (Figure
4.19) in which the experimental engine torque and speed were used as
demands. As previously explained, it can emulate the different operating
conditions achieved during the driving cycle, resulting in the instantaneous
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values of emission and fuel consumption. This approach allows to isolate any
effects from the adjacent parts as clutch and truck characteristics. As it can
be seen in Figure 4.20 and Figure 4.21, both engine speed and torque demands
are exactly those from the experimental measurements. This means that, if
the calibration map used in the simulation model is the same one employed
in the real truck (without ECU corrections for temperature, etc.), the results

of fuel consumption should be similar.
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Figure 4.19. Simplified model used to evaluate the engine maps by imposing

the experimental engine torque and speed.
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Figure 4.20. Imposed engine speed profile from the experimental driving

cycle.
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Figure 4.21. Imposed engine torque profile from the experimental driving
cycle.

Indeed, as it can be seen in Figure 4.22 similar values of instantaneous
fuel consumption are obtained. This confirms that once similar maps of fuel
consumption are used as boundary conditions the engine model can emulates
the real instantaneous behavior of the engine. Moreover, as presented in
Figure 4.23, this can also be stated for the cumulative fuel consumption
results, which provides differences lower than 5 % in the final value. The
differences can be attributes to different ambient conditions and
measurements discrepancies.
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Figure 4.22. Instantaneous fuel consumption results: experimental versus
simulated.
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Figure 4.23. Cumulative fuel consumption results for the engine map
comparison: experimental versus simulated.

In a second step, the clutch and gearbox from the original truck were
added to the model to assess the impact of the transmission ratios, inertias,
slip and shifting times on the axle speed profiles. The resultant model is
presented in Figure 4.24. The axle torque values cannot be accessed in this
phase since there is no load in the right-hand side of the driveshaft. Therefore,

during the simulation the value is zero after the driveshaft.

Torque-1

EngineRPM

Driveshaft

Engine-1 TRANSMISSION

Figure 4.24. GT-Drive model of the powertrain system up to the gearbox
output.

Figure 4.25 presents the instantaneous values of speed at the driveshaft.
Slight differences appear between the measured and simulated values in
different simulation times. This can be attributed to the input characteristics
of the transmission where different properties are not described in the
literature. Therefore, they were adjusted aiming to minimize the differences
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in respect to the measured values. The results presented in Figure 4.25 are

achieved considering the optimized set of constants.
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Figure 4.25. Driveshaft speed comparison between experimental and
simulated results.

Finally, the remaining parts of the truck as tires, axles and vehicle
geometry were added to the model (Figure 4.26). Parameters as the rolling
resistance factor were iteratively adjusted during the simulations aiming to
minimize the differences with the experimental values. It is interesting to
note that, differently to the previous analysis, the engine torque and speed
are not imposed anymore. This means that all the longitudinal vehicle model
is simulated considering the speed profile imposed by the driving cycle. This
assumes that if any part of the model is not properly set, discrepancies will
be apparent in the instantaneous and cumulative results. The results of the
complete model comparison with those from the real measurements are

presented from Figure 4.27 to Figure 4.32.

W

Figure 4.26. Complete GT-Drive model for the FE 350 truck.
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First, the results at the engine are discussed. As it can be seen in Figure
4.27 and Figure 4.28, generally, there is a good correlation between the
experimental and simulated results for both engine torque and speed. Some
discrepancies can be verified mainly in conditions were the engine is at idle
presenting higher velocities than the experimental. Moreover, the signal is
noisier than the experimental which can be related to the clutch slip and
different inertias that are difficult to be properly adjust without dedicated
transmission experimental test. However, considering the purpose of this
work, the adjustments seems to be enough for the comparative evaluation
between CDC and DMDF.
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Figure 4.27. Simulated versus experimental engine speed for ISC FC3
driving cycle.
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Since all the truck is modelled and the driving cycle and truck load are
imposed, the values of axle torque are now available and can be compared
together with the speed of the measured ones. Figure 4.29 depicts the values
of the instantaneous axle speed for both simulated and experimental cases.
It is possible to verify that there is an excellent agreement between the
experimental and simulated results. The analysis of both Figure 4.29 and
Figure 4.30 together allows to get important information about the
transmission system. As the ratio between the speed before and after the
transmission for both experimental and numerical results is the same, it can
be inferred that the transmission is correctly modelled, with the same gear

ratios than those from experiments.
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Figure 4.29. Simulated versus experimental axle speed for ISC FC3 driving

cycle.
16000
il — Experimental — Simulated

€ 12000
Z

= i
g 8000
S i
()

< 4000 —
< .

0 — ML P At At s b A i T e bl

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time [s]

Figure 4.30. Simulated versus experimental axle torque for ISC FC8 driving
cycle.
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Figure 4.31 and Figure 4.32 present the results for the instantaneous
and cumulative fuel consumption, respectively. Some discrepancies can be
verified mainly in conditions were the engine is at idle conditions and in some
transients where the interpolation of steady-state maps is not enough to
reproduce mixture enrichment or any other modification that can exist in the
ECU strategy. Even with these slight deviations, the results of cumulative
fuel consumption have differences lower than 1.48 %. Based on this, it can
be concluded that the model is able to represent the real truck in which
regards fuel consumption.
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Figure 4.31. Fxperimental versus simulated instantaneous fuel consumption
for the FC3 ISC driving cycle.
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Figure 4.32. Fxperimental versus simulated cumulative fuel consumption for
the FC3 ISC driving cycle.

The same verification procedure could not be applied to the emissions
since the truck was not equipped with portable gas analyzers. In this sense,
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a specific methodology was developed to perform the assessment of the
evaluation strategy (map-based) considering transient measurements in the
engine test bench. Once the truck characteristics are validated, it is suggested
that the isolation of the engine to compare the map-based approach with
those from transient engine measurements should be valid. To do this, a
simplified engine load and engine speed step was proposed, following the
recommendations from conventional supplementary engine steps (transition
time, evaluation limits, etc.) with the engine operating at DMDF mode.
Figure 4.33 presents the step used for the emission evaluations. As it can be
seen, the evaluation step considers engine loads from 0 % to 25 %,
representative of fully premixed operating conditions. At the same time, the
engine speed was modified from 1200 to 1800 following different combinations
with the engine load. A heating step was included in the first 200 s to assure
warm conditions, since the calibration maps do not account warming phases.
Once the heating phase is done, the measurements can be started, inhibiting
the effect of the engine heating on the raw emissions.

100 2000
Measurement — Engine speed
- - - Engine load
80
— - 1800 O
X Engine Q
T 60 heating a
»
o - 16003
o o
£ 40 a
2 =
0 o
SR R . - 1400 3
20 - N ' ' =
] ' ! L
-—- Ve e e e
! \
(V) SR E— -———— Al 4200
0 100 200 300 400 500 600 700 800

Time [s]

Figure 4.33. Step proposed to evaluate the validity of the map-based
approach on predicting the main emissions on transient conditions.

Figure 4.34 depicts the comparison for the different emissions between
the numerical and experimental results for the proposed step. It should be
stated that transient soot emissions are not reported since they require
specific measurement devices. Figure 4.34 (a) illustrates the nitrogen oxides
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cumulative emissions. As it is shown, variations lower than 2 % can be
evidenced. It should be remarked that the absolute values of this pollutant
on this combustion regime are as low as 0.4 g/kWh. Similar agreements
employing this approach were presented by Lujan et al. [9] and Morra et al.
[10]. By contrast, HC (Figure 4.34 (b)) and CO (Figure 4.34 (c)) seem to be
more difficult to be predicted from steady-state interpolation. The analysis
of the graphs suggests that larger warming times should be employed, as the
differences starts to be constant from 300 s. This could be correlated with
the wall temperatures that can take longer times to achieve steady-state than
the one proposed as warming, enhancing wall quenching in the first period of

the step.
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Figure 4.34. Experimental and simulated cumulative (a) nitrogen ozides,
(b) unburned hydrocarbon and (c) carbon monozide emissions.

4.3.3. DMIDF performance and emission results in driving

cycle evaluations

This section presents the results obtained through the simulations
performed in GT DRIVE with both original CDC and DMDF calibration
maps. First, the performance results are presented and discussed. Finally, the
results obtained for the emissions are analyzed aiming to obtain insights
about the benefits and disadvantages of using DMDF combustion. The
normative states that in the absence of statistical evaluation of the
representing payload for the truck, 50 % to 60 % of its maximum payload
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should be used as reference [7]. Nonetheless, additional parametric payload
studies are performed to demonstrate the impact on the operating zone and
the consequences of this parameter on the results.

4.3.3.1. Effect of DMDF calibration and driving conditions on

performance results

The simulations in GT Drive can deliver both instantaneous and cycle
averaged results. The first is useful to understand the critical driving
conditions where the combustion concept can be penalized, while the second
provides a direct reference to compare different calibration maps. Therefore,
the average results will be first analyzed and in sequence the instantaneous
results will be discussed to assess the operating differences in both calibration

maps.

For all the following bubble graphs, bluer bubbles stand for reductions
compared to the CDC while red bubbles mean an increase of the parameter
for the DMDF concept. This type of graph is useful to depict large amount
of information for comparison purposes. Figure 4.35 presents a summary
depicting the brake specific fuel consumption percentage differences between
DMDF and CDC for the different truck payloads and driving cycles. As it
can be seen, the DMDF always delivers a higher fuel consumption
independently on the driving cycle and truck payload. Nonetheless, some
remarks can be done by analyzing the figure data. First, the higher increases
are found at low truck load conditions. This is mainly related to the fact that
the engine operates at low load where the higher fuel consumption
penalizations are located as consequence of the low combustion efficiency.
Finally, it seems that full cycle evaluations, which present highway phases
(i.e., high truck velocities), tend to deliver the best fuel consumption results
for the DMDF concept, reaching differences lower than 1 %. Therefore, it can
be considered that the application of the concept on combined driving
conditions and with higher payloads provides the best benefits. This means
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that this combustion mode is more suitable for long haul than for urban
(deliver and service trucks) or rural (production flow) applications.
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Figure 4.35. Percentage difference for the average brake specific fuel
consumption at the end of the cycle for the different driving cycles and
payloads evaluated.

Figure 4.36 gives further explanation on the decrease of the fuel
consumption difference for medium to high payloads for the WHVC driving
cycle. The depicted background map is a percentage BSFC difference map
comprehending the original calibration and the proposed DMDF setup. As
the driving cycles are based on the value interpolation of steady-state maps,
these differences will be always constant independently of the payload and
driving cycle. The driving cycle output differences will be given by the value
that the operating condition takes for each time step during the simulation.
From the previous results of Figure 4.35, it is expected that as the payload
is increased, the operating conditions should be nearer to a lower loss or
positive zone for the DMDF concept.

To assess the expected differences, an operating condition distribution
map inside the BSFC differences plot was done. For this, the instantaneous
engine speed and BMEP values were exported and separated in 400 bins. The
number of operating conditions inside the bin was counted and divided by
the total number of operating conditions. Higher values of this ratio (darker
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shades) mean that the engine ran more time inside this region. Every value
lower than an arbitrary threshold of 0.0001 was discarded to keep only the
most representative conditions. The same procedure was employed for the
three payloads and the results are depicted in Figure 4.36. As it can be seen,
for 0 ton (no payload), the zone containing the maximum of operating
condition falls on the range of -5 to 0 of BSFC difference. As the payload is
increased, this zone is steeply shifted to a region where the BSFC difference
is positive, which means a better fuel consumption for the DMDEF. In this
region, it is possible to attain a fully premixed combustion with short
combustion durations, low pumping losses and proper phasing, overcoming
the CDC performance.
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Figure 4.36. Operating condition distribution inside the brake specific fuel
consumption percentage difference map according to different truck
payloads (0 (0 %), 6 (50 %) and 12 (100 %) ton).

Another interesting remark is that the operating points distribution
can follow different patterns according to the driving cycle in analysis. They
can differ in both engine speed and BMEP distribution. Figure 4.37
exemplifies these differences for three driving cycle categories evaluated:
urban, WHVC and ISC_FC for a payload of 6 ton (50 % of payload -
representative of normative conditions). The differences for driving cycles
that belongs to the same category should be minimal, since they must respect
several constraints during their measurement. As it can be seen, the engine
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speed distribution seems to be centered around 1600 to 1800 rpm,
independently of the driving cycle. Nonetheless, the BMEP distribution
differs significantly among them. The urban driving cycle presents higher
frequency of vales in the low BMEP region (0-5 bar) while both WHVC and
ISC are centered in medium load conditions. It is sometimes difficult to read
the graph using the conventional histogram distribution. Moreover, the final
shape of the histogram can be dependent on the dataset size.

A statistical metric called maximum likelihood estimation was
employed to have the same basis of evaluation. The aim of this method is to
find the best set of values 1 and o to match the original data with its most
likely a Gaussian bell curve. Its mathematical description will not be
addressed, and more details can be found in [11]. The results of this analysis
are illustrated by the solid lines in the graph following the same color pattern
than the histogram. As it can be seen, the engine speed distribution is even
more similar allowing to conclude that it has low sensibility with respect to
the driving cycle. Nonetheless, the BMEP distribution depicts a strong
dependence with the driving cycle in analysis. The urban driving cycle is
centered at ~5 bar with maximum values up to 15 bar. This high amount of
values at low load conditions justifies the higher fuel consumption with
respect to full cycles. An interesting difference can also be visualized in the
comparison of the WHVC and ISC driving cycle. While both PDFs have
similar center, the ISC driving cycle has considerable higher number of
operating conditions at high load. Despite of not having huge effect on BSFC,
it can be determinant on achieving ultra-low soot emissions, since this
pollutant is penalized at high load conditions.
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Figure 4.37. Engine speed and brake mean effective pressure distributions
and most likely Gaussian bell curve for three different driving cycle:

WHVC, urban and ISC.

This brief analysis provided the necessary background in terms of the
impact of the payload variation and the driving cycle characteristics on the
operating condition distribution. Based on this, one can justify the final
driving cycle results knowing the difference between maps (CDC-RCCI). This
will serve as reference for the results presented in the following section.

4.3.3.2. Emissions

One of the claims of the low temperature combustion concepts are their
ability of reducing the final emissions of soot and NOx at the same time,
avoiding the NOx/Soot trade off. This should be an alternative to simplify
the after-treatment system in which regards these pollutants. Therefore, both
DPF and SCR can be reduced in size or, in the best scenario, removed. Since
the DMDF proposed calibration concept does not fulfill normative in the
whole steady-state engine map, the driving cycle evaluation should be carried
to assess the impact of these zones on the final transient results. The results
are compared to those of EUVI and the conditions that can fulfill its limits
are depicted in green and with a black marker edge to differentiate them.
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Figure 4.38 depicts the NOx results for the different truck loads and
driving cycles evaluated. As it can be seen, promising results are obtained,
with minimum reductions of 87 % compared to the CDC case at the same
driving cycle. Moreover, an important trend is verified with respect to the
truck payload. As this parameter is increased, lower are the benefits of the
concept in terms of NOx emissions. This is strictly related with the higher
NOx emissions found at high load conditions in the calibration map due to
the dual fuel diffusive combustion. It should be also noted that most of the
driving cycles were able to realize EUVI NOx emissions, independently on
the payload evaluated. Nonetheless, payloads higher than 50 % exceed the
normative targets for the WHVC. Therefore, it is clear that the high load
region is a determinant in the successful application of the concept.
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Figure 4.38. Percentage difference between DMDF and CDC combustion

concepts for the average brake NOx emissions at the end of the cycle for the
different driving cycles and payloads evaluated.

It can be stated that the concept is able to deal with the normative
constraints without a dedicated after treatment system since the normative
payload for driving cycles is 50 % (6 ton). This can be justified by analyzing
Figure 4.39 where it is shown the total difference between the NOX emissions
from the DMDF D-G minus the emissions from the CDC combustion. The
graphs that follows presents the same color scheme: white stands for the zero
difference while red stands for higher values of the DMDF and blue shades



140 Chapter 4

stands for lower values for the DMDF. As it can be seen, the NOx differences
graph presents only blue values allowing to infer that the DMDF concept
provides always lower NOx values than the CDC concept. Moreover, it is
possible to verify that the reduction of this emission ranges from 2 g/kWh to
8 g/kWh allowing to conclude that the DMDF concept will always benefit
NOx emissions, even in the case of full load conditions.

DG - CDC ABSNOX [g/kWh]

BMEP [bar]

0 T T T T T T
1000 1200 1400 1600 1800 2000 2200
Engine Speed [RPM]

Figure 4.39. Total difference between the DMDF and CDC calibration
maps for the NOx emissions.

Finally, Figure 4.40 presents the NOx cumulative results for the
different truck payloads having the WHVC driving cycle as reference. As it
can be seen, the highway phase is responsible to produce most of the NOx
during the driving cycle, independently on the combustion mode. The higher
truck velocities imply a higher power demand since there is a quadratic
dependence with respect to velocity in its equation. This shifts the operating
conditions to high engine loads where the NOx emissions are higher,
penalizing the final cycle results.
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Figure 4.40. Cumulative NOzx emissions comparison between CDC and
DMDEF calibration for the different payloads.

The same analysis employed for the NOx can be extended to the soot
emissions. It should be remarked that the black borders of the graph
correspond to soot values lower than 0.01 g/kWh (this does not means that
soot is lower than EUVTI targets since the optical measurement of the smoke
meter may underestimate the condensable organic compounds that represent
part of the particulate matter, which in the case of DMDEF were demonstrated
to stand to more than half of the particulate matter[12]). Unfortunately, in
this case, the results are less favorable for the proposed calibration. As it can
be seen in Figure 4.45, the effect of using DMDF changes according to the
truck load. For low truck loads, the engine runs mainly in the conditions
where a fully premixed combustion is employed inferring low to zero soot
emissions. As the truck load is increased, so are the soot emissions. At 75 %
of the nominal load, increases in the soot emissions lead to levels comparable
to the original CDC. At nominal payload, the worst scenario was found for
the urban driving condition which presented a percentage increase of 21 %
compared to the original diesel calibration. This result can be directly
correlated with the diffusive combustion employed at full load conditions.
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Figure 4.41. Percentage difference between DMDF and CDC' combustion

concepts for the soot emissions at the end of the cycle for the different
driving cycles and payloads evaluated.

As demonstrated in Figure 4.42, these conditions are prone to produce
soot, since high EGR levels are used with the turbocharging operating at
limiting conditions, implying a lack of oxygen. The black solid line demarks
the zone where the soot values starts to be higher for the DMDF concept.
This means that the DMDF produces more soot in absolute terms. It is clear
that the driving cycle results are not directly proportional to this, since the
utilization time of each zone is distinct and depends on the truck payload as
well as the driving cycle. For example, once the payload is increased, the
engine should deliver higher power outputs to be able to follow the velocity
profile. Consequently, higher BMEP values are achieved during the driving
cycles. As they approach to this high sooty region, the driving cycle soot
output starts to increase, surpassing the values from the CDC original
calibration.

Figure 4.43 illustrates the operating condition distribution during the
driving cycle according to the different payloads evaluated. This helps to
visualize the effects previously discussed. Low truck payloads remain almost
completely in low load conditions, in zones where the soot emissions are
virtually zero. However, as the payload is increased, the operating conditions
are steeply moved towards full load, falling in the zones where the soot
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emissions are far superior to those of CDC. Consequently, the driving cycle
result exceeds the ones from CDC and the normative constraints.
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Figure 4.42. Total difference between the DMDF and CDC calibration

maps for the soot emissions.

BSSOOT [g/kWh]
25 @ Oton @ 3ton O 6ton @ 9ton @ 12ton
0.300
20 0.225
5 0.150
315
& 0.075
s
@ 10 0.000
‘ -0.075
5
~0.150

1200 1400 1600 1800 2000 2200
Engine Speed [RPM]

1000

Figure 4.43. Operating points distribution inside the soot production map
as a function of the different payloads evaluated for the WHVC driving
cycle.

Each one of the circles from the graph above contributes with an
instantaneous soot production. The sum of these values, considering the
driving cycle duration, will result in the total mass. Therefore, one can follow
the cumulative mass in each instant of time to analyze the critical driving
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conditions in respect to this pollutant as previously done for the NOx
emissions. Figure 4.44 presents the cumulative soot emissions for CDC and
DMDF and the different payloads. It is interesting to note that, again, the
highway phase is responsible for most of the soot production (almost the
same that the urban and rural phase together). Nonetheless, the soot mass

tends to also increase considerably at the end of the rural phase.
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Figure 4.44. Cumulative soot emissions comparison between CDC and
DMDEF calibration for the different payloads in the WHVC' driving cycle.

Premixed concepts are characterized by excessive quantities of
unburned products as carbon monoxides and hydrocarbons. Because the fuel
enters the cylinder as early as the intake valves are open, the air-fuel mixture
can move towards the piston gaps where the heat losses are high (low
temperature) inhibiting the oxidation reactions. In addition to this,
phenomena as fuel pooling in the intake port and wall impingement are
pronounced in these concepts. Therefore, one should expect higher emissions
of these components, mainly for the cases of low load conditions. This can be
visualized in the CO values depicted in Figure 4.45. Independently on the
driving cycle, the CO increase is always higher for the low truck payload,
exceeding the EUVI limits at normative conditions. As the cargo mass is
increased, the operating conditions are shifted to higher engine load
conditions, resulting in a decrease of the difference between the DMDF and
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the CDC maps. Despite of this, the DMDF concept is not able to achieve the

normative values of 4 g/kWh for most of driving cycles and payloads.

Driving cycle

Figure 4.45. Percentage difference between DMDF and CDC' combustion
concepts for the average brake specific carbon monozide engine-out
emissions at the end of the cycle for the different driving cycles and

payloads evaluated.
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The difference map presented in Figure 4.46 also highlights the

considerable increase in the CO emissions compared to the CDC combustion.

As it can be seen, the CO increase ranges from values of 5 g/kWh (at medium
to high loads) up to 25 g/kWh in low load conditions. This should present
a challenge for the conventional ATS system since it must convert a high

amount of this component while having low exhaust temperatures.
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Figure 4.46. Total difference between the DMDF and CDC calibration
maps for the carbon monoxide emissions.

The cumulative CO values along the reference WHVC driving cycle are
also presented in Figure 4.47. The first DMDF 100 s can produce nearly the
same amount of total CO mass than the whole driving cycle with the stock
CDC calibration. In addition, it is interesting to note that both payload and
high demanding driving conditions (highway) favors the reduction of CO
production. It was previously demonstrated that at these conditions, the CO

is reduced as a consequence of using a diffusive combustion.
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Figure 4.47. Cumulative CO emissions comparison between CDC' and
DMDEF calibration for the different payloads in the WHVC' driving cycle.
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Figure 4.48 presents the HC variation for the DMDF concept compared
to the CDC operation. A first interesting behavior can be noted as the truck
load is increased. Different to the other emissions, the differences increase as
the truck load is increased. This means that the emissions from the CDC
decrease at a higher ratio than the DMDF. Consequently, the differences are
higher. Moreover, the DMDF is not able to achieve EUVI limits
independently of the case evaluated. This can be a challenge for the stock
after treatment system, as it is not designed to deal with levels of HC an
order of magnitude higher than those from the CDC. This subjected will be
further discussed in chapter 5.
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Figure 4.48. Percentage difference between DMDF and CDC combustion
concepts for the average brake specific unburned hydrocarbon engine-out
emissions at the end of the cycle for the different driving cycles and

payloads evaluated.

The total differences of HC emissions are presented in Figure 4.49. Low
to medium load conditions seems to be the most affected zones in terms of
combustion inefficiency. The differences at this region can achieve values up
to 6 g/kWh. Nonetheless, as the load is increased, the HC decreases since the
GF values are lower and the combustion process is modified to a diffusive

one.
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Figure 4.49. Total difference between the DMDF and CDC calibration
maps for the unburned hydrocarbon emissions.

The cumulative results comparing the CDC and DMDF calibration on
the WHVC driving cycle for the different payloads are depicted in Figure
4.50. As it can be seen, as the load as increased, lower are the differences
among the payload lines for the DMDF concept. Moreover, the CDC provides
final values lower than 5 g at the end of the cycle which means a high
combustion efficiency. By contrast, considering an average value of 50 g of
HC at the end of cycle, the DMDF tends to produce more than 10 times HC
than the CDC calibration.
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Figure 4.50. Cumulative HC' emissions comparison between CDC' and
DMDEF calibration for the different payloads in the WHVC' driving cycle.
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The effect of HC and CO is somewhat difficult to be visualized in an
isolated manner. Therefore, the combustion efficiency previously calculated
by equation 3.12 accounting the exhaust emissions of HC, CO and H, is
presented in Figure 4.51. It is possible to verify that the truck load effect is
predominant over the driving cycle type. There are slight differences for each
driving cycle, but they are far inferior to the differences verified comparing
the payload effect. As this parameter is increased, the losses by combustion
efficiency for the DMDEF concept tend to decrease. This is a direct
consequence of using higher engine load conditions, reducing the time usage
of the fully premixed conditions where the combustion efficiency present poor

results.
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Figure 4.51. Percentage difference between DMDF and CDC combustion
concepts for the combustion efficiency at the end of the cycle for the
different driving cycles and payloads evaluated.

The total difference between the values of combustion efficiency from
the DG calibration and the original CDC is presented in Figure 4.52. It is
possible to verify that low load conditions present the higher differences
compared to the CDC while medium to full load conditions seem to be less
affected by the proposed calibration. Therefore, the improvement of these
low load conditions can be a path to increase the overall efficiency of the
concept and reduce the fuel consumption difference compared to the original
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calibration. In addition, it should avoid secondary issues, as the ones that
could be faced by the ATS system in achieving EUVI regulation.
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Figure 4.52. Total difference between the DMDF and CDC calibration

maps for the combustion efficiency.

Finally, the engine-out CO, emissions are shown in Figure 4.53 for the
set of driving cycles and truck loads evaluated. Despite of the increases in
fuel consumption verified in Figure 4.53, the CO, values are similar or lower
than those from conventional diesel combustion. It is true that the reduction
is still far from the future scenario that aims at reductions of 15 % (H2025)
and 30 % (H2030). Nonetheless, there are conditions that can provide benefits
of 2.5 % even with fuel consumption 3 % higher than the CDC. This can be
justified by analyzing the difference map presented in Figure 4.54. It depicts
a contrasting behavior that is strongly related to the ISFC values. In
addition, the conditions operating with fully premixed combustion tends to
have lower exhaust mass flow. In this sense, it is possible to reduce the CO,
emissions even in the case of having higher fuel consumption, as the CO,
hydrocarbon molar mass of diesel and gasoline are similar (3.16 and 3.09,
respectively). It should be noted that the data herein presented are engine-
out values. Its final amounts will certainly be affected once the unburned
products are converted which may result in similar values to those obtained
by the CDC calibration.



4.4 Drawbacks of the concept under real applications 151

% of BSCO,; variation (DMDF-CDC)

0.5

WHYC {{-1.9 -1.2 -0.6 -0.9 -0.1 L oo
g
g F-0.5
2 Urban | -0:2 -0.5 0.9 1.2 0.9
o L
e 1.0
'S FCEC{ -1.3 0.7 -0.4 o ole
S F-15
[a]

ISC_FC . -L5 0.4 s (0] L 20

'

0 25 50 75 100
Truck payload [%]
Figure 4.53. Percentage difference between DMDFE and CDC' combustion
concepts for the average brake specific CO2 emissions at the end of the
cycle for the different driving cycles and payloads evaluated.
DG - CDC ACO2 [g/kWh]

25 70

60
50

BMEP [bar]

0 T T ™ T T T T
1000 1200 1400 1600 1800 2000 2200
Engine Speed [RPM]
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maps for the CO2 emissions.

4.4 Drawbacks of the concept under real

applications

Despite the favorable results in which regards soot and NOx emissions,
with similar fuel consumption than that of the original calibration, the

concept still offers challenges for real applications. The analysis of the
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emission maps illustrated a high unburned hydrocarbon and carbon monoxide
concentration at low load conditions. The coupling of this with the low
temperatures at the turbine outlet can impair the DOC operation once that
not enough energy is provided to achieve light off conditions. Besides, the use
of the DMDEF concept can also mean an operational issue for the DPF in
terms of its regeneration capabilities, both passive and active forms. The low
NOx levels at the engine-out can reduce the efficiency of the passive
regeneration of the DPF while the low temperatures at the DPF inlet can
also difficult the active regeneration.

In addition, the concept was not able to fulfill EUVI normative for soot
emissions in the WHVC driving cycle considering truck payloads higher than
50 %. The air management requirements led the turbocharger system to
achieve its limiting conditions in terms of pressure (turbine inlet) and
temperature (compressor outlet). Moreover, the results from NOx emissions
demonstrated that it can only fulfill EUVI normative up to 50 % of payload.
This allows to conclude that the NOx/Soot trade-off could not be modified
to achieve better results for soot. In other words, the engine calibration was
the optimal one for the hardware and fuels employed. This means that further
benefits can be only obtained by redesigning the air management system or
modifying the characteristics of the LRF and the HRF. The first option
cannot be accomplished since the OEM requires that the engine platform and
its supplementary hardware should be maintained as similar as possible than
those that equips the commercial truck. Finally, the CO, reductions are still
far from those of the short-term scenarios as H2025, requiring additional
modifications to realize fuel consumption improvements or the introduction
of fuels that can attain decreases in the well to wheel CO, footprint.

In this sense, the next chapters will address each one of the challenges.
First, a complete evaluation of both DOC and DPF critical conditions will
be performed to determine the performance of these devices under DMDF
conditions. Finally, the impact of the both fuel (LRF and HRF)
characteristics will be evaluated trying to optimize the concept in terms of
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soot and NOx emissions reduction as well as improvements in fuel
consumption while aiming lower well-to-wheel CO, emissions.

4.5 Summary and conclusions

This chapter described the experimental implementation of the DMDF
concept and the evaluation of its potential by means of a GT-Drive model on
a multi-cylinder medium duty engine. The experimental maps provided an
open loop calibration to be used as inputs in current ECUs. Despite of this,
its main findings rely on the different strategies that were employed to
overcome the challenges and achieve the same power output that was found
during the calibration. The results of this strategy can be split according to
the engine load range in which it was used:

e Low to medium loads (60 %): fully premixed combustion with
the HRF injection moved towards the compression stroke as the
load is increased. This can be realized due to the increase of in-
cylinder pressure and temperature as the load is increased,
allowing to obtain a stable fully premixed combustion. For this
region, the benefits of the RCCI could be explored, allowing to
achieve EUVI NOx emissions with virtually zero soot.

e Medium (60 %) to ~ 80 % of engine load: the firsts drawbacks
of the fully premixed combustion start to appear. The high
amount of energy released in a short period of time results in
an excessive pressure gradient, higher than the maximum
allowable for this engine. The increase of the EGR at these
conditions affected both combustion stability and soot
production. Therefore, the GF values started to be decreased,
coupled with higher compositional stratification to achieve
higher loads without exceeding the mechanical constraints.
Nonetheless, the soot emissions were relaxed as the lower GF
increased the richer zones inside the cylinder.
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e 80 % to full load: for these engine loads, the air requirements
achieve limiting conditions in which regards the compressor
outlet temperatures and turbine exhaust pressure. In this sense,
neither the VGT can be closed nor the mass flow through the
compressor can be increased. Consequently, the global
equivalence ratio approaches to the stoichiometric, enhancing
the soot production. Therefore, the EGR levels started to be
decreased to avoid excessive soot values. As a side effect, the
NOx must be relaxed up to 2g/kWh.

The second part assessed by means of numerical simulation the
potential of the calibrated engine compared to the commercial diesel one for
different driving cycles and payloads. In terms of performance, the DMDF
concept demonstrated to be able to achieve similar levels of fuel consumption
to those of CDC for most of the driving cycle, with maximum fuel
consumption penalization of 2.8 %. Nonetheless, more power demanding
cycles tended to decrease the BSFC penalization demonstrating that the
combustion concept is well suited for long haul applications. In addition, a
detailed analysis of the different engine out emissions were performed
demonstrating that:

e The proposed concept can reduce the NOx emissions at least 87
% compared to the original calibration. In addition, it can
achieve EUVI normative for the whole set of driving cycle
considering the 50 % of payload as the representative of the
truck.

e Soot emissions are strongly impacted by the increase of the
truck payload since it shifts the operating conditions towards
the high load zone, where the soot emissions are pronounced.
Moreover, the proposed calibration is not able to achieve EUVI
normative for this pollutant for the representative payload.

e HC, CO and combustion efficiency are always penalized by the
DMDF concept as consequence of the premixed part of the
combustion process. Besides, low to medium load conditions
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presented excessive amounts of HC and CO together with low
exhaust temperature. This can be a challenge for the DOC
system since it can inhibit the oxidation reaction inside this
device.

e (O, emissions present a reduction compared to the CDC case,
independently of the payload and driving cycle evaluated.
Nonetheless, this scenario can be changed once the unburned
species are converted. Moreover, the reduction is still far from
the short-term targets for heavy duty transportation.

In this sense, it can be concluded that the proposed DMDF calibration
is able to deliver a similar fuel consumption in mass basis to the original CDC
calibration while fulfilling EUVI NOx constraints without dedicated after
treatment devices. This allows to reduce both production and operation costs
of the truck, since the SCR is not required neither the urea consumption.
Nonetheless, the same cannot be extended to the soot emissions as the cycle
results are impacted by the soot production at high loads. Moreover, both
HC and CO exceed by far the normative limits, presenting a challenge for
conventional oxidation catalysts. The next chapter will assess the real impact
of DMDF combustion on the stock DOC and DPF under representative

operating condition
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5.1 Introduction

Chapter 4 has demonstrated that the DMDF combustion concept is a
promising technology in which regards NOx and soot emissions. Moreover,
the driving cycle results have shown similar values of fuel consumption and
CO; emissions compared to the original calibration. Despite of this, an
important drawback is perceived: the noticeable increase in the unburned
hydrocarbons and carbon monoxide emissions. Besides, depending on the
engine load, the operating condition distribution reaches, several times, high
soot production zones in the engine map, surpassing the normative limits for
this contaminant. In addition to this, the use of low pressure EGR in the
calibration requires to clean the exhaust gases (remove water and particulates
from the exhaust flow) prior to mixing with the intake air, avoiding possible
damages of the EGR valves and moving parts of the compressor as the blades.

In this sense, it can be concluded that both the DOC and DPF will still
be used in the DMDF concept. This requires the identification of what may
be the impacts of the DMDF combustion on both devices. Therefore, this
chapter addresses this subject by experimental and numerical analysis. First,
experimental tests were performed to assess the DOC response to the DMDF
boundary conditions at both steady and transient conditions. A detailed
analysis was carried out to understand the impact of the GF values on the
unburned hydrocarbon species at the exhaust. Second, the DPF passive and
active regeneration were characterized to assess their effectiveness on cleaning
the DPF. Finally, dedicated 0-D and 1-D models were characterized and
calibrated in GT-Power (based on the experimental evaluations) and
employed in driving cycle simulations to assess the engine compliance with
current EUVI normative using its stock aftertreatment system.
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5.2 Oxidation catalyst evaluation

Diesel oxidation catalyst efficiency on reducing unburned HC and CO
is strongly dependent on the boundary conditions at its inlet. The residence
time, inlet temperature and unburned species have dominant role on
achieving a proper reduction of the contaminants [1]. An additional variable
can be defined by introducing the heat capacity of the device, i.e., the
capability to store energy and maintain the DOC wall temperatures during
a certain period [2]. Therefore, this section intends to evaluate these set of
variables by means of specific steady-state and transient tests that will be

detailed in the following subsections.

5.2.1. Steady-state evaluation

Steady-state evaluations have as advantage the possibility to set fixed
conditions at the DOC intake and assess the impact of these parameters on
the DOC performance once pre-established steady-state criteria are achieved.
The experimental setup and the methodology employed during this
investigation will be present in the following subsection.

5.2.1.1. Methodology

The DOC evaluation at steady-state operation requires a definition of
a parameter to guarantee that the dominant properties are stable through
the time. Generally, the most critical property is the temperature at the DOC
outlet. This is a measure of the conversion efficiency variation and its
subsequent stabilization. Therefore, a reference value for the maximum outlet
temperature variation allowed must be set. Values lower than this reference
means that the device is under steady-state conditions and the tests can start.

To define the reference value, a set of temperature variations were
evaluated and defined from the temporal evolution of the temperature
profiles. The criteria should be accurate enough to avoid quasi-steady
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conditions as the one presented in Figure 4.2. This plateau can be obtained
in some short time intervals given the interaction of cycle to cycle variability
of the engine, thermocouple response and test cell facility cooling.
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Figure 5.1. Ozidation catalyst outlet temperature as a function of time for
a steady-state inlet boundary demonstrating the plateaus that can be

obtained even in the case of an unsteady oxidation catalyst operation.

Therefore, three different periods (n) were chosen and evaluated aiming
to avoid these quasi steady-states: 60 s, 120 s and 180 s. Figure 5.2 presents

the different derivatives in respect with the selected time steps calculated
from Equation 5.1.

Tiy1[°C] — Ti[°C]

A [°C/s] = n 5]

5.1

As it can be seen, the first timestep reaches the criteria in the early
seconds of the measurement time. This can lead to a “false” criteria
fulfillment, that should be related to the quasi steady zones previously
discussed. As the time step is increased, the fulfillment of the criterium is
shifted towards the end of the measurement period. For the longer time step,

the criteria cannot be reached, since the observation time always provide
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differences higher than 1 °C. Nonetheless, its minimum value corresponds to
the conservative time step of 120 s.

(&)
|

E

Delta T [°C/n_s]
N w

T T T
600 800
Time [s]

T
0 200 400 1000

Figure 5.2. Different criteria assessed to guarantee the steady-state
operation of the oxidation catalyst: 60 s, 120 s and 180 s.

Therefore, 120 s was chosen as time step to calculate the steady-state
operation criterion. This means that the measurements should start once the
temperature variation in a period of 120 s does not exceeds 1 °C. Figure 5.3

exemplifies the concept with a temperature evolution from the experiments.
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Figure 5.3. Evaluation of the proposed criteria (1°C/120s) for a random

operating condition.
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Once the steady-state criterion is defined, the measurement
methodology should be developed. An important point to be remarked is that
the same initial condition must be guaranteed for each operating point to be
evaluated. In this sense, a cleaning phase, consisting of a high exhaust
temperature and high combustion efficiency point was employed at the
beginning of each measurement. This condition is maintained until the
exhaust HC and CO concentrations are stabilized and with an absolute value
as low as the measurement uncertainty of the gas analyzer (~5 ppm). After
that, the operating condition to be measured is adjusted and the temperature
criterion is continuously evaluated at each 120 s. If the criterion is fulfilled,
the measurement of the operating condition is performed. The procedure
consists of three measurements of 45 s each at the inlet and outlet of the
DOC with two different gas analyzers: a flame ionization detector (Horiba
Mexa) and a Fourier transformed interferometry (Horiba FT). The first one
was employed to obtain the measurements of total unburned hydrocarbons
and carbon monoxide while the second was used to obtain the different
unburned hydrocarbon species in the exhaust gas. Figure 5.4 depicts the
measurement approach used in the steady-state evaluation.

v

Reference CDC condition
(cleaning step)

HCand CO
<5 ppm

Operating

e AT<1°Cin 120s Measurement
condition

Figure 5.4. Steady-state methodology to assess the oxidation catalyst.
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5.2.1.2. Oxidation catalyst results

Figure 5.5 presents the HC and CO results after and before the DOC
for the different engine speeds evaluated at 10 % of engine load. The dashed
line stands for the EUVI steady-state limits of both components. Each
operating condition is reported as the mean value of three repetitions with
the standard deviation depicted as a vertical bar. The same representation is
maintained for the different operating conditions evaluated.

At low engine load conditions, the fully premixed combustion results
in low temperature values at the exhaust and high engine out emissions of
HC and CO. In this sense, the conversion efficiency of both emissions is
impaired as depicted in Figure 5.5. The unburned hydrocarbon emissions are
not able to fulfill de EUVI normative independently on the engine speed.
Some improvements can be seen as the engine speed is increased. This is
directly related to the higher exhaust mass flows and their consequent high
energy resulting in lower temperature decrease up to the DOC inlet. In this
case, the values of HC after the DOC are near to the EUVI limits. The CO
emissions present similar behaviors than that from the HC emissions. As the
activation energy of the CO oxidation is lower than the HC, this component
can be better reduced at the DOC, achieving EUVI normative at high engine
speed conditions [3]. This fact also contributes to the increase of the monolith
temperature, improving the HC conversion efficiency.
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Figure 5.5. Results of (a) unburned hydrocarbon and (b) carbon monoxide
emissions before and after the oxidation catalyst for different engine speeds
ad 10 % of engine load.

As the engine load is increased, some improvements in the DOC
conversion efficiency for both emissions can be observed (see Figure 5.6). The
DOC achieves light-off conditions for all the engines speeds higher than 950
rpm. Only 950 rpm does not provide enough energy to convert the unburned
hydrocarbons, presenting similar values of this emissions at both DOC inlet
and outlet. For the remaining engine speeds, the conversion efficiencies are
higher than 80 %, achieving values closer to the normative limits. This is also
related to the carbon monoxide conversion at the DOC. As aforementioned,
the proper CO oxidation increases the monolith temperature supporting the
conversion of the hydrocarbons. An almost complete oxidation of the carbon
monoxide emissions is achieved for engine speeds higher than 950 rpm. This
is a consequence of the higher energy flow through the DOC as the mass flow
increases with the engine speed as well as the inlet temperature. Therefore,
EUVI CO tailpipe emissions could be achieved for almost all the 25 % of
engine load, demonstrating that even high CO concentrations can be dealt
with in the DOC without modifications.
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Figure 5.6. Results of (a) unburned hydrocarbon and (b) carbon monoxide

emissions before and after the oxidation catalyst for different engine speeds
ad 25 % of engine load.

Medium load conditions are characterized by fully premixed
combustion achieved by means of early injections around 60 CAD bTDC.
This results in high conversion efficiency with virtually zero NOx and Soot
(see chapter 4, section 4.2.3). By contrast, the HC and CO emissions are
considerably higher than the CDC combustion with low exhaust
temperatures. This should be a critical operating condition for the DOC.
Nonetheless, as depicted in Figure 5.7, the device is able to deal with the
adverse boundary conditions, reducing both emissions to levels lower than
the EUVI normative. It is interesting to note, that CO emissions present
values closer to zero, demonstrating that this emission is easily reduced in
the stock aftertreatment system. The analysis can be extended up to full load
conditions. Nonetheless, as the engine load is increased, so is the exhaust
temperature and the mass flow, enhancing the conditions in the DOC inlet
to convert the unburned products.
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Figure 5.7. Results of (a) unburned hydrocarbon and (b) carbon monoxide
emissions before and after the oxidation catalyst for different engine speeds
ad 50 % of engine load.

Nonetheless, to be sure that the assumption is correct, an additional
load step was evaluated. Four engine speeds (left and right boundaries of the
operating map) were evaluated for 60 % of engine load (Figure 5.8). As it
was expected, the conversion efficiency is maintained over 90 %, reducing the
unburned species to values under the EUVI normative. Therefore, it can be
stated that the stock DOC is able to deal with the DMDF engine out
emissions for engine loads higher than 25 %. Low load conditions are an issue
that should be addressed. It should be bore in mind that this study did not
evaluate the impact of DOC heating or the use of the thermal capacity to
guarantee proper efficiency under idle/low load conditions. The latter will be
the subject of the transient evaluation that is presented in next sections.
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Figure 5.8. Results of (a) unburned hydrocarbon and (b) carbon monozxide

emissions before and after the oxidation catalyst for different engine speeds
ad 60 % of engine load.

5.2.1.3. Summary

The results obtained from the operating conditions evaluated can be
combined and depicted in a contour map as presented in Figure 5.9. This can
illustrate where the critical conversion efficiency zones are found inside the
operating map. Moreover, two boundaries were inserted to be used as
references in the analysis: the EUVI limits and a boundary corresponding to
two times the EUVI values.

As it can be seen, more than half of the evaluated conditions are not
able to fulfill the EUVI limits. If the limits are extended to be the double of
EUVI constraints, the area is considerably increased. Nonetheless, the low
load conditions are still a problem to be evaluated/solved in which regards
the HC emissions. Regarding carbon monoxides, the problem is much more
isolated in low engine speeds low engine load conditions. The constraint
relaxation does not affect the area shrouded by the line. It is interesting to
note that the maximum HC emissions after DOC are found in the zone where
the CO conversion is low. The improvement of the conversion of one of the
emissions could be decisive in achieving proper conversion efficiency at these
conditions. This could be achieved by means of a proper DOC design,

targeting the specific hydrocarbon species that are found in the products from
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the DMDF combustion. Nonetheless, this requires detailed analysis by means
of hydrocarbon speciation, to understand the impact of modifying the fuel
composition as well as the combustion environment on the unburned
combustion produces. Therefore, the next subsection details the speciation
analysis for the same operating conditions discussed in this section aiming to
identify what are the critical species that should be tackled during an

oxidation catalyst design.
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Figure 5.9. Iso contour graphs representing the tailpipe emissions of (a)
unburned hydrocarbons and (b) carbon monozide from low to medium load
operation. The white line demarks the zones that can fulfill EUVI limits,
while the red line represents the zones that are lower than two times the
EUVI constraints.

5.2.1.4. Exhaust hydrocarbon speciation

The effectiveness of the DOC in converting the partially oxidized
compounds is affected by the chemical properties of the species that
constitute them [4][5]. The knowledge of the species that will be dealt in the
DOC allows to design the catalyst targeting specific coverage materials to
convert them. Previous studies found in the literature address the
quantification of the different hydrocarbon species that can be found in the
engine exhaust for the most common operation of spark ignition and
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compression engines [6][7]. The results suggested that the wide range of
hydrocarbons present in the exhaust can be effectively divided in two major
groups: low reactivity and high reactivity hydrocarbons. For both engines,
propylene demonstrated to be a representative hydrocarbon for the high
reactivity group while the low reactivity hydrocarbons are more dependent
on the fuel employed [8]. Generally, diesel vapor can emulate the effects of
the low reactivity compounds in the DOC for diesel engines. In spark ignited
engines, propane or iso-octane are species that can be employed. General
splits of low reactivity and high reactivity hydrocarbons are widely found in
the literature. In the case of concept presented in this work, both diesel and
gasoline are employed in different fractions during the calibration. This
implies that the hydrocarbons that are found at the exhaust gases can be
originated from both fuels. Therefore, the previously discussed split should
account this by combining both low reactivity hydrocarbons.

In this sense, a speciation study was proposed to assess the impact of
the GF variation on the hydrocarbon composition of the exhaust gases for
the DMDF combustion. For this, 16 operating conditions from the calibration
proposed in chapter 4 were chosen addressing GF values from minimum (0
%) up to the maximum (87 %) value obtained in the calibration. In addition,
fully premixed conditions were prioritized as both HC and CO present their
maximum values at these conditions and these are the most challenging
conditions for the DOC, as previously presented. Table 5.1 depicts the test
matrix employed during the speciation evaluation. The operating conditions
come from the calibration map presented in chapter 4, maintaining similar
settings regarding air management and injection parameters. For each
measurement, the concentration of C;Hg, CoHy, CoHg, 1,3-Cy4Hg, C¢Hg and C7Hg
were recorded. Then, each specie was reduced to a C1 hydrocarbon basis and
its respective contribution in the total hydrocarbon was determined.
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Table 5.1. Operating conditions evaluated during the speciation tests.

Load [%)] | Engine speed [rpm] | O, [%] | GF [%] | EGR [%]
10 950 13.45 0 50
10 1200 12.08 0 48
10 1800 12.87 0 52
10 2200 10.87 0 54
25 950 10.46 49 43
25 1200 8.61 49 36
25 1800 9.11 44 43
25 2200 10.08 43 48
50 950 3.91 68 41
50 1200 2.88 81 41
50 1800 2.83 80 45
50 2200 6.76 84 38
60 950 3.82 61 37
60 1200 3.88 70 32
60 1800 4.33 57 30
60 2200 4.78 56 35

The results of the different species at the exhaust are presented in
Figure 5.10, being separated in sub graphs by engine speed. As it can be seen,
there are two different peaks with respect to the hydrocarbon species. Both
ethane and ethylene have the highest concentration in the left-hand side of
the graph while toluene stands as the most common specie in the exhaust
gases which concurs with the results from [7]. Species as benzene, butane,
methane, etc., are present in lower concentration. It is also interesting to note
that the quantity of high reactivity hydrocarbons is scaled with the gasoline
fraction of the operating conditions. For conditions at 10 % engine load, were
the GF is zero, high reactivity hydrocarbons (short chain hydrocarbons) are
predominant. As the engine load is increased, and so are the GF values, high
concentration of longer chain hydrocarbons starts to be found. This is evident
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from the analysis of the results for both 50 % and 60 % of engine load, which
are the conditions with higher GF levels.
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Figure 5.10. Hydrocarbon compounds of the exhaust gases for different
engine loads and (a) 950 rpm, (b) 1200 rpm, (c) 1800 rpm and (d) 2200
rpm.

From this analysis, it can be inferred that the gasoline fraction plays
an important role over the species found at the engine exhaust. As was
mentioned, the different hydrocarbons were split in two groups: low reactivity
and high reactivity. The first one comprehends the hydrocarbon chains
ranging from Cs to C; while the second addresses the chains from C; to C;.
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After grouping, the results were plotted against the GF being depicted in
Figure 5.11. The analysis of the graph allows to visualize that there is a direct
increase in the low reactivity hydrocarbons as the GF is increased. This
means that more energy is required to obtain a proper oxidation of the
partially unburned compounds at the DOC. Moreover, a regression fit was
employed, obtaining two different equations. Each one of them allows the
determination of either the low reactivity hydrocarbon or the high reactivity
hydrocarbon concentration, enabling the proper quantification of the split
that should be found at a specific operating condition based on its GF value.
Finally, it can be concluded that the correct hydrocarbon split for dual mode
dual fuel application should consider toluene as low reactivity specie and
species with carbon chains ranging from C,-C; (e.g., ethylene or propylene)
as high reactivity hydrocarbon to properly describe the composition of the
exhaust hydrocarbons.
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Figure 5.11. Ezhaust low reactivity (LR) and high reactivity (HR)
hydrocarbons dependence on gasoline fraction values.
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5.2.2. DOC Transient evaluation

Steady-state conditions are useful to understand the ATS response to
the imposed boundary conditions. Nonetheless, they are rarely found at real
truck operation [9]. Moreover, the after-treatment system is often operated
in closed loop, interacting with the engine ECU [10][11]. This allows to
employ techniques to prevent the wall temperature of this device from falling
to values lower than the light-off conditions. Some examples of this are the
fast heating techniques used right after the engine starts to heat up the DOC
or late post injections to regenerate the DPF. Recently, the powertrain
electrification enabled the heating of the DOC without requiring energy from
the fuel directly [12].

Once the monolith is heated, it can support the temperature levels for
a determined period, due to both the thermal storage capacity of the device
and the exothermal oxidation reactions of the unburned compounds.
Therefore, these paths can be a route to improve the conversion efficiency at
low load conditions pursuing to fulfill EUVI in the whole engine map for both
HC and CO. In this sense, specific transient conditions were evaluated to
assess the impact of different thermal loadings of the DOC on the conversion
efficiency of HC and CO.

5.2.2.1. Methodology

The evaluation of the transient response of the DOC requires the use
of simultaneous measurements at the inlet and outlet of it. In this sense, two
different gas analyzers were employed: a Horiba FT (FTIR) at the DOC inlet
and a Horiba Mexa (FID) at the DOC outlet. Therefore, time resolved signals
of HC and CO could be obtained at the same time interval allowing to
calculate the conversion efficiency of these components. In parallel, the values
of temperature and pressure at the same locations (ATS inlet and outlet) and
inlet mass flow were also acquired at an acquisition frequency of 10Hz by the
AVL FEM-A acquisition boards. The characteristics of the measuring devices
and sensors are those presented in the methodology section.
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Different transient verifications were proposed, aiming to assess the
impact of the boundary condition variation on the DOC performance
efficiency. First, the ATS was heated employing an operating condition of 50
% of engine load and 1800 rpm at CDC operation, guaranteeing a high
thermal flow through the device. After, the engine was directly moved to an
operating condition of 950 rpm and 10 % of engine load, where the conversion
efficiency of both HC and CO presents the lowest values, i.e., a critical
condition. The instantaneous values of the different emissions, temperatures,
mass flow and pressures were acquired allowing to evaluate the effect of the

DOC thermal storage on its conversion efficiency.

Following the same idea of the previous evaluation, a second step was
proposed. Nonetheless, at this time, an operating condition of 25 % of engine
load and 1500 rpm was added between the previous operating conditions to
account for more pessimist scenarios where critical operating conditions are
preceded by similar low load conditions, which can represent deceleration to
idle operation. Figure 5.12 illustrates both steps in terms of engine load,
engine speed and time. Both cases are similar regarding the duration, the
start and the final conditions and their results are useful to assess the
characteristic times were the DOC can support the oxidation reactions

through the energy storage.
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Figure 5.12. Graphical representation of the engine speed and load profiles
considering (a) fast transitions to low load operation (50% to 10%) and (b)
steeply reduction of engine load (50%-25%-10%).
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Moreover, an additional step was proposed aiming to represent more
realistic scenarios that can be found during the truck operation. To do this,
the engine speed and IMEP profiles obtained for the WHVC in chapter 4
with 50 % of payload were analyzed searching for low engine power
conditions. As it can be seen in Figure 5.13, these conditions are mostly
verified at the first driving cycle phase that corresponds to the urban part.
In this sense, a step was proposed as a simplification of the phase highlighted
in yellow in Figure 5.13. In this period, the IMEP is reduced from 12 bar to
~1 bar (idle operation). Then, the engine load is maintained during nearly
273 s, being increased again at the end of this period. During the 273 s,
several engine speed variations are verified. This fast engine speed dynamic
cannot be emulated by the engine once it is not equipped neither with closed
loop control nor the engine maps are refined enough for this kind of
application. In this sense, the process was simplified addressing only the
engine load variations (a load step), neglecting the accelerations that exists
during this period.
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Figure 5.13. Indicated mean effective pressure and engine speed profiles for
the truck on the WHVC driving with 50% of payload.

Finally, a supplementary engine test (SET) was proposed accounting
for continuous changes in the boundary conditions regarding heat flow and
emissions. Table 5.2 was obtained from the normative and presents the main



178

Chapter 5

steps and guidelines to be followed during the test evaluation [13] (see Figure

5.14).

Table 5.2. Operating conditions and modes that should be considered during the

supplementary engine test.

Ramped mode cycle Time |s] Speed [rpm] Load [%]

la 170 Warm idle 0

1b 20 Linear transition Linear transition
2a 173 A 100

2b 20 Linear transition Linear transition
3a 219 B 50

3b 20 B Linear transition
4a 217 B 75

4b 20 Linear transition Linear transition
5a 103 A 50

5b 20 A Linear transition
6a 100 A 75

6b 20 A Linear transition
7a 103 A 25

™ 2 Linear transition Linear transition
8a 194 B 100

8b 20 B Linear transition
9a 218 B 25

9b 20 Linear transition Linear transition
10a 171 C 100

10b 20 C Linear transition
11la 102 C 25

11b 20 C Linear transition
12a 100 C 75

12b 20 C Linear transition
13a 102 C 50

13b 20 Linear transition Linear transition
14 168 Warm idle 0
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Each one of the engine speed values are defined in the same manner
than in the ESC (European Stationary Cycle) cycle following the rules from
the equations 5.1 to 5.3.

A= No + 0.25 - (nhl’ - nlo) 5.1
B = Nyo + 0.50- (nhi - nlo) 5.2
C = Nyo + 0.75 - (nhl’ - nlo) 5.3

Where,

ny,= the minimum engine speed where 50 % of rated power is achieved.
np;= the maximum engine speed where 70 % of rated power is achieved.

The load profile was scaled to account mainly conditions where fully
premixed combustion is used, i.e., most challenging conditions. In this sense,
the engine was submitted to the SET cycle obtaining information about the
transient emission behavior considering operating conditions inside the D-G
calibration that was presented previously in chapter 4. This scaling was
proposed to avoid using high load conditions which could provide excessive
heat flow, mitigating the effect of low engine load conditions. Figure 5.14
presents a simplified scheme of the cycle with the respective load percentage
and engine speed ranges that should be employed during the testing.
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Figure 5.14. Graphical representation of the supplementary engine test
illustrating the engine speed profiles as well as both original and rescaled

engine load.

5.2.2.2. Oxidation catalyst transient results

The results for the different transient evaluations are presented in this
section. The first two steps will be called step 1 and step 2, respectively. The
third step will be referred as WHVC step as it was originated from this cycle

while the last one will be named as SET.

Figure 5.15 illustrates the results for step 1, addressing the transition
from an initial condition at 50 % load (12.4 bar IMEP) and 1800 rpm to a
final condition at 10 % load (2.3 bar IMEP) and 950 rpm. As depicted in
Figure 5.15 (b), the DOC starts with high conversion efficiency since the
temperature at the outlet is considerably higher than that at the inlet. This
means that the exothermic reactions in the DOC provide enough energy to
heat the exhaust gases even in the case of losing part of the energy by heat
transfer to the environment. These reactions are supported up to 800 s while
operating at a 10 % engine load condition. From this time, the difference
between both temperatures (inlet and outlet) starts to decrease, indicating
lower conversion efficiencies. This can be better visualized in Figure 5.15 (c)
and Figure 5.15 (d) where the DOC out emissions and the conversion
efficiency of both HC and CO are presented. During the first 800 s, HC
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conversion efficiency is maintained in values higher than 95 % resulting in
DOC out HC emissions near EUVI limits. Once the inlet temperature
decreases to levels below 180 °C, the unburned hydrocarbon oxidation
reactions at the oxidation catalyst are drastically reduced. Consequently, the
DOC out HC emissions increase near 15 times compared to the first period,
surpassing by far the limits from EUVI. CO conversion reactions are
supported for longer a time and do not demonstrated to be affected by the
modification of the boundary conditions, allowing to maintain the tailpipe
emissions under EUVI constraints even at the end of the step.
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Figure 5.15. Instantaneous evolution of the (a) engine speed and torque
profiles (b) mass flow and temperatures at the oxidation catalyst inlet and
outlet, (c) tailpipe carbon monozxide and unburned hydrocarbon emissions,
with its respective EUVI limits demarked in dashed lines and (d) carbon
monozxide and unburned hydrocarbon conversion efficiencies for the step 1.

To obtain deeper insights about the DOC response to the modification
of the boundary conditions an additional step was evaluated (step 2). The
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main difference relies on the addition of an intermediate condition at 25
%@1500 rpm. This condition has lower temperature and probably will reduce

the time where proper conversion efficiency is found at 10 %@950 rpm.

Figure 5.16 (b) confirms the reduction of the interval where high
conversion efficiency for HC is achieved. As it can be seen, once the operating
condition is modified from 25 % to 10 % of engine load, the difference between
the DOC inlet and outlet temperature starts to decrease for an interval of up
to 400 s. This is half the time found for the previous step (50 % = 10 %). It
is interesting to note that despite of the differences in time, the temperature
threshold from which the efficiency starts to decrease is nearly the same for

both steps.
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Figure 5.16. Instantaneous evolution of the (a) engine speed and torque
profiles (b) mass flow and temperatures at the oxidation catalyst inlet and
outlet, (c) tailpipe carbon monoxide and unburned hydrocarbon emissions,
with its respective EUVI limits demarked in dashed lines and (d) carbon
monoxide and unburned hydrocarbon conversion efficiencies for the step 2.
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Once the temperature crosses the 180 °C threshold, the HC conversion
efficiency starts to decrease exponentially. This indicates that the DOC is
close to its light-off condition. Even though, EUVI values for both HC and
CO could be achieved up to 1500 s. In addition, the interval of 400 s at low
load is difficult to be achieved in normative cycle. Nonetheless, its importance
is justified by real driving conditions where the truck can be stopped for large
periods in heavy traffic conditions.

The previous steps were intended to illustrate the light-off temperature
of the oxidation catalyst and the critical times during which the conversion
efficiency could be maintained (> 95%) from using the thermal storage of the
DOC. To obtain this, they were designed to have large duration (2200 s).
Nonetheless, as demonstrated in Figure 5.13 (methodology section) they are
not representative of normative driving conditions, where idle times are
shorter. In this sense, the DOC was submitted to the previously described
WHVC based step. Figure 5.17 depicts the results obtained in terms of
temperature, emissions, and conversion efficiency. It is worth to mention that
the transition between the operating points is done manually, which results
in peaks during the transition due to instabilities in the engine speed. This
should be neglected during the analysis.
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Figure 5.17. Instantaneous evolution of the (a) engine speed and torque
profiles (b) mass flow and temperatures at the oxidation catalyst inlet and
outlet, (c) tailpipe carbon monozide and unburned hydrocarbon emissions,
with its respective EUVI limits demarked in dashed lines and (d) carbon
monozxide and unburned hydrocarbon conversion efficiencies for the WHVC

based step.

The initial condition is a medium load condition that provides enough
energy to convert the unburned hydrocarbons and carbon monoxides. Once
the operating condition is modified to a low load condition (10 %@950 rpm),
the conversion should be maintained by means of the stored energy from the
previous condition. This is confirmed by Figure 5.17 (b), (c¢) and (d). Figure
5.17 (b) demonstrates that the outlet temperature is maintained above the
inlet temperature values during the whole period in which the engine is at
low load condition. This is caused by the conversion efficiencies up to 95 %
during this period (Figure 5.17 (d)) which guarantees EUVI compliant HC
and CO levels (Figure 5.17 (c)). Therefore, when the load is increased again,
the DOC is still operating under light-off condition. The high load condition
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that follows in the step is a high temperature condition that allows to heat
up the DOC again and to assure stable and efficient conversion of both
unburned hydrocarbons and CO as can be evidenced from the figure analysis.

Finally, the DOC was submitted to the supplementary engine tests to
assess its performance on a wider range of operating conditions and in a
representative cycle. The different results obtained during the evaluation are
presented in Figure 5.18. Before starting the tests, the engine was heated up
in motoring condition until achieving 80 °C of oil and water temperature. As
seen in subfigure Figure 5.18 (b), the DOC temperature also increased as the
hot air from the compression flowed through the DOC during the warming
time. Once the temperature thresholds were achieved, the SET cycle was
performed.

Figure 5.18 (a) depicts the absolute values of engine speed and engine
torque during the SET. The variation of both implies different boundary
conditions in which regards the temperature and air flow at the DOC inlet
as illustrated in Figure 5.18 (b). The comparison of the inlet and outlet
temperature indicates that it takes more than 400 s until they crossed each
other. This suggests that during this time, the oxidation catalyst, still, did
not reach its light-off temperature. In this sense, the low conversion provides
energy values that are not able to overcome the DOC heat losses, resulting
in lower temperatures at the outlet. This 400 s can be defined as the DOC
warming period, which is known to be the most significant stage in terms of
tailpipe unburned species production during normative evaluation [14].
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Figure 5.18. Instantaneous evolution of the (a) engine speed and torque
profiles (b) mass flow and temperatures at the oxidation catalyst inlet and
outlet, (c) tailpipe carbon monozide and unburned hydrocarbon emissions,
with its respective EUVI limits demarked in dashed lines and (d) carbon

monozxide and unburned hydrocarbon conversion efficiencies for the scaled
SET cycle.

As the cycle progresses, the light-off operation is achieved (190 °C)
and the exothermic reactions can be supported, achieving conversion
efficiencies higher than 90% for both HC and CO during the remaining part
of the transient cycle (Figure 5.18 (d)). It should be remarked, again, that
the conversion efficiency peaks that are found in the engine velocities
modifications are mainly related to abrupt changes in the intake air mass
flow, which impacts the determination of the pollutants mass fraction at the
exhaust.

The analysis of the absolute values of CO and HC, presented in Figure
5.18 (¢) suggests that once the light-off condition is surpassed, the carbon
monoxide emissions can be reduced to levels far inferior from those of the
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EUVI normative. By contrast, the unburned hydrocarbon conversion seems
to be a hurdle. The combination of longer warming periods and the operation
at engine loads lower than 50% during the cycle, are a challenging scenario
once the low exhaust temperatures from the fully premixed combustion and
the excessive concentration of the unburned products at the exhaust are
combined. Therefore, the values of tailpipe HC are not able to fulfill the
normative constraints, independently on the operating condition. Yet, the
tailpipe HC are at levels where small enhancements that allow increasing the
conversion efficiency could provide the required decrease to achieve the EUVI
emissions. It should be remarked that these challenging scenarios are found
only in the early phases of the normative driving cycles. As the cycle progress
towards highway phases the conversion efficiency should be enhanced because
of the high temperatures at the exhaust. The evaluation of the full driving
cycle should improve the overview about the DMDF impact on the DOC
once it allows to obtain a weighted value of the tailpipe emissions according
to the whole operating points. Since the experimental facilities do not allow
to perform this analysis, a numerical approach is proposed. This will be
further discussed in the subsequent sections.

5.2.2.3. Summary

After the transient verifications, it can be concluded that the use of the
thermal inertia to maintain the oxidation reactions during low load/low
temperature conditions can provide significant improvements on the global
perspective of the DOC compared to the steady-state results. Figure 5.19
summarizes and updates the previous DOC out HC and CO maps with the
results obtained in this last section. The transient points are those addressed
in the SET test, described above. As it can be seen, the maximum HC value
was reduced from 5 g/kWh to 0.5 g/kWh, i.e., one order of magnitude.
Moreover, the zone fulfilling 0.13<HC<0.26 (higher than EUVT limits and
lower than two times the limit) was also extended. Only small regions do not
meet these first criteria and are in the two extremes of the map. This should
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be related with the lower temperature (low engine speeds) and with short

residence time (higher engine speed).

CO emissions were also considerably improved, reducing its maximum
value by a factor of 60. This allowed to fulfill EUVI for the whole set of
operating conditions evaluated. It should bore in mind that this corresponds
to conditions where the DOC already achieved its light off operation. As it
was demonstrated in the SET, there is a significant period to achieve this
condition with the current configuration. Additional evaluations should be
made to optimize the DOC architecture to deal with this issue. Moreover,
the performance of the DOC must be evaluated in a driving cycle condition
to allow the weighting of the critical conditions on the driving cycle results.
This will also allow to identify what are the most challenging phases as well
as to suggest possible solutions to tackle this issue. The application of heating
by external methods (e.g. electric resistances) could be a potential solution.
However, powertrain electrification and extra fuel consumption need to be
analyzed. As this is out the scope of this work, it is proposed as future work.
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Figure 5.19. 1so contour graphs representing the tailpipe emissions
considering the DOC heat storage capacity for (a) unburned hydrocarbons
and (b) carbon monoxide from low to medium load operation. The white line
demarks the zones that can fulfill EUVI limits, while the red line represents
the zones that are lower than two times the EUVI constraints.
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5.3 DPF assessment

The results from Chapter 4 demonstrated that the proposed calibration
operating on DMDF combustion was able to fulfill NOx EUVI limits under
normative conditions. Nonetheless, the same cannot be extended for soot.
This scenario is even more challenging as the payload is increased towards
full truck load since the soot emissions drastically increased due to the
amount of operating conditions at the diffusive combustion regime. In
addition, the proposed calibration map is based on dual route EGR (HP and
LP EGR). Therefore, the use of the DPF cannot be avoided as the exhaust
gases should be cleaned before entering the air route to avoid damages on

turbocharger, valves, and piston [15].

The working principle of the DPF requires periodical cleaning of the
soot that is filtered in the channels. This can be achieved by means of both
passive and active regeneration [16]. The first relies on the conversion of the
solid carbon by the reaction with NO, from the exhaust [17]. The second
requires higher temperature and oxygen excess atmosphere to oxidize the
solid carbon [18]. Both methods can be impaired in the DMDF concept, since
the NO, concentration in the exhaust gases is very low (total NOx < EURO
VI in most of the calibration map) and the exhaust temperature is reduced
because of the low temperature combustion regime. In this sense, this section
proposes the evaluation of both DPF regeneration methods through dedicated

experimental routines.

5.3.1. Passive Regeneration

The high reactivity of NO, and particulate matter at moderate
temperatures (=100 °C - 500 °C) has become an effective way off assisting
the DPF cleaning during the engine operation. This cleaning mode does not
require additional fuel consumption (fuel injection to increase the exhaust

temperature) and occurs naturally in the presence of NO, and soot in a
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passive manner by two main reaction pathways as described by reaction 5.1
and reaction 5.2 [19].

C+2NOy; — CO2 + 2NO r.d.1
C+ NO; —» CO+NO r.5.2

The passive regeneration process can be evaluated by means of tracing
the NO,/NOx ratio along the DPF (inlet and outlet), as the reaction of the
NO, with solid carbon will modify the proportion of NO, in the NOx
emissions as it passes through the DPF. The DMDF combustion introduces
some questions regarding the passive regeneration process. First, the low NOx
concentration found at the exhaust gases can be a challenge in reducing the
soot trapped in the DPF. Moreover, the NO, ratio in the NOx can be also
different from those of conventional diesel combustion (which ranges from 5
% to 30 %) [20] once the environment in which the DMDF combustion take
places changes significantly with respect to CDC in terms of temperature,

composition, etc.

Therefore, a detailed analysis of the passive regeneration process is
proposed by assessing the NO,, NO and NOx concentrations at representative
sites on the aftertreatment system. First, these species were measured just
before the DOC inlet avoiding any reaction that could take place inside the
DOC to account the real proportion of NO,/NOx of the exhaust gases.
Finally, measurements were also made at both DPF inlet and DPF outlet
assessing the possible NO, variation in the DPF, which should be attributed
to the passive regeneration process. The evaluation process consisted of a first
cleaning step to assure a regenerated DPF prior to testing followed by

increasing temperature points from 170 °C to 360 °C.

Figure 5.20 depicts the NO,/NOx ratio at each after treatment
location that was previously introduced. The analysis of the results just
before the DOC allows to identify an interesting phenomenon. The NOx
composition differs significantly from the values for diesel combustion found
in the literature results. As it can be seen in Figure 5.20 (a), the NOx
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produced during the DMDF combustion are composed in majority by NO,
rather than NO, which could be beneficial for the passive regeneration. The
next measurement point is placed between the DOC outlet and the DPF
inlet, allowing to monitor the boundary conditions prior entering the DPF.
But, before starting the DPF analysis, a modification of the NO,/NOx ratio
profile is worth of discussion, which is depicted in Figure 5.20 (b). It can be
evidenced that the NO, concentration for temperatures below 200 °C is
significantly reduced once the exhaust gas flows through the DOC. Literature
investigations have reported that this phenomenon is not restricted only to
the DMDF concept, being also visualized for CDC combustion for conditions
with low temperature and high concentration of unburned products. At these
environments, the unburned hydrocarbons can act as reductants, reacting
with the NO, in the gases to form NO [21][22].

Lastly, Figure 5.20 (c) presents the NO,/NOx results at the DPF outlet
which enable the direct comparison with the NO,/NOx ratios from the DPF
inlet accounting the NO, consumption that could occur during the passive
regeneration. As it can be seen, the DPF outlet profile does not show any
appreciable change compared to the respective DPF inlet. Therefore, it can
be concluded that both reaction 5.1 and reaction 5.2 are not occurring, since
the NO, ratio remains unaltered. In other words, the soot mass trapped in
the DPF is not reduced by the NO, concentration. It is suggested that this
can be attributed to the low concentration of this specie coupled with the
low soot mass that is produced during the DMDF operation, which reduces
the area to surface reactions.

Therefore, the passive regeneration of the DPF was proven to not be
an effective way of reducing the soot amount during the operation. In this
sense, alternative methods must be employed to avoid the problems that can
be associated with the DPF filling as the increase of backpressure and the
consequent reduction of conversion efficiency. Such active methods are
generally based on increasing the temperature at the DPF to levels where the
soot can be oxidized. This can be accomplished by injecting an extra fuel
quantity prior to the DOC. Once this fuel is converted, the exothermic
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reactions will increase the flow temperature to levels where the active
regeneration is possible [23]. Nonetheless, the DMDF concept already
presents excessive amounts of HC and CO, that could be enough to increase
the exhaust temperature to levels which enable an active regeneration
process. Therefore, dedicated studies were performed to identify the potential
of this approach on reducing the soot mass trapped on the DPF and will be

discussed in the next subsection.
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Figure 5.20. NO,/NOzx profiles at (o) oxidation catalyst inlet, (b) oxidation
catalyst outlet/particulate filter inlet and (c) particulate filter outlet.

5.3.2. Active Regeneration

Active regeneration has demonstrated to be an effective way of
reducing the soot emissions trapped in the DPF. Its working principle is based
on the soot oxidation by means of the reaction with oxygen at high
temperatures [24]. However, getting such high levels of temperature generally
requires the implementation of strategies that penalize the fuel consumption.
The most conventional methods that are found in conventional diesel engines
are the use of post injections [25], which burn at late phases of the
compression stroke and increase the exhaust temperature, or the introduction
of an additional fuel injector at the exhaust to add fuel prior to the DOC
[26]. Once this fuel passes through the DOC, it will be oxidized, significantly

increasing the overall exhaust temperature.
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Depending on the engine configuration and the operating condition,
high exhaust temperatures can be obtained without the introduction of the
techniques previously described. These conditions generally last for short
periods during engine operation, mainly at high engine loads. Despite, this
works as an auxiliar regeneration method, which can increase the interval
between active regenerations and reduce the fuel consumption penalization.
Although CDC combustion has room for this kind of regeneration, it is
believed that the extension of these assertions to LTC combustion can be
difficult to accomplish. This is justified by the overall lower exhaust
temperature which is a consequence of the higher dilution levels within the
cylinder. On the other hand, the DMDF combustion has demonstrated to
provide excessive concentration of unburned products at the exhaust. This
could be a way of counterbalancing the low temperature at the exhaust, since
the unburned products should be converted in the DOC, providing heat to
the flow. This may increase the exhaust temperature to similar levels than
those found with and additional fuel injection.

Therefore, studies dedicated to evaluating the feasibility of these
strategies on the DMDF were proposed. Initially, the soot mass trapped in
the DPF was increased by means of running the engine in DMDF condition
with high soot production. Next, a high temperature condition on CDC
combustion was used to regenerate the DPF. Finally, the DPF was submitted
again to a condition with high soot production. Nonetheless, the regeneration
process was then attempted with a DMDF operating condition at medium
load operation with high amounts of HC and CO aiming to assess the effect
of the unburned products conversion on the temperature at the DPF inlet
and its subsequent regeneration. Figure 5.21 depicts the results obtained for
the first evaluation, considering a CDC operating condition to regenerate the
DPF. As discussed, first, the DPF was loaded to assure significant soot mass
prior to the start of the regeneration. This was accomplished by running the
engine during 15 hours in a high soot operating condition from the calibration
map. The soot mass evolution was obtained by removing the DPF in hot
conditions and weighing it at intervals of five hours. The evolution of the
soot mass trapped in the DPF can be evidenced in Figure 5.21 (a) allowing
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to infer that the DPF weight variation obtained after 15 h was as small as
10 g as a consequence of the low soot production at the DMDF operation.

Then, the regeneration process was started by employing a CDC
operating condition at 60 % of engine load and 1800 rpm with exhaust
temperatures of 390 °C for one hour. Every 20 min, the DPF was removed
at hot conditions and weighted, allowing to draw the soot reduction profile
that is presented in Figure 5.21 (b). As it can be seen, the most significant
reductions are verified in the first 20 min, where almost 70 % of the total
soot mass was reduced (~ from 10 g to 3 g). As the soot mass decreases, slow
reduction rates are verified, with reductions of 2 g during the following 40
min. This can be attributed to the decrease of the soot surface area available
to react with the oxygen in the exhaust environment [27][28]. Therefore, it
can be concluded that the temperature levels found at a CDC operation are
suitable to reduce the soot amounts in a faster rate than soot is produced,

allowing to maintain the DPF under proper operating conditions.
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Figure 5.21. Variation of the soot mass in the DPF during the (a) loading
(DMDF operating condition) and (b) regeneration phases (CDC operating
condition).

In spite of the interesting results obtained with CDC regeneration, the
replication of these conditions with DMDF combustion presents a challenge
since exhaust temperatures of 390 °C are rarely found in the DMDF
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calibration. As discussed, the high HC and CO concentration may provide
an alternative to increase the pre-DPF temperatures by means of the
oxidation of these species in the DOC. In this sense, the temperature increase
at the DOC was assessed for an engine speed sweep at 50 % of engine load.
This load was chosen due to the trade-off between exhaust temperature and
HC and CO levels. Figure 5.22 illustrates the temperature before and after
the DOC for the different engine speeds. In addition, the previous CDC
temperature that was used for the first regeneration is also included for
comparison purposes. As shown, there is a significant temperature increase
as the gas flows through the DOC because of the unburned products
conversion, being as high as 50 °C at 1800 rpm. This temperature increase
allows to achieve similar temperature levels than that presented in the CDC
operation. Therefore, it can be suggested that the operating condition of 1800
rpm at 50 % load should be capable of enabling the DPF regeneration by O
reaction. Reductions on the regeneration efficiency should be expected due to
the lower exhaust mass flow of the DMDF compared to the CDC, resulting
from the different EGR quantities.
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Figure 5.22. Temperature values before and after the oxidation catalyst at
50% of engine load and different engine speeds for DMDF operation. The
red marker stands to the oxidation catalyst outlet temperature of a similar
conventional diesel combustion condition.
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Figure 5.23 illustrates the results of the DPF regeneration considering
a DMDF operating condition at 50 % of engine load and 1800 rpm. First, the
DPF was loaded with soot. It should be remarked that a different operating
condition was selected to load the DPF, with modified settings to speed up
the filling phase. As it can be seen in Figure 5.23 (a), the loading process was
faster than the previous case, allowing to obtain 25 g of soot in only one hour.
Next, the proposed operating condition for regeneration was set and the DPF
weight evolution was assessed following the same strategy than before

(measurements every 20 min).
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Figure 5.23. Variation of the soot mass in the DPF during the (a) loading
(with DMDF high soot condition) and (b) regeneration phases (DMDF
condition).

The analysis of the results presented on Figure 5.23 (b) allows to
conclude that the DMDF operation enables to realize a significant soot
reduction by means of oxygen regeneration. Nonetheless, it can be inferred
that the regeneration rates are smaller than those from CDC. This can be
evidenced when comparing the total reduction obtained considering that the
regeneration process starts at the third measurement point on Figure 5.23
(b) which has a similar soot mass than the CDC regeneration. While the
CDC operating condition was able to reduce the soot mass in seven grams in
20 min, the DMDF only achieved a reduction of two g for the same time. As

discussed, this behavior may be a result of the low energy that flows through
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the DPF due to the low exhaust mass flow from the DMDF combustion. Yet,
it can be concluded that the DMDF operation was demonstrated to achieve
the required temperatures by means of the unburned products conversion to
realize soot oxidation by means of O, reaction.

5.4 DOC and DPF evaluation through driving cycle
approach

From the previous discussions, it was concluded that the DOC is able
to maintain a stable conversion of the unburned products as long as the light-
off conditions are achieved. Nonetheless, it was also identified that the
warming times of the DOC are generally higher due to the low exhaust
temperatures, with excessive tailpipe HC emissions during this period. The
contrasting behaviors raise the necessity of evaluating the DOC at normative
conditions, where both warm-up phase and the following DOC operation can
be assessed in a weighted manner. This allows to account the average
emissions at the end of the cycle and compare them against the normative
limits.

In this sense, this section intends to describe the calibration and
posterior incorporation of both DPF and DOC models on the previous GT-
Drive model described on Chapter 3. This model update will allow to assess
the CO, HC and soot emissions after the ATS system (tailpipe emissions). In
this sense, it will enable a better assessment of the DMDF effect on the
performance of the ATS system. First, the DOC and DPF models will be
calibrated using the available experimental measurements for both steady
and transient conditions. Afterwards, the calibrated models will be used in
the main truck model to assess the HC and CO conversion efficiency as well
as the soot ATS-out emissions. This analysis will be extended to the same
conditions presented in chapter 4 and the results will be compared to the

normative constraints.
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5.4.1. Methodology

The proseded evaluation follows the lines offered in chapter 4, with the
addition of the ATS devices. In this sense, the methodology addressing the
driving cycle will be not herein discussed. This subsection will be focused on
the coupling of the DOC model to the main GT-drive model and the use of
the outputs of the simulation as inputs in the DPF model.

First, a detailed DOC model was configured in GT-Power to allow the
calibration of the important constants of the single step reactions from
Sampara and Bisset’s mechanism [29][30]. Then, the optimization of the
calibration constant was performed by means of a genetic algorithm
optimizer. The detailed procedure for this phase is described in the next
subsections. Finally, the calibrated DOC model was included in the GT-
Drive model as presented in Figure 5.24.
vl
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Figure 5.24. GT-Drive model consisting of the vehicle model at the upper
part of the figure and the diesel oxidation catalyst model with its respective

boundary conditions at the bottom part.
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Additionally, experimental maps were included in the model to allow
the determination of the experimental boundary conditions at the DOC inlet.
First, the air mass flow as well as the inlet temperature were inserted by
means of a three-dimensional array, resulting in the surface maps presented
in Figure 5.25.
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Figure 5.25. Iso-surface maps depicting the (a) total mass that flows
through the oxidation catalyst and (b) the temperature just before entering
the oxidation catalyst as function of the engine speed and brake mean

effective pressure.

Finally, the composition of the exhaust gas was specified by means of
the molar fraction of the most significant species at the exhaust. This was
determined considering the experimental measurements from the gas analyzer
and solving a set of equations for a 11 species global reaction as described in
chapter 4. This allows to determine the concentrations of the remaining
species to be considered in the DOC inlet (e.g., H,O and H,). Moreover, the
different hydrocarbon composition in the exhaust gases was modelled
following a dedicated methodology to account o account low reactivity
hydrocarbons from diesel and gasoline. First, the total hydrocarbons were
split with respect to the gasoline fraction as an indicative of the source

(gasoline or diesel) employing equations 5.4 and 5.5.
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Xgasoline = Xtotal hydrocarbons * GF 5_4

Xdiesel = Xtotal hydrocarbons * (1 - GF) 9.5

From this moment, each fuel was treated separately and was split
in low and high reactivity species following the literature
recommendations [30]. For diesel, 40 % in molar basis of the total
hydrocarbons were considered as high reactivity hydrocarbon
(propylene — CsHg) and the remaining were considered low reactivity
hydrocarbons (diesel vapor). Regarding gasoline, propylene was used
as high reactivity hydrocarbon (80 % of total hydrocarbons) while
propane was considered to emulate the low reactivity species (20 % of
total hydrocarbons). The division was made following the steps
presented from equation 5.6 to equation 5.9.

XczHe, = Xgasoline * 0.8 5.6
Xcahg = Xgasotine " 0.2 5.7
Xy, = Xaieser * 04 5.8

Ydiesevap = Yaieser * 0.6 5.9

Based on this, the final equation representing the exhaust

hydrocarbon composition can be written as:
Xtotalhydrocarbons = XC3H6d + XC3H6g + Xc,ng T Xaieselvap 5.10

Figure 5.26 presents the resultant maps for each hydrocarbon specie
that was used during the simulation. A look-up table-based approach was
employed in the simulation, where for each time step, a molar fraction of
each component was interpolated considering the BMEP and engine speed.
This information was passed to the DOC inlet updating the boundary
conditions at the same time step than the simulated quantities. Once the
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model is set, the same driving cycles and payloads evaluated in chapter 4
were simulated again to obtain the DOC out emissions.
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Figure 5.26. Iso-surface maps depicting the molar fractions of (a) propylene
(b) propane and (c) diesel vapor as function of the engine speed and brake
mean effective pressure.

5.4.2. DOC calibration

Prior to the cycle assessment, the DOC model should be calibrated.
This includes the proper characterization of the energy of activation and pre-
exponential factors of the simplified reaction mechanism that is employed.
This also addresses the heat transfer characterization of the model to emulate
the experimental conditions. Once this is achieved, the numerical model will
be able to predict the conversion efficiency of both HC and CO, as well as to
deliver the values of temperature at its outlet. The subsections that follow
describe the detailed procedures that were followed during the calibration.

5.4.2.1. Methodology

The data set obtained in section 5.2.1 contains more than 20 operating
conditions addressing different combinations of GF, EGR, load, ES, etc. This
provides a range of temperature, species concentrations and mass flow
conditions at the DOC inlet which govern the DOC conversion efficiency. In
this sense, the data set was then divided in two groups: a calibration and a
verification dataset. The first group was ordered according to the
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temperature values at the inlet and the conversion efficiency of CO and HC,
from the lower to the higher value. This allows to identify characteristic
conditions as the light-off of the DOC (condition where the species starts to
have conversion efficiency higher than 50 %). The different operating
conditions used to calibrate the DOC are presented in Table 5.3.

Table 5.3. description of the operating conditions used as calibration
dataset for the DOC model.

Op. | ES |BMEP| m |T DOCwa | HC | CO 02 | HCum | COunv
Cond. | [rpm] | [bar] | [g/s] [C] [ppm] | [ppm] | [%] (%] (%]
1 1200 | 215 | 43.46 176 432 | 2436 | 12.08 | 42.80 | 12.04
2 | 1800 | 210 | 7572 208 742 | 1433 | 12.88 | 89.90 | 99.69
3| 2000 | 1.91 |81.00 214 720 | 1501 | 12.31 | 91.61 | 99.72
4 2200 | 1.78 | 85.25 227 320 | 2335 | 10.88 | 92.20 | 99.79
5 | 1200 | 5.66 | 57.48 256 3912 | 1420 | 8.62 | 96.47 | 99.88
6 | 1500 | 5.74 | 76.90 273 3432 | 1737 | 8.95 | 96.78 | 99.64

Once the operating conditions are defined, the calibration process can
be started. For this, a DOC simulation model was built in GT-Power and it
is presented in Figure 5.27. As depicted, the model is composed by two
environment structures were the boundary conditions are defined. At the
inlet, the temperature, gas composition and mass flow are set while at the
outlet, the backpressure and environment temperature are defined. Both flow
splits work as the DOC canning, modeling the flow expansion from the pipe
to the higher diameter of the DOC.
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Figure 5.27. Ozidation catalyst model developed in GT-Power.

The catalyst brick allows the user to specify all the geometric
characteristics as well as the materials of the substrates and walls. Moreover,
this object contains the information used to calculate the heat transfer from
the gases to the wall and from the wall to the environment through
convection and radiation. These are some of the characteristics that should
be adjusted with respect to the experimental observations in transient
conditions to observe the thermal inertia of the device and the energy
balance.

The object in the top of the figure comprehends the chemical reactions
that govern the conversion of the unburned species to the burned ones. As
previously stated, the mechanism from Sampara and Bisset was chosen to be
used in this research, since it demonstrated to predict the conversion
efficiency of both gasoline and diesel engines with reasonable accuracy [30].
The set of reactions of the mechanism are presented from reaction 5.3 to

reaction 5.10.

CO +0.50, = CO, r.5.9
O +0.50, = CO, r.5.
C3H8 + 0502 = COZ + H20 r.g.5
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DF, + 19.40, = 13.5C0, + 11.8H,0 r.5.6
H, + 0.50, = H,0 r.5.7

NO +0.50, = NO, r.5.8

7 + DF, = ZDF, r.5.9

ZDF, = Z + DF, r.5.10

Each one of the single step reactions above has a pre-exponential factor
and an activation energy associated. As mentioned, both parameters should
be optimized to represent the experimental results. Generally, most of
methodologies are based on finding a representative function to be minimized
accounting the different experimental cases that are being used during the
calibration. Once the function is defined, a search algorithm can be employed
to speed up the process, relying in automatic optimization to perform the
task [31]. In this work, a genetic algorithm with a population size of 40 and
a total number of 10 generations was used to find the 16 constants (eight Pre
exponential factors and eight activation energies). As some of these constants
can vary in a wide range (1x108 to 1x102%), a logarithm modification of the
equations was employed providing an exponential dependency with the value
to be optimized. Therefore, the searching range could be reduced from 1x102°
to 1x102, speeding up the optimization process.

Figure 5.28 compares the results obtained from the calibration
optimizer with those from the experimental conditions. As it can be seen, the
optimization was able to find a set of values for both PEF and Ea which are
able to capture the dependence of the composition variation as well as the
temperature from the experimental results. It should be remarked that each
reaction has a unique value of PEF and Ea. This means that this set of
parameters is used for all the operating conditions. It is possible to evidence
that the HC conversion profile has some differences with respect to the
experimental profiles. This can be attributed to the difficulty in achieving
completely steady-state operation in the engine as well as in capture the
multitude of hydrocarbon species in the exhaust by means of the three species

representation. By contrast, carbon monoxide conversion efficiency seems to
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not present the same issues. Nonetheless, its profile provides 100 % of
conversion efficiency most of the time.
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Figure 5.28. Calibrated and experimental comparison of conversion
efficiency values for both (a) unburned hydrocarbons and (b) carbon
monoxide emissions at steady-state conditions.

5.4.2.2. Steady-state results

Once the optimized constants were found, they were verified against a
large dataset, containing both the calibration points and plus nine verification
conditions. Figure 5.29 depicts the results for both HC and CO conversion
efficiencies with respect to the experimental values. It is possible to verify
that the numerical results follow the same pattern than the experimental
ones. Moreover, the absolute values are similar, except for the conditions at
low temperature where the differences are as high as 10 % in absolute basis.
Low exhaust temperature conditions are generally found at low load
operation which presents high cycle-to-cycle variability, impacting the
composition of the exhaust gases. Therefore, the numerical representation of
the hydrocarbon concentration may imply higher deviations from the real
concentration, affecting the model capability to reproduce the conversion
efficiency.
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Figure 5.29. Simulated and experimental comparison of conversion
efficiency values for both (a) unburned hydrocarbons and (b) carbon
monoxide emissions at steady-state conditions.

5.4.2.3. Transient results

Finally, the simulation results were compared to those from transient
conditions to assure both reliable description of the conversion efficiencies as
well as proper energy balance between the exothermal reactions and heat
transfer to the environment. To do this, the previous results obtained for the
WHVC step were used as reference to calibrate the model. This step was
chosen since it can convey the essence of the normative driving cycle, as idle
time, engine load transitions, and absolute values. Figure 5.30 depicts the
comparison between the experimental results and the numerical simulation
outputs. It is possible to infer that the model is able to predict both HC and
CO conversion efficiency. It is also interesting to note that a significant
divergence between both results can be evidenced at 400 s which matches
with the engine speed modification. Fast modifications of the boundary
conditions may infer higher measurement uncertainties on fundamental
magnitudes, as temperature measurement since the k-type thermocouples
used in this investigation are not designed to capture high dynamic signals.
Once this temperature value is a boundary condition to the oxidation catalyst
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evaluation, some divergences can be expected in the transition between
operating conditions. In spite of that, it can be concluded that the numerical

model is able to reproduce the transient conversion efficiencies in most of the

time.
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Figure 5.30. Simulated and experimental comparison of conversion
efficiency values for both (a) unburned hydrocarbons and (b) carbon
monozxide emissions at transient conditions derived from world harmonized
vehicle cycle driving cycle.

A major concern lies on the capability of the model on reproducing the
experimental measurements at the oxidation catalyst outlet. This is justified
due to the need of using such predicted quantities as boundary conditions in
the particulate filter external module. In this sense, the comparison of the
results obtained for the numerical and experimental oxidation catalyst outlet
temperature are presented in Figure 5.31. As it is shown, both temperatures
are similar in absolute values and behavior. The absolute difference between
them is depicted in the bottom part of the figure. Some slight differences can
be remarked at both the first 150 s and at 400 s. These time intervals are
closely related to the moment at which the boundary conditions are modified,
reinforcing that the differences may be related to the low response time of
the thermocouples, yielding a bias on the boundary conditions of the
simulation. Despite this, the differences never surpass the 10 % threshold,
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suggesting a good agreement between the numerical and experimental results
which validates the use of the oxidation catalyst model for transient
simulations.
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Figure 5.31. Temperature evolution at oxidation catalyst inlet, comparison
between simulated and experimental oxidation catalyst outlet temperature
and absolute difference between them.

5.4.3. DPF Calibration

As previously discussed, the proposed DMDF calibration is prone to yield
high soot amounts at high load conditions. Moreover, the importance of using
a particulate filter in the low pressure EGR line was also highlighted. Both
statements allowed to conclude that the DPF system will still be present in the
DMDF powertrain system. Nonetheless, it can be suggested that the significant
reduction of soot production at low and medium load conditions may enable
the resizing of the DPF system. This should be further assessed in normative
and real driving conditions to identify the impact of the operating points
distribution on the soot production and consequent DPF loading which may
increase the back-pressure losses, reducing the engine efficiency. Therefore, the
stock DPF was modelled in an in-house DPF model developed by Piqueras et

al. [32]. The respective formulation, solution scheme and detailed description of
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the modelling process can be verified at [33]. Since the programming language
and solver scheme are not the same as that of GT-Power, a decoupled routine
was proposed. First, both vehicle and oxidation catalyst are simulated. During
the simulations, the instantaneous profiles of state variables as well as
composition are written in a file. Finally, this file is loaded in the DPF sub
model as inlet boundary condition.

The previous results presented in section 5.3.2 were used as inputs in the
calibration process to tune the model values to represent the different
phenomena (soot loading, passive and active regeneration) that are aimed to
be modeled at the DPF. The results of the calibration process can be evidenced
in Figure 5.32 where the first graph illustrates the DPF loading results obtained
while the second graph depicts the active regeneration results. As it is shown,
both processes are well reproduced by the model, allowing to follow the
experimental transient evolution of both DPF loading and regeneration. In this
sense, it is suggested that the numerical model can be used to assess the impact
of the soot production on the DPF loading during driving cycle operations with
different payloads. Moreover, the capability of predicting the DPF regeneration
allows to obtain a realistic soot mass balance trapped in the DPF at the end of

the cycle.
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Figure 5.32. Comparison between experimental and predicted values of
(a) accumulated soot evolution and (b) accumulated soot mass reduction
during regeneration.
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5.4.4. Results

The result section is divided in two subsections according to the device
in discussion: DOC or DPF. First, the impact of the DMDF combustion
concept on the DOC performance for different payloads and driving cycles is
discussed. Finally, the DOC out results, as temperature and species
concentrations, are used as boundary conditions for the DPF evaluation
allowing to assess the impact of the soot produced during the driving cycles
on different DPF phenomena as filtration, accumulation and regeneration.

5.4.4.1. DOC response to DMDF under driving cycle conditions

Figure 5.33 depicts the DOC performance in terms of CO and HC
conversion efficiency for the WHVC, considering normative conditions (50 %
of payload). As it is shown, there is a strong correlation between the
conversion efficiency and the truck velocity. At the early stages (urban
phase), the velocity profile presents several conditions with 0 km/h value,
i.e., conditions were the truck is stopped. In this sense, it is not possible to
achieve temperature levels to properly oxidize the unburned products in the
exhaust gases. Moreover, the larger stopped periods enhance the DOC
cooling, requiring a warming period whenever the vehicle exits the idle
condition. This can be verified by analyzing the DOC outlet temperature
profiles of Figure 5.33. As it is shown, the outlet temperature presents a high
inertia which is a consequence of the size of the DOC and its associated
thermal capacity. In this sense, the temperature peaks are always shifted
from the higher velocity values, indicating a high DOC heating period. All
these phenomena contribute to achieve low conversion efficiency during
almost the complete urban phase of the WHVC. Nonetheless, as the cycle
progresses, the vehicle velocity is increased, requiring higher energy from the
engine to overcome the external forces acting on the vehicle. Therefore, the
operating conditions are shifted to higher engine loads which provides higher
exhaust temperatures at the DOC inlet, enhancing the catalysis inside the
DOC and consequently the conversion efficiency. This statement can be
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extended to the highway phase, where the high velocities allow to obtain
conversion efficiencies near 100 % for both HC and CO. It is interesting to
remark that the carbon monoxide conversion efficiency achieves full
conversion levels at earlier times than the unburned hydrocarbons,
reinforcing its higher reactivity. In addition, as previously described, the high
levels of gasoline contribute to low reactivity hydrocarbons in the exhaust
gases which require high temperatures to be oxidized.
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Figure 5.33. Oxidation caotalyst unburned hydrocarbon and carbon
monozxide conversion efficiency at normative conditions, i.e. world
harmonized wvehicle cycle (background line) with 50 % of payload.

Moreover, the values of oxidation catalyst outlet temperatures are also
represented.

Once it is demonstrated that the velocity impacts the performance of
the DOC, it should be expected that similar correlations would be achieved
with respect to the payload. To assess this, three different payloads were
assessed (0 %, 50 % and 100 %) for the WHVC driving cycle. The results
considering the conversion efficiency of the unburned hydrocarbons are
presented in Figure 5.34 (a). The information was summarized by means of
kernel density estimation techniques which allow to visualize the range of

representative values as well as the concentration of points in a specific range.
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Figure 5.34. Kernel density estimation plots of (a) unburned hydrocarbon
conversion efficiency and (b) exhaust temperature for 0 %, 50 % and 100
% of payload at the word harmonized vehicle cycle.

It can be suggested that the increase of the payload has benefits on the
HC conversion efficiency. As it is shown, the increase from 0 % to 50 %
provides a narrower and peaky kernel density estimation (kde) profile, i.e.,
higher concentration of conversion efficiency near to the 100 %. An additional
payload step from 50 % to 100 % allows to enhance the conversion efficiency.
Nonetheless, the differences are much less significant than those of the
previous step. To understand this, the kde temperature profiles for the
different payloads at the DOC inlet are presented in Figure 5.34 (b). As it
can be seen, the temperature kde presents a similar behavior, independently
on the payload: a small peak at the beginning, the kernel of the distribution
at the center and a last peak at the end. Two interesting trends can be
evidenced according to the payload. First, the position of the kernel is
consistently shifted towards high temperature values as the payload is
increased. This is a consequence of using more operating conditions at high
load. Second, the distance between the kernel and the last peak as well as

the differences on their absolute values are reduced.

The analysis of the distribution for 0 % of payload allows to identify
that in most cases, the DOC operates with inlet temperatures around to 450
K, which represents conditions near the light-off condition, as it is depicted
in Figure 5.28 and Figure 5.29, which could provide the partial oxidation of
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the hydrocarbons at the exhaust. As the payload is increased to 50 % and
100 %, the kernel of the distribution is moved to temperatures of 490 K and
525 K. This significant temperature increase provides the required energy of
activation to sustain the oxidation reactions, enhancing the conversion
efficiency of the unburned species. Therefore, it can be concluded that the
truck operation with higher payloads is beneficial to the DOC operation for
the WHVC driving cycle.

Once the effect of the velocity profile and the payload variation on the
DOC performance are assessed, an overall analysis is performed to address
the different driving cycles, payload sweeps, and their potential of achieving
the normative limits with the current aftertreatment system. To do this, the
four different driving cycles (WHVC, Urban, FCEC and ISC_FC) were
assessed at five distinct payloads (0 %, 25 %, 50 %, 75 % and 100 %). For
each combination, the tailpipe emissions were compared to those from CDC
engine-out. The same color scheme than that presented in chapter 4 was
employed to differentiate the operating conditions that are able to achieve
EUVI normative (black border and green text label).

Figure 5.35 summarizes the results for both HC (a) and CO (b)
emissions for the complete test matrix. As it is shown, the use of the stock
DOC can deliver EUVI compliant HC and CO emissions considering
normative conditions. While the CO can be converted independently on the
condition evaluated, the HC presents critical conditions that are not able to
achieve the limits imposed by the normative. They are found in both the
WHVC and FCEC driving cycles for low payloads values. As aforementioned,
these conditions are prone to having low DOC inlet temperature which
impairs the oxidation of the unburned hydrocarbons.
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Figure 5.35. Overview of the driving cycle results depicting the percentage
variation with respected to the stock calibration for (a) unburned
hydrocarbons and (b) carbon monozide emissions for different driving
cycles and payloads.

Figure 5.36 presents an overview of the CO and HC absolute values
before and after the DOC for the complete test matrix, referenced to the
EUVI normative limits. It should be noted that the limits for the ISC driving
cycles have relaxation factors of 1.5. Nonetheless, it was chosen to specify the
EUVI normative as the standard reference for all the driving cycles. The close
analysis of the HC engine-out emissions allows to identify a linear trend with
respect to the payload increase. Moreover, the dispersion among the cycles
for the same payload are low, suggesting that the velocity profile has low
impact on the engine-out HC emissions for the DMDF combustion. This can
be related to the experimental steady-state map for HC which has a wide
zone of high HC production in the center of the map, consequence of the high
premixing levels. As the payload is increased, lower are the average engine-
out emissions due to the more frequent use of the high load portion of the
map, where the unburned products decrease due to the diffusive combustion.
A similar analysis can be performed for the tailpipe emissions. First, it is
interesting to note that driving cycles with higher duration seem to be more
effective in achieving normative limits. Both urban and ISC_FC present
durations higher than 2.5 hours (see Table 4.1). This driving cycle extension
decreases the importance of the first DOC warm up phase, which is
responsible of producing most of the tailpipe products. In this sense, the low
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pollutant mass produced in this phase is divided by a higher denominator,
i.e., the total power (kW), allowing to achieve EUVI normative limits,
independently on the payload. By contrast, shorter cycles, like the FCEC
and WHVC, that lasts up to 30 min presents a more significant warm up
phases, increasing the weight of this part on the total tailpipe emissions. In
this sense, they require higher truck payloads, (i.e., temperatures) to fulfill
the legislation requirements. The effect of the payload can be visualized in
the WHVC driving cycle where an exponential increase of the tailpipe
emissions is found as the payload is decreased.
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Figure 5.36. Summary of engine-out and tailpipe (a) unburned
hydrocarbon and (b) carbon monozide emissions with respect to different
payloads and driving cycles.

As it was previously discussed, the carbon monoxide emissions are more
reactive than the large hydrocarbons present in the exhaust gases. This allows
to achieve the normative targets independently on the payload and driving
cycle evaluated. In spite of this, some conclusions can be drawn regarding the
CO behavior at engine-out for the different cycles and payloads. As it can be
seen in Figure 5.36 (b), this pollutant seems to be highly affected by the
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velocity distribution as well as the driving cycle. The comparison among the
different driving cycles suggests that short and low velocity driving cycles
(FCEC, WHVC and urban) provide higher values of carbon monoxide, which
is the opposite of the trend verified for the HC emissions. It is suggested that
this driving cycle typology is prone to have a higher distribution of operating
conditions at low load, where the CO emissions are maximized. By contrast,
the ISC_FC is a more demanding driving cycles, which tends to use portions
of the map with high engine loads, decreasing the penalization on CO

emissions from the low load portion.

It is also interesting to remark that the CO emissions tend to decrease
in a more abrupt manner as the payload is increased due, also, to the shifting
of the operating conditions to medium and high engine loads. This opposite
trend between the HC and CO emissions is a direct consequence of the DMDF
combustion concept, which decouples the formation mechanism of these
species. While HC emissions are dominated by the amount of LRF that enters
and remains in the piston gaps and crevices, the CO production is a
consequence of the partial oxidation of minor hydrocarbon compounds by the
absence of the temperature to sustain the reactions process. This last
condition is verified mainly at low load operation while the higher premixing
levels (TLRF) which enhances the formation are generally used at medium
load conditions.

From this analysis, it can be concluded that the stock oxidation
catalyst can deal with the high levels of unburned products from the DMDF
combustion, providing tailpipe emissions compliant with those from EUVI
for normative conditions. In this sense, the proposed calibration concept is
able to fulfill engine out NOx emissions normative limits, as stressed in
chapter 4, while providing boundary conditions to the DOC, which allows to
reach tailpipe EUVI CO and HC without requiring significant modifications
of the oxidation catalyst.
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5.4.4.2. DPF

As discussed in Chapter 4, the proposed calibration using the DMDF
combustion has as drawback the significant penalization in terms of soot
emissions from high to full load. Moreover, the use of a low pressure EGR
system would require a pre-filtration of the exhaust gases prior entering the
compressor to avoid the early damage of the compressor parts. In this sense,
it can be concluded that the DPF will still have an important role in the
DMDF concept. By these reasons, a dedicated evaluation was proposed to
assess the impact of the DMDF combustion on the DPF process, such as
filtration and regeneration, as well as the pressure drop associated to the
different filtrated mass. This analysis is limited to the WHVC driving cycle,
since it was the only driving cycle that did not achieved the EUVI target,
considering the total mass produced (accounting the measurements that
could be done with the AVL 415S).

Figure 5.37 depicts the cumulative soot production along the driving
cycle for the different payloads. It should be remarked that these values refer
to the engine-out emissions and not the accumulate soot in the DPF, which
is a balance between the filtrated and regenerated mass. As previously
discussed in chapter 4, the increase of the payload leads to higher soot mass
at the end of the driving cycle because of the usage of high load operating
conditions. Moreover, the highway phase provides almost half of the total
soot produced independently on the truck payload. These soot quantities
must be addressed by the DPF to avoid the releasing of this particulate
matter to the atmosphere.
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Figure 5.37. Cumulative engine-out soot emissions for the world
harmonized vehicle cycle for 0 %, 25 %, 50 %, 75 % and 100 % of payload.

Diesel particulate filters or simply particulate filters works in a different
manner than the remaining aftertreatment devices. While the DOC and SCR
present chemical reactions that reduce the pollutants, particulate filters rely
on trapping the particulate material, requiring additional processes to reduce
this pollutant [35]. In this sense, the performance of a DPF is directly related
to the capacity to filtrate the exhaust gases and remove the particulate from
them. Generally, conventional DPFs presents filtration efficiencies higher
than 99 % at clean conditions [36]. Moreover, as the DPF load is increase,
higher are the filtration efficiencies. In this sense, the filtrated soot mass was
assessed and presented in Figure 5.38. As it is shown, the filtrated mass
values are similar to those produced, indicating that the DPF is able to
filtrate all the soot mass produced by the DMDF combustion concept in the
WHYVC driving cycle, independently on the truck payload.
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It must be highlighted that the trapped mass in the DPF results in a
decrease of the flow area, i.e., the equivalent diameter of the porous media is
decreased. Therefore, it is expected that a higher pressure drop should be
experienced for higher soot mass. Figure 5.39 presents the pressure drops in
the monolith for the different operating conditions evaluated. The pressure
drop is a consequence of both fluid inertia and viscous losses [37]. As it is
shown, the higher truck payloads result in an increase of almost twice the
pressure drops in the monolith. Nonetheless, it should be remarked that this
represents a maximum value of 30 mbar, which may have a low impact on
the engine performance [38]. These low values can be attributed to the size
of the DPF as well as the low soot trapped. In this sense, it can be suggested
that the stock particulate filter could be resized aiming to decrease its
associated cost by reducing it, as it seems oversized for the current

application.
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Figure 5.39. Regenerated soot mass for the world harmonized vehicle
cycle for 0 %, 25 %, 50 %, 75 % and 100 % of payload.

Finally, the DPF regeneration is assessed considering the same,
previously proposed, test matrix. It should be clarified that no active
regeneration process is here evaluated as, generally, active regeneration
stands for the regeneration process that is achieved by means of additional
fuel injection. Nonetheless, as stated in section 5.3.2, the HC and CO
conversion at the DOC increases the temperature at the DPF inlet, which
can provide enough energy to realize soot oxidation by means of O, reaction.
Moreover, the low temperature soot oxidation route by NO, is also included

in the evaluations.

Therefore, the total regenerated soot mass is a consequence of both
processes. Figure 5.40 illustrates the results of regenerated soot mass as
function of the truck payload. The analysis of the results suggests that both
urban and rural phases do not provide the required conditions to oxidize the
soot trapped in the DPF either by the absence of NO, or by the low
temperature of the exhaust gases. As previously demonstrated, these
conditions operate in low to medium engine loads, where the total NOx
concentration do not exceed 50 ppm and the exhaust temperatures are low
as consequence of the fully premixed combustion. As the driving cycle
progresses to the highway phase, the regeneration process starts to be
apparent because of both higher NOx concentrations and higher temperatures
at high loads. Despite this, the total soot mass regenerated during the driving
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cycle can be considered negligible which means that active regeneration
techniques should be employed to guarantee a proper cleaning of the DPF.
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Figure 5.40. Start of injection (a) and injection duration (b) of the pilot
injection for the complete engine map.

5.5 Summary and conclusions

This chapter has evaluated the response of the aftertreatment system
to the DMDF combustion concept at steady-state and transient conditions.
The research efforts have been dedicated to both oxidation catalyst as well
as the particulate filter. Selective catalytic reduction and ammonia slip
catalyst were not addressed since the proposed calibration is able to fulfill de
EUVI NOx constraints without requiring these devices.

The steady-state analysis of the oxidation catalyst has promoted the
understanding of the critical conditions at which the stock DOC was not able
to operate under light off condition, exceeding the normative emissions
concentration. It was evidenced that the combination of low exhaust
temperatures and high unburned products concentration were a hurdle from
10 % to 25 % of engine load, independently on the engine speed evaluated.
A deeper look on the hydrocarbon composition by means of speciation
evaluation has allowed to identify the significant concentration of low
reactivity hydrocarbons as toluene, which is increased at conditions where
high gasoline fractions were used. The introduction of thermal inertia as a
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variable in the DOC evaluation through different transient steps and
simplified cycles demonstrated to be a pathway to improve the conversion
efficiency whenever a high load condition precedes the low temperature
condition.

Moreover, the particulate filter regeneration paths were also assessed
to verify the efficacy of passive and high temperature oxygen regeneration by
means of steady-state evaluation. The passive regeneration results allowed to
conclude that the low NO. concentration combined with the low soot
production does not seems to activate the passive regeneration path during
the engine operation. By contrast, high temperature oxygen regeneration
seems to be much more effective to clean the DPF. The use of a high flow,
high temperature conventional diesel combustion operating condition was
able to reduce in » 70 % de total soot trapped in 20 min. It was also
demonstrated that, although DMDF exhaust temperatures are far inferior to
those from CDC, the conversion of the unburned products at the DOC allows
to increase the exhaust temperature in more than 50 °C. This temperature
increment has allowed to obtain an effective soot oxidation, but at lower rates
than the CDC conditions due to the low exhaust flow.

Finally, both DOC and DPF were modeled and included at the driving
cycle evaluation approach, allowing to account the cycle averaged tailpipe
emissions and compare them to the normative limits. As expected, the early
phases of the driving cycle evaluation were challenging in obtain light-off
conditions due to the low engine speed velocity. As the cycle progressed, the
high temperature from the demanding velocity allowed to increase the
conversion efficiency of the DOC. Moreover, the truck payload was found to
be a determinant parameter in achieving normative values. The increases of
payload were responsible to shift the operating conditions to higher exhaust
temperature, enhancing the warm-up times. In this sense, the use of the stock
DOC was able to deliver EUVI HC and CO tailpipe emissions at its
normative setup (50 % of payload).
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The particulate filter assessment has allowed to perceive underlaying
benefits of the DMDF concept. In spite of not being able to achieve the EUVI
soot emissions without a dedicated aftertreatment system, the ultra-low
values of soot found in most of the engine map result in small soot mass
trapped at the DPF at the end of the cycle. This significantly low quantity
associated with the low mass flow compared to the original CDC calibration
introduces negligible pressure drops. Therefore, it can be inferred that the
DPF can be resized aiming at low DPF volumes, reducing the cost and

focusing on an optimized packing setup to the powertrain.

Summarizing, it was demonstrated that despite the adverse boundary
conditions in terms of exhaust temperature and unburned products, which
can significantly influence steady-state evaluations, the extension of the
analysis to normative driving cycles has allowed to conclude that the concept
was able to deliver tailpipe HC and CO as well as soot emissions with the
stock aftertreatment system. This should be added to the previous
conclusions that remarked the concept’s capability on fulfilling NOx
emissions without dedicated aftertreatment with small penalties on fuel
consumption. However, it should be recalled that a last issue remains: the
necessity of reducing the CO, emissions targeting short term horizons
(H2025). In this sense, the next chapter will be focused on assessing different
low reactivity and high reactivity fuels aiming to optimize the combustion
process as well as introduce CO, benefits from a lifecycle perspective.
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6.1 Introduction

From the previous discussions presented in both chapter 4 and chapter
5, it was evidenced that the DMDF concept enables the achievement of EUVI
NOx emissions without ATS, with small penalizations in terms of fuel
consumption. Moreover, it was also demonstrated that the stock oxidation
catalyst and particulate filter can deal with the exhaust emissions of the
concept. By contrast, no appreciable benefit in terms of CO, emission was
experienced along these two chapters, which should be addressed in the scope
of the concept.

While the combustion process itself with commercial diesel and gasoline
cannot deliver the required improvements on efficiency and CO,emissions, it
is believed that the concept still has room for improvements whether the fuel
characteristics are modified. The introduction of new fuels opens two main
paths. First, the modification of the reactivity characteristics should enable
the extension of fully premixed combustion to wider zones of the operating
map, which would enhance the overall efficiency of the concept, while
modifying the emissions formation to some extent (e.g. soot production).
Second, if renewable fuels or e-fuels are considered, the CO; balance can be
improved by accounting the use of this pollutant in the fuel lifecycle.

In this sense, this chapter aims to present a comprehensive
investigation aiming to determine the impact of the low reactivity and high
reactivity fuel characteristics on the performance and emissions of the DMDF
concept targeting at improvements on emissions and CO, by means of both
fuel consumption and lifecycle reduction. To accomplish this, the research
was divided in two main parts. First, the impact of the low reactivity fuel
characteristics on the DMDF combustion was assessed by evaluating different
research octane numbers and sensitivities in conditions representative of the
WHYVC driving cycle while maintaining diesel as high reactivity fuel. Next, a
merit function was developed as an attempt of balancing the weights of each
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parameter (fuel consumption and emissions) enabling to realize the best low
reactivity fuel for the concept.

Later, different high reactivity fuels with potential to reduce both soot
emissions and wheel-to-wheel CO, emissions were identified in the literature
and evaluated at four conditions (25 %, 50 %, 80 % and 100 % of engine
load) and 1800 rpm. This allowed to assess the impact of the high reactivity
fuels on both performance and emission parameters in different combustion
regimes of the DMDF concept, identifying the best candidate for the DMDF
combustion and allowing to place the proposed concept as an alternative to
face the restrictive H2025 scenario. Finally, the best set of fuels were used to
perform an engine recalibration and a posterior numerical driving cycle

analysis for a complete overview of the potential in real applications.

6.2 Potential of octane modification on DMDF

combustion

The research octane number (RON) determination was introduced to
determine the knock resistance of a specific fuel. To do this, a standard engine
was developed named cooperative fuel research (CFR) engine, enabling the
tight control of the state parameters that dominate the auto ignition process.
This allowed to tailor the octane demand and realize knocking conditions,
i.e., conditions where the octane requirements exceed the octane quality of
the fuel. This knock trend was then compared to that of a blend of neat
paraffins, iso-octane (RON=100) and n-heptane (RON=0) [1].

During the 80’s, reports suggested that commercial fuels were behaving
differently than expected from the CFR tests, causing knocking problems and
early deterioration of the engine [2]. In this respect, several researchers
investigated what could be the possible origins of this phenomenon. Leppard
[3] suggested that the chemical origin relied on the negative temperature
coefficient from the paraffinic compounds (n-heptane and iso-octane)
referring to it as a consequence of the low temperature reactions from the
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alkyl hydro peroxides (ROOH) decomposition that could occur in specific
state conditions. The heat released from these initiation reactions creates a
mixture pre-conditioning by increasing the temperature, pressure and
providing active radicals that enhances the posterior high temperature
reactions. It was verified that both aromatics and olefins (which represent a
high fraction of the commercial fuels composition) did not present low
temperature chemistry [4]. Since the pressure-temperature (PT) trajectory
from RON tests generally avoided the Negative Temperature Coefficient
(NTC) region (i.e., zone where the reactivity decreases with increasing the
temperature), this difference in reactivity could not be captured. Therefore,
an additional test was introduced to represent PT trajectories like those
found during real engine operation allowing to capture the NTC behavior
from the paraffins. This new test was named Motor Octane rating originating
a second metric: Motor Octane Number (MON). The difference between RON
and MON was then defined as the fuel sensitivity (S). Non-sensitive fuels (as
paraffins) do not present differences between RON and MON, while sensitive
fuels as those with aromatics and olefins will behave as RON de-rated fuels
at motor conditions [5]. The differences for each one of the tests are presented
in Table 6.1.

Table 6.1. Some of the engine boundary conditions for both research octane
number and motor octane number evaluation.

Engine Parameter RON method | MON method
Engine speed [rpm] 600 900
Intake Temperature [°C] 52 149
Spark advance [CAD bTDC] 13 19-26

Reactivity controlled combustion concepts rely on the reactivity
stratification inside the cylinder, which is a consequence of both low reactivity
fuel and high reactivity fuel properties. Therefore, both RON and sensitivity
should play a fundamental role on the combustion development. In spite of
the apparent importance of these properties, the literature review indicated
that this subject is not deeply addressed in combustion concepts as reactivity-
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controlled compression ignition and DMDEF. Most of the investigations are
focused on earlier combustion concepts like homogeneous charge compression
ignition and gasoline spark ignition engines [2][6][7]. In this sense, this section
intends to evaluate the impact of these fuel characteristics on the performance
and emissions results for representative operating conditions aiming at
improving the CO, balance though fuel consumption reduction. Moreover,
the use of low RON fuels may be a path to reduce the production cost, the
consequent well to tank CO, emissions and the fuel price.

6.2.1. Research Octane Number effect

The research octane number stands as the most common measure of
ignition resistance of a fuel. As previously discussed, this characteristic is of
great importance on reactivity-controlled combustion modes. Therefore, the
determination of the optimum RON values provides a way to extract the
potential of the combustion mode and to get insights to promote a dedicated
fuel design for the DMDEF' concept.

6.2.1.1. Methodology

The evaluation methodology of the optimum octane number for the
DMDF combustion concept was composed by two different steps. First, a
RON sweep was performed, addressing RON values of 100, 95 (same RON
as the gasoline that was used in chapter 4), 92.5, 90, 87.5, 85 and 80. Each
one of the fuel mixtures was evaluated at 8 different operating conditions
(engine speeds and loads). The impact of the RON modification in the
combustion, performance and emission was investigated for each one of the
operating conditions depicted in Figure 1.3. These conditions were found to
be representative of driving cycle conditions from the results presented in
chapter 4. Each one of these conditions was optimized following the
methodology proposed in section 3.5.1 to obtain the best fuel consumption
values fulfilling the emissions constraints of each zone at which the operating
condition belongs.
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Figure 6.1. Operating conditions investigated during the octane number

evaluations.

Despite of the efforts to realize the best octane number from steady-
state conditions, the extension of these conclusions to transient conditions is
not straightforward since the importance of each operating condition is not
the same throughout a driving cycle. Nonetheless, the calibration of a whole
engine map for each one of the RONs is time expensive and costly. Therefore,
to tackle this point, an equivalent driving cycle methodology was proposed
having as reference a full map driving cycle obtained in the evaluations of
chapter 4. By doing this, the results of the eight steady-state calibration
process can be extrapolated as an estimation of what could be found over the
worldwide harmonized vehicle cycle (WHVC). This methodology will be
defined as eight-mode as an analogy with the past 13-modes cycle employed
to assess the new European driving cycle in the past (NEDC) used for light

duty vehicles.

A validation step was considered to guarantee the reliability of the
results obtained by this approach. To do this, the results of the complete
truck model presented in chapter 4, accounting the complete calibration maps
were compared to those obtained with the eight-mode method. The weight
of each steady-state operating point in the final eight-mode method
calculation was defined by means of an adaptive approach. It considers an

equivalent area in which the surrounding map values are similar to that
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experimentally measured. The embedded area was steeply increased from an
initial small area, while the results have a deviation lower than 2%. Since the
performance and emissions parameters can have different trends according to
the engine speed and load, the area was incremented following three different
strategies that seek to maximize the embedded driving cycle operating
conditions and minimize the error. First, a rectangular area was proposed
which was defined by a fixed load height and an incrementing rectangle width
aiming to capture trends that are invariant in engine speed. Second, the width
was fixed while the height was steeply increased to capture trends that are
invariant in engine load. Finally, a mixed mode with an expansion factor was
applied to expand the area in both directions. This strategy allowed to
capture trends that are invariant in both engine speed and load. Figure 6.2
presents a schematic representation of each strategy employed for the area
definition.

Strategy 3

Strategy 2

13333333333333333333333337

oP
o A,

Avitl

Strategy 1

Figure 6.2. Strategies to increment the embedded area for the adaptative
approach.

Independently on the method, the area was incremented according to
fixed steps, having as a stopping criterion a maximum deviation of 2%
compared to that from the experimental operating condition. Once this
condition was achieved, the resultant areas were superposed over the
operating condition distribution from the complete driving cycle simulations.

Then, the total number of the driving cycle operating conditions covered by
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each one of the areas was counted (Na;). A points usage metric was calculated
by dividing the number of points covered by the area by the total number of
points from the complete driving cycle. In this sense, the results of the driving
cycle could be approximated by the equation 6.1. It should be noted that
BSFC can be replaced by any of the emission parameters evaluated.

8
BSFCfinal = in ' BSFCl 6.1

i=1
Where the ponderation factor X; is obtained by:

Ny;

Xi =g ———
8
i=1 NAi

6.2

Table 6.2 summarizes the results obtained with the equation above
compared to those from GT Drive for different engine maps. As it is shown,
strategy one gives the best results in terms of BSFC and soot. By contrast,
strategy three is more suitable to describe the NOx, HC and CO emissions
which can be attributed to the dependency of these variables with respect to
the engine load and speed. In this sense, strategy one and strategy three were
used to describe the significant properties along the equivalent driving cycle.
Table 6.3 compares the GT-Drive results with those from the selected
strategy for each parameter. As it can be seen, most of the parameters have
differences under 5 % comparing the 8 modes and the driving cycle approach.
Nonetheless, it should be remarked that soot emissions present significant

differences (25 %) because of their ultra-low values.
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Table 6.2. Summary of the results obtained from each of the area increase
strategies compared to the GT-Power full cycle evaluation.

BSFC | NOx | CO HC | Soot | o
[8/KWh] | [g/KWH] | [g/kWh] | [g/KWH] | [g/Wh] | 00"
GT- Power 261.00 0.36 12.63 3.33 0.003 100.0
Strg.1 253.51 0.35 13.90 4.09 0.004 38.1
Strg.2 287.85 0.35 13.45 4.27 0.006 60.4
Strg.3 269.03 0.36 12.59 3.53 0.006 41.8

Table 6.3. Comparison between the full cycle GT Power simulation and the
values from the selected strategies.

BSFC NOx CO HC Soot
[g/kWh] | [g/kWh] | [g/kWh] | [¢/kWh] | [g/kWh]
GT power | 261.00 0.36 12.63 3.33 0.003
Eight-mode | 253.51 0.36 12.59 3.53 0.004
Error [%] 2.9 0 0.32 5.6 25

Once a robust method is available to determine the driving cycle results
from the eight operating conditions, a merit function approach was proposed
to select the best RON for the combustion mode. The importance of each
parameter (fuel consumption and emissions) was pondered by a weighting
factor and a limit imposed for each parameter. The EUVI targets were used
as limits for emissions (NOxn=0.46 g/kWh, COpme=4 g/kWh, HCynii=0.16
g/kWh and Sootimi=0.01 g/kWh) while the BSFC reference limit was that
obtained from the vehicle running under CDC operation along the WHVC
(BSFCrmx=252 g/kWh). Equation 6.2 presents the merit function equation
employed to determine the best RON. The calculation in the brackets can
result in a negative or positive value. In case of having negative results, the
operation is forced to be zero. The weighting factors were selected aiming to
minimize BSFC, NOx and soot, as the previous results from chapter 4 and
chapter 5 demonstrated that the HC and CO emissions will exceed the EUVI
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target independently on the case, but can be reduced by the stock DOC
system. The proposed weighting factors for each one of the parameters are:
F1=200, F2=0.2, F3=0.02, F4=1 and F5=0.1. These factors were selected
with the same order of magnitude of the parameters, otherwise, the merit
function would be unbalanced. In this sense, the most important parameters
to be minimized are soot, NOx and BSFC as their weighing factor is twice
the others.

BSFC;; NOx;;
MPFpppi =F1-(ﬂ—1)+Fz-(ﬂ—1)+F3

¢ BSFCimit co NOxyimit

00ty; ,

-(ﬂ—1)+F4-(ﬂ—1)+F5 6.2
So00timt limit

) (HCfinal _ 1)
HCyimit

6.2.1.2. Results

The results subsection is divided according to each engine load
evaluated illustrating the impact of having different RONs at each condition.
The RON sweep is demonstrated in some key operating conditions for brevity
sakes. They comprehend 25 %@950 rpm, 50 %@ 1800 rpm and 100 %@2200
rpm. Finally, the results from performance and emissions from the complete
set of operating conditions (eitght operating conditions) are merged into the
merit function equation to find the RON range that provides the most
benefits for the DMDF combustion. It is worth to remark that the
methodology employed to prepare the fuels is that presented in chapter 3.

6.1.1.1 Low load, low speed operating condition

Table 6.4 presents the main settings employed for each one of the fuel
blends evaluated. As it can be seen, both intake and exhaust pressure are
maintained constant for all mixtures. At this operating condition, the
compressor cannot increase the intake pressure to values higher than 1.1 since
the turbine is exposed to low temperature and mass flow. The increase of the
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pressure ratio in the compressor also means an operation outside its operating
map, resulting in compressor stall. The use of such low intake pressures
should impact the conversion efficiency, since the mechanical compression
ratio is low to provide a proper combustion process and the dynamic
compression ratio cannot be increased. In this sense, the combustion process
takes place in a low pressure and low temperature environment. This means
that the amount of energy required for the oxidation reactions is limited,
probably impairing the use of higher-octane fuels. The analysis of Table 6.4
allows to identify that RON 100 required modifications of the injection setup
to achieve the same constraints the remaining fuels had. Since this fuel
presents lower reactivity, the use of early injections extends the ignition
delay, moving the combustion process to the expansion stroke and provides
a low global efficiency. To overcome this, the injection was moved to zones
with higher pressure and temperature, shortening the ignition delay and
bringing the combustion process closer to the TDC. In addition, the gasoline
fraction was reduced to enable a shorter combustion process, compared to
the original settings. The remaining fuels were able to use similar air
management and injection settings because of their higher reactivity.

Table 6.4. Engine settings for each research octane number evaluated at 25
% of engine and 950 rpm.

RON | Pitake | Pestaust | Air mass | EGR Sol GF
[] | [bar] | [bar] [5/5] [%] | [CAD bTDC] | [%]
100 1.08 1.16 37.23 44.15 15 38.83
92.5 1.08 1.16 35.19 44.45 19 47.31
87.5 1.07 1.15 35.94 44.08 19 46.70
85 1.08 1.16 36.33 43.23 19 47.49
80 1.08 1.16 35.25 44.50 19 46.09

The impact of the different octane numbers on the combustion process
can be also visualized from the HRR profiles. As depicted in Figure 6.3, PRF
100 presents the most delayed combustion process. This means that despite
the modifications to improve the combustion and advance it, the lower
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reactivity of this fuel blend makes impossible to replicate similar combustions
to those of high reactivity mixtures just by modifying injection settings. By
contrast, as the RON is decreased, the HRR profiles start to demonstrate
similarities. For example, all mixtures have similar LTHR, profile, indicating
that the preconditioning of temperature, pressure and radicals should be
similar for all mixtures. The HTHR presents some differences regarding the
maximum value and the slope of the early phases. Nonetheless, the bulk part
of the combustion process seems to be maintained, indicating that the
decrease of the octane number has low influence on the combustion process
in this operating condition.

200
25%@950rpm — PRF 100
i — PRF 925
150 - — PRF 87.5
— PRF 85
— PRF 80

HRR [J/CAD]
E
|

(&)
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|

Figure 6.3. Heat release profiles for the different octane numbers evaluated
at 25 % of engine load and 950 rpm.

It is also interesting to analyze the effect of the octane modification on
the main performance and emission parameters as well as the characteristics
combustion metrics. These results are presented in Figure 6.4 (a)
(performance and combustion) and Figure 6.4(b) (emissions). The evaluation
of the efficiency results presented in Figure 6.4 (a) allows to conclude that,
despite the differences on the heat release profiles, the brake efficiency could
be maintained at similar levels independently on the RON evaluated. The
remaining combustion results (combustion phasing, duration, and pressure
gradient) follow the expected trend. As the RON is decreased, faster and
earlier is the combustion process. As a side effect, the pressure gradients are
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also increased. Nonetheless, for this operating condition, this is not a
significant problem since they are far from the limiting conditions.

44 0.6
— 40 4 =
Q 0.4
S S04l 4 Mg g -m
&36* o-0go-0 --90 2 b
= 302
32 z
7 o 0 - 0.001
,65 |
a - 0.0008 @
L4 B S
= 4)CJ> 70.00066
- o oo, j0.00042
m-2m = - 0.0002 =
— ] o0 E-EE-®--8 -0
9(167
] — 12 |
.14 _A =
= ] A‘/‘//r Eg
= 12 - A < 8
S & 2
L 10 ) ___A
810 I 4 7 i W\
S 8-
,6 O,
3 Ll o, SRR & 12 o
L 40 r o
-t - = s @
L 20
23 -4 =
9 L
1 0 ———————————————— 0
76 80 84 8 92 96 100 104 76 80 84 88 92 96 100 104
RON [-] RON [-]
(a) (b)

Figure 6.4. Effect of octane number variation on the (a) performance and
combustion metrics and (b) main emissions at 25 % of engine load and 950
rpm.

Regarding the emission results, it is suggested that the octane number
modification did not present a challenge to obtain the proposed EUVI
constraints during the evaluation. The whole set of fuels was able to achieve
NOx and soot in EUVI, with similar values of HC and CO. In this context,
it can be concluded that at low engine loads, the engine settings can be
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tailored as required to obtain the desired emissions while maintaining similar
efficiency.

6.1.1.2 Medium load, medium speed operating condition

The octane manifestation presents a high sensibility to the pressure-
temperature trajectory that anticipates the combustion. These state
parameters dictate what should be the required octane value to guarantee a
normal combustion process (i.e., without knock occurrence). At medium
load, medium speed conditions, the inlet pressure and temperature are
significantly increased compared to 25 % load, increasing the octane demand.
Therefore, it can be expected that the combustion process will be significantly
affected by the octane modification.

Indeed, this can be confirmed by analyzing the required settings for
each fuel blend in Table 6.5. As it can be seen, the settings of each fuel were
tailored to account for the differences in the fuel reactivity and achieve the
desired constraints in terms of emissions and mechanical limits. The PRF 100
allowed to achieve the highest GF values with early injections. In addition,
low EGR levels were required to control the pressure gradients. This is an
important point since it was found in previous results that the excess of EGR
flow can overload the air management system, presenting excessive
compressor outlet temperatures. Once the RON is reduced to 92.5, both the
EGR and GF were modified. The first was increased to allow the control of
the reaction rates of the oxidation reactions. By contrast, the GF values were
decreased to guarantee a better combustion stability in this extremely diluted
environment. The reduction of the octane number to 87.5 required
modifications in the injection timing because the direct replication of the
settings of the previous condition produce pressure gradients higher than the
mechanical limits, i.e., the octane demand surpassed the fuel octane quality.
By contrast, some of the settings could not be modified, like the EGR levels.
The increase of the EGR would mean higher pumping losses and a reduction
of the oxygen content, impairing the conversion efficiency and enhancing the
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soot formation. Therefore, the most effective modification found was delaying
of the Sol. Once the Sol is delayed, the mixing time is reduced, and the fuel
reactivity stratification is increased allowing to decrease the pressure
gradients due to both compositional and RON stratifications. Nonetheless,
the ignition delay is reduced due to the richer zones near the HRF injector,

advancing the combustion process.

As expected from the previous discussion, the most critical conditions
were verified for both low RON fuels evaluated. At these conditions, both
Sol and GF were modified to compensate the reactivity increase from the
LRF. The Sol modification strategy was herein used following the same,
previously discussed, justification. By contrast, the introduction of the GF
decrease was employed to control the combustion process, decreasing the
importance of the premixed combustion, and enlarging the combustion by
means of heavy fuel stratification on the combustion chamber. The higher
local reactivity from the HRF injection promotes short ignition delays, which
shift the combustion process to the compression stroke. Therefore, the
combustion cannot be tailored to operate in the maximum efficiency
condition because of the restrictions from the fuel octane quality and the

emissions targets imposed during the calibration process.

Table 6.5. Engine settings for each research octane number evaluated at 50

% of engine and 1800 rpm.

RON | Piuake | Pexhaust | Air mass | EGR Sol GF
[] | [bar] | [bar] [s/5] [%] | [CAD bTDC] | [%]
100 2.11 2.44 145.08 38.98 50 88.97
92.5 2.10 2.73 114.30 46.31 50 78.81
87.5 1.99 2.44 112.71 43.00 40 79.34
85 2.16 2.61 120.58 44.57 30 77.05
80 2.21 2.66 129.20 43.12 24 69.81

Figure 6.5 depicts the heat release rates obtained for the different RONs
evaluated allowing to visualize the previous comments in the evolution of
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each HRR profile. As it can be seen, the use of PRF 100 provides a delayed
combustion process allowing to use higher gasoline fractions. This means that
the use of high RON fuels is better suited for these conditions, allowing to
properly phase the combustion process while fulfilling both mechanical and

emissions constraints.

600 5
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500 - — PRF 925
, — PRF 875
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Figure 6.5. Heat release profiles for the different octane numbers evaluated
at 50 % of engine load and 1800 rpm.

The RON decrease implies a short combustion duration with higher
peaks, which translates to an increase of the pressure gradients, thus
requiring the modifications previously described. From RON 87.5, the
delayed Sol coupled with the GF modifications results in higher combustion
durations decreasing the HRR profile peak. It should be noted that the early
combustion process means a high amount of energy released during the

compression stroke which may reduce the cycle efficiency.

The different settings requirements for each PRF should impact the
performance and emissions results. This can be confirmed from the results
presented in Figure 6.6, where the emission, performance and combustion
results for the different PRF are summarized. As it can be observed, the use
of PRF100 allows to obtain a higher brake efficiency than the remaining
PRF's, surpassing the 40 % level. This high level can be related to the better
combustion phasing (after the TDC), coupled with an appropriated
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combustion duration, improving the work output. The remaining fuels
presented similar brake efficiency results and combustion duration. The main
difference is noticed for the combustion phasing. As previously discussed,
lower GF coupled with delayed Sols were the fundamental strategy employed
to overcome the issues entailed by the RON decrease. The approach provided
richer zones from the HRF injection that decreased the mixture ignition
delay, as presented in the HRR profiles depicted in Figure 6.5 and the
combustion phasing results presented in Figure 6.6. It is also possible to see
that all the mixtures where maintained at a similar pressure gradient level,

the maximum allowable as mechanical constraint.

Figure 6.6 (b) depicts the engine-out emissions for NOx, soot, HC and
CO. The nitrogen oxides emissions demonstrate that EUVI results can be
achieved independently of the RON employed. Nonetheless, there is a notable
reduction for both PRF 92.5 and PRF 87.5 because of the fast combustion
process realized by them. This reduces the residence time (proportional to
the combustion duration) of the nitrogen molecules on high temperature

conditions compared to the other cases inhibiting the formation mechanism.
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Figure 6.6. Effect of octane number variation on the (a) performance and
combustion metrics and (b) main emissions at 50 % of engine load and

1800 rpm.

Unlike the 25 % load, this operating condition works in equivalence

ratios closer to the stoichiometric, where there is low oxygen availability to

mitigate the soot formation, requiring high mixing times to allow a proper

fuel - oxidizer mixing. Nonetheless, as the RON was decreased, the

mechanical constraints required the use of delayed injections as well as low

GF. Both strategies enhance the soot formation mechanism due to the high

amount of HRF injected and lower mixing times. Therefore, as the RON is

decreased, the engine-out soot values increase towards the EUVI limits. It
should be noted that PRF 85 and PRF 80 presented both soot and NOx at
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EUVI limits. The use of strategies to reduce one of them will impair the
other. Therefore, it can be concluded that it is not possible to achieve
simultaneous EUVT limits for both NOx and soot for RON values lower than
80.

By contrast, the use of lower GF decreases the amount of LRF meaning
less fuel available to enter the piston gaps during the compression stroke.
Consequently, the engine out HC emissions can be reduced for low RON
fuels. A significant increase is experienced for the CO emissions as the RON
is decreased. This can be attributed to the higher mixture stratification
resulted from the delayed injections. In this regard, the conditions with low
air fuel equivalence ratio enhances the CO formation as well as soot.

6.1.1.3 High load, high speed operating condition

The last operating condition addresses a full load operating point at
the maximum engine speed (2200 rpm) aiming to identify the impact of the
RON modification at high temperatures and pressures. As described in
chapter 4, full load operating conditions are based on a dual fuel diffusive
combustion with low premixing levels and a single HRF injection close to the
TDC. This provides a first phase based on premixed burning, which
comprises the LRF mass, followed by a diffusive sustained combustion, which
provides the required energy to fulfil the target load. Table 6.6 presents some
of the most important air management and injection settings found for each
PRF with the calibration routine optimization previously described. It is
possible to note that minor modifications were done as the RON was
decreased. Despite the apparent variations, intake and exhaust pressure,
EGR and air mass presented modifications lower than 5 % with respect to
the average of each parameter. The most significant modifications address
the start of injection and the gasoline fraction values. The last was one
decreased as the RON was reduced aiming at lower premixing, enhancing the
compositional stratification to improve the control over the combustion
development. By contrast, the use of high diesel quantities is prone to the
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formation of rich zones where the hydrocarbon cannot be properly oxidized,

originating soot.

Table 6.6. Engine settings for each research octane number evaluated at
100 % of engine and 2200 rpm.

RON | Piyake | Pextanst | Air mass | EGR Sol GF
] [bar] | [bar] [g/s] (%] [CAD bTDC] | [%]
100 2.79 3.33 276.35 19.90 10 41.15
92,5 | 2.61 3.10 263.34 19.15 11 38.82
87.5 | 2.99 3.05 260.34 20.72 12 38.95
85 2.83 3.38 273.17 21.56 13 38.65
80 2.72 3.19 265.66 20.18 12 36.71

As it can be seen in Figure 6.7, the whole set of blends presents similar
end of combustion. This allows to conclude that the RON modification does
not affect the last phase of the combustion process. The previous statement
concurs with the operating principle at these full load conditions, which relies
on the use of diffusive combustion to burn the HRF fuel. As the Sol and HRF
characteristics are maintained, the end of the combustion process is also not

significantly modified.

Regarding the combustion start, a similar trend to the previously
verified for 50% of engine load is found. Nonetheless, it is important to remark
that the dominant mechanism for these early combustion processes is not the
same. While at 50 %, the injection timing was considerably modified, at the
current operating condition, the maximum shift in the Sol was 3 CAD.
Moreover, the Sol modification does not follow a direct relation with respect
to the RON decrease. Therefore, the early combustion start can be related
mainly to the mixture reactivity increase for the lower RONs and not to the

Sol modification.
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Figure 6.7. Heat release profiles for the different octane numbers evaluated
at 100 % of engine load and 2200 rpm.

The average results for performance, combustion, and emissions for the
different PRFs are presented in Figure 6.8. As it is shown, the brake thermal
efficiency is not significantly affected by the RON modification at this
operating condition (Figure 6.8 (a)). Slight changes can be perceived for PRF
80, mainly attributed to the larger combustion durations, as presented in the
previous graph. The simultaneous analysis of the CA 50 and combustion
duration results allows to identify that the high reactivity of the mixtures
provides early ignition and larger combustion process. The pressure rise rate
is maintained at the limit condition independently on the RON, aiming to
extract the maximum benefits from the premixed combustion.

Figure 6.8 (b) depicts the impact of the RON variation on the different
emissions. It should be recalled that this operating condition is not able to
fulfill EUVI normative for neither soot or for NOx due to the requirements
on the turbocharger and the mechanical constraints. Therefore, the NOx
emissions were relaxed to 2 g/kWh while the soot emissions constraint was
increased to two FSN (~0.2 g/kWh at this operating condition). However,
the reduction of the gasoline fraction and increase of the dilution levels as
the RON was increased have demonstrated to be prejudicial in terms of soot
production. Unburned hydrocarbon emissions seem to be highly affected by
the RON variation, presenting a reduction of up to 50 % considering the
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lowest RON compared to PRF 100. By contrast, CO emissions are invariable
with respect to the different RONs.
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Figure 6.8. Effect of octane number variation on the (a) performance and

combustion metrics and (b) main emissions at 100 % of engine load and

2200 rpm.

6.2.1.3. Merit function evaluation

The previous analysis allowed to understand the octane manifestation

with respect to different operating conditions, representative of the DMDF

calibration. Nonetheless, it was evidenced that the trends do not favor always

the same RON depending on the parameter and operating condition in
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analysis, which is a hurdle for direct selection of the optimum RON.
Moreover, transient evaluation operation should be considered to weight the
importance of each operating condition on the analysis. Therefore, the 8-
point cycle methodology previously described was employed followed by a
merit function evaluation. Figure 6.9 presents the merit function results with
respect to the different RONs evaluated.
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Figure 6.9. Merit function results for the different research octane number

evaluated.

As it can be seen, RON values from 94 to 88 tend to deliver the
minimum MF results, indicating that they are the optimum choices for the
DMDF combustion. This comes from the combination of low soot and NOx
emissions t