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Abstract. Automotive world-wide pollutant emissions regulations are getting
more stringent everyday. New testing procedures are pushing the automotive industry
towards researching new technologies to accomplish the emissions targets. In the
mid-term future is expected that low ambient temperature emissions testing will
become mandatory for any engine model type approval. Low ignition temperature
greatly influences on combustion rate leading to emissions increase and eventually to
misfiring events. In these conditions, high emissions of unburned hydrocarbon (HC)
and carbon monoxide (CO) are released along with fuel consumption penalties. In
addition, nitrogen oxides (NOx) emissions may rise under cold conditions owing to
the disabling of Exhaust Gas Recirculation (EGR) systems at cold conditions.

In this thesis the effect of low ambient temperature in a High Speed Direct Injection
(HSDI) Light Duty (LD) engine is analysed. Tests were performed in New European
Driving Cycles (NEDC) and Worldwide harmonized Light vehicles Tests (WLTC).
Direct influence of low temperature on engine emissions was addressed by engine
out pollutants sampling. The effect on aftertreatment systems was also evaluated
by the CO and HC oxidation efficiency. The results of this survey indicated a
general detriment of pollutant emissions and brake thermal efficiency at low ambient
temperatures. The effect of low temperature varied depending on the engine load test
conditions. NEDC comes up as the worst scenario for low temperature testing with
an increase of 270% in HC, 250% in NOx, 125% in CO and 20% in Brake Specific Fuel
Consumption (BSFC). Running at higher engine loads and transient conditions, as
it’s performed in WLTC tests, showed a lower effect of ambient temperature with an
increase of 150% in HC and 250% in NOx. In contrast to NEDC, CO emissions
were reduced in 20% and no engine efficiency penalty was spotted. In addition
to the pollutant emission formation increase, the aftertreatment analysis showed a
significant reduction of the Diesel Oxidative Catalyst (DOC) efficiency in both NEDC
and WLTC.

This work is aimed to analyse and compare two different thermal management
approaches for engine enhancement running at low ambient temperature. The first
approach relied on coolant management aimed to avoid overcooling when running at
cold conditions. On one hand, low flow and 0 flow engine coolant strategies were
performed while Water Charge Air Cooled (WCAC) coolant is recirculated. On
the other hand, WCAC 0 flow was applied for avoiding overcooling at low ambient
temperatures. The other layout was based on an exhaust gas heat recovery system
(EGHR). WCAC coolant was directed to an exhaust tail pipe heat exchanger for
waste heat recovery. Recovered heat was released in the WCAC for speeding up the
intake air temperature increase. The first part of the thermal management results is
focused on the analysis by thermal layout. Comparison of both thermal management
is discussed in the conclusions section of that chapter. By enabling an EGHR system,
HC emissions were reduced during low load driving phases in comparison with the
other of layouts.

EGHR energy analysis was also conducted, focusing on energy efficiency and phase
change recovery analysis. The role that latent enthalpy plays on waste heat recovery
was addressed by measuring the water vapour concentration in the exhaust stream at
both EGHR heat exchanger inlet and outlet. Water vapour condensation represented
the 25% of the total recovered energy.






Resumen. La regulacién mundial de emisiones contaminantes en el sector
de la automocién esta siendo cada dia mas estricta. Los implantacion de nuevos
procedimientos esté presionando la industria hacia la busqueda de nuevas tecnologias
que cumplan los objetivos de reduccion de emisiones contaminantes. En el medio plazo
se espera que las pruebas de emisiones a baja temperatura ambiente sean obligatorias
en el proceso de homologacién. La combustién a bajas temperaturas influye de forma
importante en la velocidad de la reaccién conllevando un aumento de las emisiones
y finalmente al apagado de llama. Bajo estas condiciones, se produce un aumento
de las emisiones de hidrocarburos (HC) y mondxido de carbono (CO) asi como un
aumento del consumo de combustible. Ademaés, en condiciones de baja temperatura
ambiente las emisiones de 6xidos de nitrégeno (NOx) pueden aumentar debido a la
desactivacion de los sistemas de recirculaciéon de gases de escape.

En la presente tesis, se ha analizado el efecto de la baja temperatura ambiente en
un motor diesel HSDI. Los ensayos fueron realizados en ciclos de conduccién NEDC
y WLTC. La influencia directa de las bajas temperaturas en las emisiones se analizo
por medio de las medida bruta de contaminates, aguas arriba de los sistemas de
postratamiento. El funcionamiento de los sistemas de postratamiento tambien fue
evaluado a bajas temperaturas mediante la eficiencia de la oxidacién catalitica de HC
y CO. Los resultados de este estudio mostraron un deterioro general de las emisiones
y del rendimiento efectivo a bajas temperaturas. El efecto de las bajas temperaturas
vari6é dependiendo de condiciones de carga. El ciclo NEDC se consolida como el peor
escenario de conduccion, para la realizacién de pruebas a baja temperatura, con un
incremento del 270% en HC, 250% en NOx, 125% en CO y 20% en consumo especifico.
El mayor grado de carga junto con el caracter mds transitorio del ciclo WLTC
mostraron un efecto menor de las bajas temperaturas ambiente con un aumento del
150% en HC y 250% en NOx. A diferencia del ciclo NEDC, las emisiones de CO
se redujeron en un 20% y no se detecté un aumento del consumo de combustible.
Ademaés del aumento de la formacién de contaminates, el analisis del catalizador de
oxidacion mostré un reduccién de la eficiencia en ambos ciclos de conduccion NEDC
y WLTC.

El presente trabajo tiene por objetivo analizar y comparar dos sistemas de gestion
térmica para la mejora del funcionamiento de MCIA a bajas temperaturas. El
primer sistema estaba basado en la gestién del flujo de refrigerante para evitar
subenfriamiento en condiciones de funcionamiento en frio. Por un lado, se propusieron
estrategias de bajo y nulo flujo en el circuito de refrigerante motor. Por otro lado, se
realizaron ensayos con 0 flujo en el circuito de refrigerante del WCAC para evitar el
subenfriamiento del aire de admisién durante puntos de baja carga en condiciones de
funcioanmineto en frio. El otro sistema incluia la recuperacién de energia térmica del
escape (EGHR). El refrigerante del WCAC se empleé como fluido de recuperacién
conectandose con un intercambiador de escape para la absorcién de energia térmica
residual. La energia recuperada era entregada en el WCAC al aire para acelerar el
aumento de la temperatura de admisién. La primera parte de los resultados de la
gestién térmica estan centrados en el andlisis individual de los distintos sistemas de
gestién. En las conclusiones se comparan todos los sistemas propuestas explicando
las diferencias entre ellos. Mediante el uso del EGHR las emisiones de HC fueron
reducidas, durante los puntos de baja carga, en comparacién con el resto de estrategias



térmicas planteadas.

El andlisis energético del EGHR se centré en la eficiencia y en el estudio la
recuperacién por cambio de fase. El papel que la entalpia de cambio de fase juega en la
recuperacién de calor residual fué estudiado por medio de la medicién de concentracion
de vapor de agua en el gas de escape en la entrada y salida del intercambiador del
EGHR. La condensacién del vapor de agua de escape representé el 25% de toda la
energia recuperada.



Resum. Laregulacié mundial d’emissions contaminants en el sector de 'automocié
esta sent cada vegada més estricta. La implantacié de nous procediments esta
pressionant la industria cap a la cerca de noves tecnologies que complisquen els
objectius de reduccié d’emissions contaminants. En el mig termini s’espera que
les proves d’emissions a baixa temperatura ambient siguen obligatories en el procés
d’homologacié. La combustié a baixes temperatures influeix de forma important
en la velocitat de la reaccié comportant un augment de les emissions i finalment a
I’apagat de flama. Sota aquestes condicions, es produeix un augment de les emissions
d’hidrocarburs (HC) i monoxid de carboni (CO) aixi com un augment del consum
de combustible. A més, en condicions de baixa temperatura ambiente les emissions
d’oxids de nitrogen (NOx) poden augmentar a causa de la desactivacié dels sistemes
de recirculacié de gasos d’escapament.

En la present tesi, s’ha analitzat 'efecte de la baixa temperatura ambiente en un
motor diesel HSDI. Els assajos van ser realitzats en cicles de conduccié NEDC
i WLTC. La influéncia directa de les baixes temperatures en les emissions es va
analitzar per mitja de la mesura bruta de contaminants, aigiies a dalt dels sistemes de
postractament. El funcionament dels sistemes de postractament també va ser avaluat
a baixes temperatures mitjancant 'eficiencia de la oxidacié catalitica de HC i CO.
Els resultats d’aquest estudi van mostrar una deterioracié general de les emissions
i del rendiment efectiu a baixes temperatures. L’efecte de les baixes temperatures
variava depenent de les condicions de carrega. El cicle NEDC es consolida com el
pitjor escenari de conduccid, per a la realitzacié de proves a baixa temperatura, amb
un increment del 270% en HC, 250% en NOx, 125% en CO i 20% en consum especific.
El major grau de carrega juntament amb el caracter més transitori del cicle WLTC
van mostrar un efecte menor de les baixes temperatures ambient amb un augment del
150% en HC i 250% en NOx. A diferéncia del cicle NEDC, les emissions de CO es van
reduir en un 20% i no es va detectar un augment del consum de combustible. A més
de 'augment de la formacié de contaminants, I’analisi del catalitzador d’ oxidacié va
mostrar una reduccié de l'eficiencia en tots dos cicles de conduccié NEDC i WLTC.
El present treball té per objectiu analitzar i comparar dos sistemes de gestioé termica
per a la millora del funcionament dels MCIA a baixes temperatures. El primer
sistema estava basat en la gestio del flux de refrigerant per a evitar subrefredament en
condicions de funcionament en fred. D’una banda, es van proposar estrategies de baix
i nul flux en el circuit de refrigerant motor. D’altra banda, es van realitzar assajos
amb 0 flux en el circuit de refrigerant del WCAC per a evitar el subrefredament
de laire d’admissié durant punts de baixa carrega en condicions de funcionament
en fred. L’altre sistema incloia la recuperacié d’energia termica de 1’escapament
(EGHR). El refrigerant del WCAC es va emprar com fluit de recuperacié connectant-
se amb un bescanviador d’escapament per a l’absorcié d’energia termica residual.
L’energia recuperada era lliurada en el WCAC a l’aire per a accelerar 'augment de
la temperatura d’admissié. La primera part dels resultats de la gestié téermica estan
centrats en ’analisi individual dels diferents sistemes de gestié. En les conclusions es
comparen tots els sistemes proposats explicant les diferéncies entre ells. Mitjancant
I"as del EGHR les emissions de HC van ser reduides, durant els punts de baixa carrega,
en comparacié de la resta d’estrategies termiques plantejades.

L’analisi energetic del EGHR es va centrar en l'eficiencia i en 'estudi de la recuperacié



per canvi de fase. El paper que I'entalpia de canvi de fase juga en la recuperacié de
calor residual va ser estudiat per mitja del mesurament de concentracié de vapor
d’aigua en el gas d’escapament en l'entrada i eixida del bescanviador del EGHR. La
condensacié del vapor d’aigua de I'escapamanet va representar el 25% de tota I’energia
recuperada.
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2 1. Objectives and methodology

1.1 Introduction

The first four-stroke internal combustion engine (ICE) was created by

Nicolaus Otto circa 1876 [1]. However, it was not until 1908 when Ford sold the
Model T as the first mass-produced vehicle. This was the first model designed
to be affordable for the average costumer. The first year of production, the
number of cars produced were just over 10000 but 10 years later the car
production exceeded the million units already [2]. This trend continued over
the years increasing the car production and sales until today. The number of
cars has increased drastically over the last 30 years and it is expected that
by 2040 the number of cars on the road will be nearly doubled, especially in
developing countries like China or India [3]. This growth directly affects the
worldwide pollution, therefore the emission levels of the vehicles is a topic that
has been extensively discussed in recent years.
As emissions regulations get more stringent, new technologies are developed
to reduce the amount of emitted pollutants such hydrocarbons (HC), carbon
monoxide (CO), nitrogen oxides (NOx) and particle matter (PM). Current
European regulations include engine performance tests at low ambient
temperatures in diesel engines. It’s expected that future regulations will also
consider emissions analysis at subzero ambient temperature.

1.2 Objective

The main objective of this thesis is to analyse the effect of two different
thermal management systems on pollutant emissions reduction in diesel
engines running at low ambient temperature. In addition Break Thermal
Efficiency (BTE) is also analysed by means of the fuel consumption.

To achieve the major aim of this thesis other goals needed to be accomplished
previously:

e Low ambient temperature engine out pollutant emissions were studied
in a Euro 6 serial engine.

e The performance of the Diesel Oxidation Catalyst (DOC) running at
low ambient temperatures was analysed.

The aim of the aforementioned goals is to analyse the current state of
technology in diesel engines when running at low ambient temperature. Once
the characterization of engine out emissions and DOC performance was
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done, the thermal management systems were tested. Two different thermal
management approaches were developed:

e Two systems, based on coolant flow management, were proposed. On
one hand, the engine coolant flow was regulated for avoiding cylinder
overcooling during cold conditions. On the other hand, 0 flow strategies
were applied at the the Water Charge Air Cooler (WCAC) coolant for
avoiding intake air overcooling.

e An Exhaust Gas Heat Recovery (EGHR) system was used to recover
waste enthalpy from the exhaust gases. The recovered energy was used
to heat up the intake air flow during low temperature operation.

1.3 Methodology

An general literature review of engine pollutant emissions is presented

in Chapter 2. An historic road emissions regulation review is included at
Section 2.3. An additional specific literature review is included in each chapter.
Theoretical tools and experimental description of test facilities are presented
in Chapter 3. Tested engines in this thesis and facilities description are
presented at Section 3.2 and Section 3.3 respectively. The different thermal
management layouts are depicted in Section 3.4. The data analysis procedure
in Section 3.6.1 describes how pollutant mass emissions are calculated, the
analysis of the repeatability of the tests, the experimental uncertainty of the
outcomes and the propagation of error.
An experimental approach methodology was established in this work. All tests
were carried out in transient conditions of driving cycles in a climatic engine
bench. Pollutant emissions were sampled at the DOC upstream to analyse how
ambient temperature influences on pollutants formation. Results of this study
are shown in Chapter 4. DOC efficiency was analysed in Chapter 5 by means
of the dwell time, oxygen and pollutant concentration measurement. Thermal
management results are discussed in Chapter 6, where a comparison of all
systems is carried out. Nevertheless, before studying the different thermal
systems, the EGR strategy was recalibrated for running at low ambient
temperature. In Section 6.2 the baseline EGR calibration is described. Finally,
in Chapter 7 the main conclusions of this work are summarized and the future
works related to this thesis that may be considered in the short and mid term
are described.
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6 2. Introduction

2.1 Air pollution

According to United Nations (UN) definition, pollutant is any substance
that is present in concentrations that may harm organisms (humans, plants
and animals) or exceed an environmental quality standard. The term is
frequently used synonymously with contaminant. Two kind of pollutants have
to be addressed regarding their global and local effect in the atmosphere.
Global air pollution regards the world wide atmosphere damage by altering
the whole chemical composition. CO; is estimated to be responsible for 64%
of man-made global warming. Other greenhouse gases are released in much
smaller amounts but still contribute significantly to the overall warming effect,
as they are much more potent heat-trapping gases than COs. This is the
case with methane (CHy), which is responsible for 17% of man-made global
warming, and with nitrous oxide (N20), which accounts for 6% of the effect
[4]. Regarding the major emitted pollutant, increase of CO2 concentration
is leading a global temperature rise in a process that is common named as
global warming. COs concentration rise is changing the earth energy balance
in what is known as greenhouse effect. Input earth radiation is mainly limited
to the visible range wavelength, while earth emission is radiated at the infrared
(IR) band. As COg rotational and vibration energy absorption is produced
at the near and mid-IR range, radiated energy from the earth to the space
reduces, driving to an earth heatsurplus that eventually drives to a world
climate change [5], [6] and [7]. On the other hand, local air pollution refers
to those pollutants that alterate the chemical composition in limited areas
dangering the health of animals and human beings. Local pollution can be
produced either directly by the presence of combustion products, what is
known as primary pollution, or by transformation of the released products
into new toxic compounds, what is named as secondary pollution. Harmful
effect of primary local pollution is caused by direct exposure to products such
as carbon monoxide (CO), nitrogen oxides (NOx), hydrocarbons (HC), sulfure
oxides (SOx) and particle matter among other. Secondary pollution is caused
by combination of some of the primary chemical compounds. For example,
photochemical smog is produced by the reaction of NOx and HC in presence
of sunlight which leaves airborne particles and ground level ozone formation
[8] and [9].

Concerning global warming contribution by CO2 emissions, automotive sector
is responsible of 14% of the total anthropogenic COs. In Fig. 2.1 carbon
dioxide emissions distribution by sector is shown. Details about the sources
included in these estimates can be found in [10]. Agriculture and forestry,
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heat and electricity production and industry are the main areas of emissions
with a contribution of 24%, 25% and 21% respectively.

Transportation
(14 %)

Other energy
(10 %)

Buildings
(6 %)

Industry
(21 %)

Electricity and heat production

Agriculture and Forestry (25 %)
(o]

(24 %)

Figure 2.1: Distribution of CO5 emissions by sector Fig. 2.1

In Fig. 2.2 COs concentration measurements are displayed from 1958
until 2018 [11]. Measurements are monthly done by NOAA at Mauna Loa
Observatory in Hawaii. Since 1958 to 2018, atmospheric CO5 concentration
has risen in 30 % reaching the current value of 409 ppm.
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Atmospheric CO, at Mauna Loa Observatory
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Figure 2.2: COg, depicted in red curve, is measured in dry conditions.
Measurements were started at the Scripps Institution of Oceanography in March of
1958. NOAA started the CO5 measurements in May of 1974, and they have run in
parallel with those made by Scripps since then [12]. The black curve represents the

seasonally corrected data.

The effect of CO3 rising over the world temperature is depicted in Fig. 2.3.
Average temperature variation by area is compared to a reference time
period. Generally the period 1951-1980 is used as temperature reference
[13]. Temperature variation have been averaged for the 2000-2017 period.
Comparing both periods of time, the average world temperature has increased
in 0.6°C. The highest temperature increase areas are located in land regions
of the north hemisphere. Higher temperature increase is experienced in the
north hemisphere compared to the south because of the larger areas of land.
As water heat capacity is higher than ground, water temperature increase is
lower. In addition the broad area of ice and snow at the Antarctica continent
increases the reflected fraction of solar irradiance named as albedo [14].
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Figure 2.3: World surface temperature anomaly [15] and [16]. Sampling period of
time 2000-2017. Reference period of time: 1951-1980. Temperatures data sources:
land: GISS, Ocean: ERSST-v5. Robinson map projection. Areas in gray correspond
to missing data

In order to control greenhouse emissions of the automotive sector, in all
major countries (USA, Europe, China, Japan) of the world, tough emissions
targets were being set to reduce the vehicle traffic’s contribution of COs.
These are derived from the 2015 global climate conference target to limit the
maximum temperature increase of the earth to 2 degrees Celsius until 2100
[17]. In order to achieve these stringent targets the automotive industry will
face a major change in its drivetrain. It will move from combustion to electrical
engines. The technical realization of these engines will most likely be battery
and fuel cell driven propulsion systems. In order to achieve that transition
a major effort will be required in 4 industrial areas, i.e. growing electrical
charging infrastructure, lowering battery cost, increasing the battery-electric
vehicle ranges and developing new environmental friendly hydrogen production
methods [18]. The road emissions make roughly 50% of the transport sector,
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mainly in diesel and gasoline engines, resulting in 7% of the global COq
emissions. Several countries around the world are planning COs reduction
targets. Regarding EU, regulation policies proposal starts with the target
of 95 g/km and 147 g/km for passenger cars and light commercial vehicles
respectively before the year 2021 tested by the NEDC procedure. From
2021 the emission targets will be based on the new emissions test procedure,
the Worldwide Harmonised Light Vehicle Test Procedure (WLTP). For 2025,
targets for cars and vans will be 15% lower than in 2021 and for 2030 will have
to be 30% lower than in 2021 [19].

In order to get the fleet average on COs emissions down, the electrification
of the drivetrain of future vehicles is a necessity. At the moment there
are 5 different variants of powertrain electrification: Hybrid electric vehicles
(HEV), plug-in hybrids (PHEV), range extender vehicles (EREV), battery
electric vehicles (BEV) and fuel cell electric vehicles (FCEV). In spite of
the future expansion of electrical vehicles the obstacles found in battery
development technology makes unavoidable the existence of thermal engines.
Main drawbacks encountered in BEV are related to energy density, limited
by battery capacity, and the availability of materials world supply needed for
batteries manufacturing [20]. As a result, much research is aimed towards
addressing the limitations placed on performance by the weight, bulk and
storage capacity of batteries [21]. The expected mid term future is a mixed
transportation system, where engine technology will be spread depending on
the autonomy requirements of transport.

Regarding local emission, urban traffic is generally addressed as the main
source of pollution in urban areas. Mage et al. [22] indicates that motor
traffic is a major source of air pollution in megacities. In half of them it
is the single most important source. Since 1950, the global vehicle fleet
has grown tenfold, and is estimated to double again within the next 20-30
years. Much of the expected growth in vehicle numbers is likely to occur
in developing countries and in eastern Europe. As cities expand, more
people will drive more vehicles over greater distances and for longer time.
Emissions of air pollutants by motor traffic depends on different factors
such as traffic density, driving habits or ratio of automobiles to trucks. In
contrast to the trend in the industrialised countries of decreasing emissions
of air pollutants, emissions are presently increasing in some cities of non-
industrialised countries. Dispersion and dilution of air pollutants are strongly
influenced by meteorological conditions, especially by wind direction, wind
speed, turbulence, and atmospheric stability. Topographical siting and urban
structures like street canyons, for example, have a great effect on these
meteorological parameters. Chemical reactions also depend on ambient
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weather conditions because they are influenced by short-wave radiation, air
temperature and humidity [23]. In most of the industrialised world urban air
pollution is now monitored routinely. Since 1974 World Health Organization
(WHO) and the United Nations Environment Programme (UNEP) have,
within the Global Environment Monitoring System (GEMS), collaborated
on a project to monitor urban air quality, the so-called GEMS/AIR [23].
Concentrations of air pollutants by country are also reported yearly by the
OECD at [24]. Megacities often contain high concentrations of ozone (O3),
sulphur dioxide (SO3), nitric oxide (NO) and nitrogen dioxide (NOg), the
sum of which is known as nitrogen oxides (NOx); carbon monoxide (CO),
hydrocarbons (HC) and particulate matter (PM). PM is often reported as
mass concentration in the total suspended particulates (TSP), PM;p, and
PMs 5(particles with aerodynamic diameters of less than 40, 10, and 2.5 um,
respectively). The major PM chemical components are sulphate (SOy4), nitrate
(NO3), ammonium (NH,4) and organic carbon (OC), element carbon and soil
(a weighted sum of mineral elements) [25]. High TSP and SO concentrations
are reported mostly in Asian cities. Gurjar et al. [26] carried out a study of
health risks in megacities based on terms of mortality and morbidity (hospital
admissions) due to air pollution focusing on SO2, NO2 and total suspended
particles. Results suggested that some megacities like Los Angeles, New York,
Osaka Kobe, Sao Paulo and Tokyo have low mortality from these pollutants.
In contrast, the approximate numbers of cases is highest in cities characterized
by a very high concentration of total TSP like Karachi, Dhaka and Beijing
among others. According to the WHO, exposure to air pollutants can affect
human health in various ways, leading to increased mortality and morbidity.
Today, air pollution is the largest environmental risk factor in the world. High
number of air pollutants are associated with significant excess mortality or
morbidity, including NOx, ozone, carbon monoxide and sulphur dioxides and
PMgy 5. Those pollutants have been most closely studied and are commonly
used as proxy indicator of exposure to air pollution more generally. Evidence
from epidemiological and toxicological studies on the effects of transport-
related air pollution on health has increased substantially, although it is
only a fraction of the total evidence on the effects of urban air pollution
on health. A review of this evidence can be found at the WHO report of
the Regional Office for Europe [27]. Based on the proven genotoxicity of its
constituents, diesel exhaust has been judged as mutagenic and carcinogenic to
humans by the World Health Organization. In June 2012, the International
Agency for Research on Cancer (IARC) classified diesel engine exhaust gas as a
group 1 carcinogen to humans [28], predominantly based upon epidemiological
studies [29],[30] supported by a large number of experimental studies [31],[32].
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These studies indicated that transport-related air pollution affects a number
of health outcomes, including mortality, non-allergic respiratory morbidity,
allergic illness and symptoms (such as asthma), cardiovascular morbidity,
cancer, birth outcomes and male fertility. Transport-related air pollution
increases the risk of death, particularly from cardiopulmonary causes, and
of non-allergic respiratory symptoms and disease. Experimental research
indicates that the effects are linked to changes in the formation of reactive
oxygen species (ROS), changes in antioxidant defence, and increased non-
allergic inflammation. While laboratory studies indicate that transport-related
air pollution may increase the risk of developing an allergy and can exacerbate
symptoms, particularly in susceptible subgroups, the evidence from population
studies that supports this conclusion is inconsistent. Though only a few
studies have been conducted, a significant increase in the risk of heart attack
(myocardial infarction) following exposure to transport-related air pollution
has been reported. Other studies and the experimental evidence indicate
changes in autonomic nervous system regulation and increased inflammatory
responses, as a result of exposure. A few studies suggest an increased incidence
of lung cancer in people exposed to transport-related air pollution for a long
time. An elevated incidence of cancer in children with high or prolonged
exposure to air pollution cannot be excluded, though the supporting evidence
is less consistent than that for adults.

In this section a summary of health studies of transport related air pollution is
shown in population and experimental studies by pollutant and health impact.
According to the WHO handbook [27], 4 different degrees of evidence are
considered:

e Strong evidence: demonstrated by studies that are interpreted as
showing a dose-related increase of pathologies.

e Some evidence: demonstrated by studies that are interpreted as showing
a related increased incidence. The strength of the response is less than
that required for clear evidence.

e Equivocal: demonstrated by studies that are interpreted as showing a
marginal increase.

e No evidence: demonstrated by studies that are interpreted as showing
no related increased incidence.

A substantial part of current knowledge about the health effects of transport-
related air pollution comes from cross-sectional or cohort studies, in which
exposure to indicators of transport-related air pollution were measured,



2.1. Air pollution 13

modelled or assessed by questionnaire, or indirect indicators of transport-
related air pollution (such as distance to nearest street or traffic count) were
used. Because long-term epidemiological studies were often started for reasons
other than assessing the effects of air pollution or its transport-related portion,
they are not designed optimally for contrasts in exposure and for end-point and
confounder information. Some studies were designed to achieve a contrast in
exposure to transport-related air pollution. It’s therefore likely that differences
in health between study subjects can be attributed to differences in this
exposure. Although such studies address the issue of the role of road traffic
better than time-series and panel studies, they have other limitations.
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Health outcome Population studies Experimental studies
Pollutant Evidence || Pollutant Evidence
Black smoke | Some - -
Mortality Ozone Some
PM2.5 Some
Black smoke | Some CAPs Strong
Resplratory Ozone Some Ozone Strong
diseases Nitrogen Nitrogen
(non-allergic) dioxide Some dioxide Strong
VOCs Some Diesel Strong
Ozone Some PM Strong
Respiratory Nitrogen
diseases dioxide Some CAPs Some
(allergic) VOCs Some Diesel Strong
Nitrogen
dioxide Some
Cardiovascular
. Black smoke | Some CAPs Some
diseases
Nitrogen
Cancer dioxide Some VOCs Some
Diesel Some Diesel Some
exhaust gas exhaust gas
Nitrogen . Diesel
dioxide Equivocal exhaust gas Some
Reproductive Carbon .
. Equivocal
outcomes monoxide
Sulfur .
dioxide Equivocal
PM Equivocal

Table 2.2: Health outcomes by pollutant in population and experimental studies.
CAPs are a set of air pollutants that cause smog and acid rain. VOC are volatile
organic compounds.
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2.2 Pollutants formation

Despite CO9 and HsO are the main combustion products, several and
harmful chemical species are formed during a combustion process. Around
80% (in volume) of the composition of diesel and gasoline fuels are saturated
hydrocarbons. In Eq. (2.1) typical reaction process of an alkane is depicted.
Depending on combustion conditions such as air to fuel ratio, temperature,
pressure and oxygen concentration some of the pollutants may be increased
and others reduced.

CHyeyo + Oy —= HyO + CO, + CO + CHy + ) HxCy + NOx + C
(2.1)
Owing to the stratified combustion of direct injection diesel engines, pollutant
emissions, mainly NOx and PM, are high in comparison to homogeneous
combustion of spark ignition engines [33].

2.2.1 Nitrogen oxides

Most of emitted NOx by combustion sources is NO, and only a small
fraction (typically 5% or less) appears as NOs. A detailed analysis of the NO
formation in combustion process can be found at [34]. NO is formed by three
independent mechanisms: thermal NO, owing to the fixation of molecular
nitrogen by oxygen atoms produced at high temperatures, prompt NO, driven
by the attack of hydrocarbon free radicals on molecular nitrogen producing
NO precursors and intermediate NoO mechanism. The kinetics involved in
these NO formation mechanisms are generally rate limiting. Concentrations
of NO measured in hot combustion gases are typically orders of magnitude
less than equilibrium concentrations at hot gas temperatures. Conversely, NO
levels are effectively frozen as the combustion gases are cooled, resulting in flue
gas concentrations which are much greater than equilibrium concentrations at
low temperatures.

Thermal mechanism was proposed by Zeldovich in 1944. NO is caused by the
oxidation of Ny in presence of oxygen.

The oxidation requires high levels of energy due to the triple bond of the
nitrogen molecule. In Eq. (2.3) the two reaction steps are shown.

Ny + O <= NO + N

(2.3)
N+ 0, ~— NO + O
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The first step is rate-limiting and has a very high activation energy (75
kcal/mol).  This high activation energy implies that high temperatures
are required for significant NO formation, hence the designation ”thermal
NO”. The Zeldovich mechanism is frequently extended to more accurately
description of thermal NO formation under fuel-rich conditions and near
stoichiometric conditions by including a third reaction step. This added
reaction was proposed by Lavoie et al. [35]. Nitrogen atoms from the first
step of Eq. (2.3) are oxidized in presence of OH free radicals.

N+ OH < NO + H (2.4)

Nevertheless, it was observed that at the flame boundaries, in enriched fuel
conditions, NO concentrations were higher than the thermal NO predictions.
Fenimore [36] proposed a mechanism based on the role that hydrocarbons
play on the formation of nitrogen radicals. The mechanism is a three steps
reaction where eventually, nitrogen radicals are converted to NO by means of
the Eq. (2.4). This mechanism is known as prompt-NO.

CH + 2N <= HCN + N
C+2N <> CON + N
CH, + N, <= HCN + NH
CH, + Ny == Hy + CN + N

(2.5)

Finally, the intermediate NoO mechanism is important in low temperature
combustion, where temperature is lower than 1500 K, and in high air to fuel
ratio conditions, where relative Air to Fuel Ratio (AFR) is higher than 1.25
[37]. Lavoie et al. [35] proposed the following mechanism that involves three
N5O reactions:

N,O + O =— NO + NO

N,O + H <— N, + OH

2.2.2 Hydrocarbons

Emissions of HC are mainly produced by incomplete combustion of
hydrocarbon fuel. Essential components of unburned hydrocarbons are
aromatics (benzene, toluene, ethyl benzene), olefins (e.g.propane, ethylene),
acetylene and paraffins (e.g. methane). Unburned hydrocarbons will remain
only in those areas where the flame does not propagate such as gaps close to
the cylinder head gasket, piston top land, piston rings and spark plugs. HC
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emissions are also formed due to the quench effect, misfire as well as due to
the detachment of lubricating film [38].

Regarding diesel engines, since the air—fuel mixture is not an homogeneous
mixture, extremely high excess-air ratios are present in certain zones during
the diesel combustion process. The higher the air/fuel ratio, the lower is the
local temperature. This means that chemical reactions proceed fairly slowly
or may even ‘freeze-up’, thus leading to increased HC emissions. Concerning
spark ignition engines, HC is significantly present in fuel-rich combustion
products, and in high-temperature burned gases. HC emissions are very
sensitive to the air-fuel ratio.

2.2.3 Carbon monoxide

CO is an intermediate compound in the hydrocarbon oxidation. CO
emissions are highly dependent on air to fuel ratio. At enriched fuel conditions,
CO emissions rise [37]. Maximum CO is generated when an engine runs rich,
such as when starting or accelerating under load. Even when the intake air-fuel
mixture is stoichiometric or lean, some CO will be generated. Poor mixing,
local rich regions, and incomplete combustion will create some CO. All the
reasons mentioned before for HC formation also apply for CO. But that does
not mean that if HC increases CO emissions also rise, because the amount
of dissociated COy can decrease owing to lower combustion temperature,
reducing the total CO emissions [39)].

2.3 Road emissions regulation

Regarding the health risk that road pollutant emissions entail to
population, several emissions regulations have been enforced by governments
over time. The first worldwide road emission regulation was promoted by the
state of California, USA. Congress passed the landmark Clean Air Act in 1970
and gave the newly-formed EPA the legal authority to regulate pollution from
cars and other forms of transportation. EPA and the State of California have
led the national effort to reduce vehicle pollution by adopting increasingly
stringent standards [40]. In 1992, EPA established standards setting emission
limits for CO at cold temperatures for the first time. Vehicle exhaust emissions
are inherently rather variable, and so the best way to ensure that an emission
test is reproducible is to perform it under standardised laboratory conditions.
The procedures for the collection and analysis of the pollutants are specified
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in detail in the legislation [41]. Light-duty vehicles are tested using a power-
absorbing chassis dynamometer, whereas heavy-duty engines are operated on
a test bed. A driving cycle is therefore a fixed schedule of vehicle operation
which allows an emission test to be conducted under reproducible conditions
[42]. Driving cycles are usually defined in terms of vehicle speed and gear
selection as a function of time. A trained driver is employed to follow the
driving cycle on the chassis dynamometer, and a ‘driver’s aid’ is provided to
ensure that the driven cycle is as close as possible, within stated tolerances,
to the defined cycle. Emission levels are dependent upon many parameters,
including vehicle-related factors such as model, size, fuel type, technology level
and mileage, and operational factors such as speed, acceleration, gear selection
and road gradient. Not surprisingly, therefore, different driving cycles have
been developed for different types of vehicle such as cars, vans, trucks, buses
and motorcycles. It is also useful to note that driving cycles may be used for a
variety of purposes other than emissions measurement, such as testing engine
or drive train durability, and may be used on a test track rather than in the
laboratory. Depending on the character of speed and engine load changes,
cycles can be broadly divided into ‘steady state’ cycles and ‘transient’ cycles.
US Federal and California regulation defines four different driving cycles to
test engine emissions:

e The city driving cycle (also known as FTP-75).

— 1874 s. of duration.
— 17.77 km length.
— 32.2 km/h of average speed.

— 91.2 km/h of maximum speed.
e The highway driving cycle (also known as Highway Fuel Economy Test).

— 765 s. of duration.
— 16.5 km length.
— 77.7 km/h of average speed.

— 96.4 km/h of maximum speed.
e SCO03 air conditioning driving cycle.

— 598 s. of duration.
— 5.76 km length.
— 34.9 km/h of average speed.
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— 88 km/h of maximum speed.
e US06 high speed/high load cycle.

— 596 s. of duration.
12.86 km length.

77.2 km/h of average speed.

— 129 km/h of maximum speed.

The European Union, in comparison, started to regulate vehicle emissions a
bit later. The initial drivers for legislation in 1970 were objectives related
to vehicle safety and a coherent internal market rather than environmental
objectives. Responses to the oil crisis of the 70s tended to focus on the
introduction of fuel taxes of varying intensity at Member State level in
order to reduce consumption pressures, rather than the adoption of efficiency
standards. It was not until 1992 that legislation (the “Euro 1”7 requirements)
was passed to set limits for nitrogen oxides emissions (NOx) and tackle
acidification and other air quality issues. In effect, tighter limits meant that
three-way catalytic converters were eventually required in new petrol cars from
the early 1990. A broaden study comparing emissions standards between US
and EU was carried out in 2016 by the policy department A: Economic and
Scientific Policy [43]. In terms of the level of emission limits relating to air
quality, EU emission limits are on average less stringent than those in the US.
Within the US, however, two sets of emission limits apply depending on the
State concerned, with stricter limits applying in California and a dozen US
states which have chosen to follow Californian standards. When it comes
to the control of greenhouse gas emissions, it is the EU that has stricter
standards (in addition to generally higher fuel taxes in EU Member States
than in the US). Regarding European test driving cycles, in 1970 the ECE-
15, also known as UDC, was launched. The cycle represented the typical
driving pattern of European cities, and is characterized by low engine load,
low exhaust gas temperature, and low vehicle speed. In 1990, the Extra-
Urban Driving Cycle (EUDC) was introduced [44]. The combination of the
ECE-15 and the EUDC leaded to the MVEG-A test cycle, which is composed
by four ECE-15 repetitions and one EUDC at the end of the cycle. In 2000,
cold start emissions measurement were included in the driving test leading
to the New European Driving Cycle (NEDC) [45], also known as MVEG-B.
Previous MVEG-A procedure allowed an initial idling period where emissions
weren’t sampled for the first 40 s. Nowadays, NEDC procedure has been
replaced by the Worldwide harmonized Light vehicles Test Cycle (WLTC).



20 2. Introduction

The WLTC differs from the NEDC in the intense transient conditions of the
driving pattern. Driving features by cycle are:

e ECE-15:

195 s. of duration.
1 km length.

25.93 km/h of average speed.

— 50 km/h of maximum speed.
e NEDC:

— 1180 s. of duration.
— 10.9 km length.
— 43.1 km/h of average speed.

— 120 km/h of maximum speed.

e WLTC:

1800 s. of duration.
23.25 km length.
53.76 km/h of average speed.

— 131.3 km/h of maximum speed.

In addition to the driving cycles procedures, European regulation includes
on road pollutant emission measurement, by means of Portable Emissions
Measurement Systems (PEMS), known as Real Driving Emissions testing.
Under this type approval, vehicles are not tested on rolling test bed but in
real outdoors routes. A wide range of engine loads, vehicle speeds and ambient
temperature and pressure differences have to be meet by a real driving route.
Currently, there is a conformity factor between the driving cycle emissions and
the RDE that carmakers have to comply. This factor will be more stringent
with time.

As engine technology improves, pollutant reduction is accomplished. Stringent
future pollutant regulations are expected in the mid term future. Fig. 2.4
depicts the EU emissions regulation timeline since 2013 to 2023. In september
2017 the WLTC procedure replaced the NEDC. Nevertheless, CO5 targets
that car manufacturers have to meet are still based on the old NEDC test.
For checking the compliance of new vehicles the WLTP-CO4 values will be
translated back to NEDC-equivalent values to monitor compliance against
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the COq targets set by the European Union. By correlation analysis, the
Furopean Commission determine how the values for new cars measured on the
WLTP cycle will be translated back to NEDC equivalent values for monitoring
against the EU COq targets [46]. These correlated NEDC values will either be
calculated using a correlation simulation tool or based on the results of physical
NEDC tests. By 2020 CO5 compliance will be based on WLTC procedures.
In addition to driving cycles test procedure, EU commission approved the
application of Real Driving Emissions testing type approval since 2017.
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Figure 2.4: EU emission regulation time line.

In Fig. 2.5 the evolution of HSDI engines, since 1974 until 2004, with the
achieved emissions goals are depicted [47]. USA regulations evolution has
been included in the figure as they are previous to European standards and
in general more restrictive. Both gasoline and diesel engines have to achieve
the same pollutant goals. Oxidative catalytic converter is not included in the
chart as it was already mandatory in 1975. Figure pollutant milestones are
focussed on both PM and NOx reduction. Since roughly 2000 until today,
aftertreatment systems such as Diesel Particulate Filter (DPF), Lean NOx
Trap (LNT) and the recent Selective Catalytic Reduction (SCR) technology
have been necessary to fullfill both USA and EU standards. The evolution of
those technologies is not included in the figure.
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Figure 2.5: Evolution of diesel engines technology and pollutant reduction
achivements. IMT: Intake Manifold Temperature. CR: Compression Ratio. HRR:
Heat Release Rate.
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3.1 Introduction

In this chapter the experimental facility, the engine layout and the
laboratory measurement devices are described. Test procedure and analytic
tools needed for data analysis are explained too. Finally error propagation
from exhaust gas sampling uncertainty is analysed for EGR and exhaust mass
flow calculation.

3.2 Engine description

Experiments with two in line 4 cylinders, turbocharged HSDI diesel engines
were conducted. The main features of both engines are depicted in Table 3.1.
Engine 1 is a DW10C PSA Euro 5. Engine 2 is a ROM Euro 6 engine.

Table 3.1: Engine specifications

Feature Engine 1 Engine 2
Cylinder number In-line 4 In-line 4
Bore x stroke (mm) 80x79.5 85x88
Displacement (cm3) 1598 1997
Compression ratio 154 17.6
Maximum power (kW /rpm) 96,/4000 120/3750
Maximum torque (Nm/rpm) 320/1750 340/2000
Torque at maximum power (Nm) 315 300
Specific power (kW /1) 60.86 81.5

Valve number 16 16
Valvetrain Double cam shaft over head
Fuel delivery system Common rail. Direct injection
EGR system HP and LP cooled EGR
Intake boosting Turbocharger with VGT
Intake cooling system Water charge air cooler (WCAC)

Both engines are equipped with aftertreatments systems that include a
DOC and DPF. Engine 1 has been used for experimental characterization
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of the current automotive technology operating at low ambient temperature
using the original calibration and engine architecture of the carmaker. Engine
1 outcomes are analysed in Chapter 4, where raw emissions are sampled,
and Chapter 5, where DOC performance is studied at low temperatures.
All novelties, engine (EGR) calibration and thermal systems hardware and
software, for emissions reduction were applied in the engine 2. Results are
shown in Chapter 6. Concerning the engine 2, the intake manifold is a cutting
edge design where the classic intercooler has been replaced by a water/air
heat exchanger, known as Water Charge Air Cooler (WCAC), that is joined
to a short intake manifold. High pressure exhaust gas recirculation (HP EGR)
duct connects at one side of this short manifold and mixes the exhaust gases
with the fresh air trying to avoid HP EGR dispersion between cylinders. A
deeper description of the system can be found at [48]. The result is a compact
Air Intake Module (AIM) in which lengths are reduced and therefore time
response under transient operation points too. Replacing the intercooler by a
WCAC allows the application of several thermal management systems, where
WCAC coolant works as a heat recovery fluid [49]. Fig. 3.1 shows a drawing
of the AIM. Engine on board measurement devices, such as common rail

WCAC

Figure 3.1: Air intake module

pressure sensor, coolant thermoresistances and lambda sensor, were recorded
by INCA software through ETAS hardware for ECU handling. The main use
of these variables was to ensure the repetitiveness of the performed tests in
order to detect anomalies during test performing. In addition, special access to
ECU settings allowed the calibration modification in engine 2 where thermal
management novelties were applied.
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3.3 Test cell

Ambient temperature controlled tests were carried out in a climatic
chamber. Temperature sensitive devices such as gas sampling analysis and
fuel balance were placed outdoors at constant temperature of 20 °C. Engine
coolant and oil were cooled at the climatic chamber. Fuel was cooled down
by a heat exchanger using a ethylene glycol flow coming from a vessel of
1 m? placed in the test cell. Engine speed and torque were controlled
by an electrical dynamometer at both steady and transient conditions.
Section 3.5 digs on how NEDC and WLTC driving cycles are performed by
the dynamometer. The engine is controlled in the test bench by using an
interface developed by Horiba called STARS that communicates the engine
dynamometer control management with the engine pedal sensor and actuator.
Electrical dynamometer torque and speed and pedal position are set by a PID
controller working in closed loop. Vehicle speed is converted into an engine
speed target knowing the gear ratio of the simulated vehicle. Following, engine
torque is set by means of the electrical dynamomenter load that takes into
account the tire-road friction, powertrain transmission losses, aerodynamic
drag and vehicle mass. As torque varies, engine speed is modified leading the
pedal position actuator to work for reaching the target engine speed.

In addition to on board engine measurement devices, several measurements
were connected to the engine. All laboratory measurements devices were
sampled at 10 Hz and handled by a PLC.

The fuel measurement system employed in this research work was an AVL
733S fuel balance. Fuel mass flow measure is based on the principle of
gravimetric measurement. The amount of fuel consumption is determined
directly by measuring the time related weight decrease of the measuring vessel
by means of a capacitive sensor. The fuel consumption is determined using
an appropriate weighing vessel linked by a bending beam to a capacitive
displacement sensor. Due to the fact that the weighting vessel has to be refilled
for each measurement this is a discontinuous measurement principle. The mass
of fuel consumed is therefore determined gravimetrically, which means that the
density does not have to be determined in addition. The fuel consumption can
thus be determined with and uncertainty of 0.12%. The built-in calibration
unit is standard scope of supply and allows calibration and accuracy check
according to ISO 9001 which helps to reduce downtimes. The operation of
this system is automatically performed by STARS software, controlling the
filling of the volume used to measure the fuel mass flowing into the engine.
The accuracy and specifications of the fuel balance are presented in Table 3.2
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Table 3.2: Fuel balance features

Characteristics Units | Value
Measuring range keg/h | 0 to 150
Vessel capacity g 1800
Measurement uncertainty | % 0.12
Ambient temperature °C 0 to 60
Fuel temperature °C -10 to 70
Max. fuel supply flow keg/h | 100

Regarding air mass flow measurement, an ABB Sensy flow FMT700-P
meter was used to measure the air mass flow that goes into the engine.
Measurement physical principle relies on hot-film anemometry. The heated
platinum film resistor is maintained at a constant overtemperature in relation
to an unheated platinum sensor inside the gas flow. The heating power
required for maintaining the overtemperature depends directly on the flow
rate and the material properties of the gas. With a known, and constant, gas
composition the mass-flow can be determined by electronically evaluating the
heater current/mass-flow curve without additional pressure and temperature
compensation. This sensy flow has a measure uncertainty of less than 1% of
the measured value and a time response less than 12 ms, which suits perfectly
to perform transient tests such as driving cycles.

Intake, exhaust gas, coolant and fuel temperatures among others were
measured by type K thermocouples. With a range of temperature that goes
from -270 to 1260 °C and a uncertainty of 0.75% for temperatures above
zero and 2.2% for sub-zero temperature measurement. K-thermocouples
are the most popular and suitable thermometry devices for temperature
measurement on engine research. Like temperature, pressure measurement
in the aforementioned locations are needed. Average pressure sensors PME
transmitter P40, with a measure uncertainty of 0.3%, were used. Engine
speed was measured using a Kistler crank-angle encoder type 2613A with an
uncertainty of 0.006%. Engine torque was measured by the SHENCK DYNAS
dynamometer with an uncertainty of 0.1%.

Concerning pollutant emissions, Horiba 7100, MEXA-ONE and OBS-ONE
gas analysers were used. All measurements were obtained in volumetric
concentration, so emissions rates have to be calculated by means of the total
gas mass flow. Humidity correction coefficient has to be applied to raw data
in case of 7100 and MEXA-ONE as measurement is done in dry conditions.
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In case of OBS-ONE no correction is required as measurement is done in
wet conditions. Gas sampling devices comprises several optical techniques
for chemical analysis. In the following lines the main features and physical
principles of the gas sampling techniques are described. More details about
gas analysers operation can be found at [50]. CO and COj concentration
is obtained by means of Non Dispersive Infrared (NDIR) spectroscopy.
The physical principle in what this technique relies is know as absorption
spectroscopy. Beams coming from an infrared source are directed to a sampling
gas. According to Beer-Lambert’s law the ratio between the transmitted
and the incident radiation intensity, known as transmittance, depends on the
concentrations of the attenuating species in the material sample. Gas radiation
absorbance is governed by a frequency depending absorbance coefficient
specific for each chemical compound. Spectra features intensity, obtained by
the Beer-Lambert’s law, at constant pressure, temperature and absorption
length (i.e the path length of the beam of light through the material sample)
are proportional to the concentration compound. Knowing this relation,
molar concentration by chemical compound can be inferred by comparing the
measured features with previous calibrated conditions of the same compounds
where molar concentration is known. By means of the CO2 measure at
the engine intake and the exhaust manifold the recirculated exhaust gases
rate (EGR) is calculated. EGR is one of the most popular techniques to
reduce NOx emissions in diesel engines. By EGR enabling, in cylinder oxygen
concentration is diluted and combustion rate is reduced driving to lower peak
combustion temperature that eventually causes lower NOx formation [51],
[52] and [53]. EGR is defined as the ratio between the recirculated mass
flow and the total intake mass flow rate. By applying the species continuity
conservation equation between the intake and the exhaust manifold the EGR
can be obtained in terms of the COy concentration. EGR may be calculated
from any chemical specie e.g CO, O2, NOx. But, as COz is the main chemical
specie released as combustion product, its measurement is more reliable than
other species whose concentrations remain hundred of times lower. In addition,
the definition of EGR based on CO2 may be applied at any combustion
condition, as CO» is always produced no matter the type of combustion e.g
SI, CI. The following EGR definition considers equal the molecular mass for
both fresh air and exhaust gases. An exhaustive study of the influence on
considering both molecular mass different was carried out by Vera Garcia [54].
By considering the same air and exhaust gas molecular mass the maximum
error was below 0.3%

mEGR [C02m] - [COQamb]
EGR = — - = 3.1
Mair + MEGR [Co2exh] - [COQamb] ( )
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where in and exh refers to the CO5 measured at the intake and exhaust
manifold respectively and amb is the ambient COs.

Regarding hydrocarbons, Flame Ionization Detection (FID) technique is
applied to the exhaust stream. FID uses the phenomenon that HC combustion
in a hydrogen flame generates HC ions. The FID response is in approximate
proportion to the number of carbon atoms contained in the sample. The
FID method is commonly used for measuring HC contained in the engine
exhaust gas as Total Hydrocarbon (HC) in ppmC units Fig. 3.2. shows the
configuration of an FID.

Collector

[ Amplifier

Air combustion stream

Burner

Sample gas

Fuel gas (40% H,/He)

Figure 3.2: FID details

The hydrogen-based flame is formed at a burner nozzle by supplying fuel
gas (Hg, or a mixture of Hy and an inert gas such as He or Ny) and combustion
air. The sample gas is introduced into the hydrogen flame with the fuel gas,
where HCs in the sample gas are ionized. An electric potential is applied
across the nozzle to the collector electrode surrounding the nozzle; therefore,
an electric current is generated between the nozzle and the electrode due to
HC ions in the flame. This ion current is nearly proportional to the amount of
carbon introduced into the flame as HCs; hence, the HC concentration can be
known as " THC” in ”"ppmC” units. The sensitivity of FID depends on each HC
component. In engine exhaust gas measurement, the FID sensitivity for each
HC is represented by a response factor that indicates the relative sensitivity
compared to propane used as calibration gas. Generally, the FID has lower
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sensitivity to oxygenated HC components such as methanol. The FID response
factor can also be influenced by detector structure and sample condition (e.g.,
detector temperature and gas flow rate at the detector).The FID sensitivity
depends not only on the concentration and type of HC in the sample gas but
also on the flow rates of the combustion air and fuel gas. The FID shows
negligible interference form inorganic components such as CO,CO2, HoO and
NO.

Concerning nitrogen oxides, Chemiluminescence Detection (CLD) technique
is used for NO and NO; measurement. Chemiluminescence detection address
any reaction that involves light emission. A simplified schema of a NO detector
using the CLD is shown in Fig. 3.3.

Ozone Exhaust
—_— —_—

Amplifier

| S

Reactor

’ Output signal
PhotoDiode

Sample gas

Figure 3.3: Chemiluminiscent detector schematic

In the reactor, the NO sampling gas is oxidized to NOs by ozone (Os3),
which is also introduced into the reactor. This reaction produces a small
fraction (approx. 10%) of excited NOS. As this excited NO$ decays to its
ground state, excitation energy is emitted as photons. Eq. (3.2) displays this
reaction.

NO + O3 — NOj + O,
NO5 — NO, + hv

The intensity of luminescence is proportional to the amount of NO reacted
with Oj therefore, detecting the luminescence intensity with a photoelectric
element provides the NO concentration in the sample gas. The CLD can be
used to measure NOx as well as NO. In this case, a converting unit (NOx
converter) packed with a carbon-based material is located before the detector

(3.2)
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to convert NOg into NO. NOs in the sample gas is deoxidized by reacting with
carbon in the NOx converted, as is shown in the following reactions:

NO, + C — NO + CO

(3.3)

The output of a CLD with a NOx converter provides total concentration of
NO and NO; which is NOy. The NOsy concentration also can be obtained
by subtracting the NO concentration from the NOx concentration, if two
analysers, one for NO and one for NOx are used.

Finally, Oxygen concentration at the exhaust is measured by a Magnetopneu-
matic Detector (MPD) which working principle relies on oxygen ParaMagnetic
Detection (PMD). MPD is based on magnetics susceptibility of an oxygen
carrier sampling gas. Current flows through an electromagnet creating
an alternating magnetic field, between magnetic poles. When the sample
gas is introduced in the magnetic field, components with high magnetic
susceptibility, such as Os, are drawn toward the magnet pole. Consequently,
the pressure near the magnetic pole rises in relation to the concentration of
drawn components, mainly Oz in the case of a diesel engine exhaust gas.
Non-uniform oxygen concentration entails a pressure difference that causes a
mechanical displacement of a dumb-bell pressure sensor. Measurement of all
aforementioned chemical compounds is needed for accomplish this work. In
Table 3.3 the sample location, the experimental technique and the purpose of
carrying out the measurement by chemical compound is shown.
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Table 3.3: Measured chemical compounds
Specie | Technique | Sampling point Aim
PRE and POST Pollutant emissions and
THC | FID Aftertreatment DOC performance analysis
PRE and POST Pollutant emissions and
€O NDIR Aftertreatment DOC performance analysis
PRE and POST Pollutant emissions and
NOx CLD Aftertreatment DOC performance analysis
PRE and POST .
Oy MPD Aftertreatment DOC performance analysis
Recovery enegy analysis
H-O NDIR PRE and POST of exhaust water
LP EGR cooler
vapor latent enthalpy
COq NDIR PRE. Aftertreatglent EGR rate calculation
and intake manifold

Sensor locations are displayed in the engine setup layout presented in
Fig. 3.4. All sampling gas lines are heated by electrical resistors to avoid in-
line condensation. Pressure and temperature probes are placed at the centre
of pipes and tubes where sensors are located. Air flow meter inlet air is
previously filtered to remove any presence of ambient dust or dirt. In some
tests WCAC cooling lines are connected to a glycol vessel (not depicted in
Fig. 3.4) to control the WCAC coolant temperature. In this thesis LP EGR
cooler is also used as an Exhaust Gas Heat Recovery (EGHR) system in some
low temperature tests. For this reason the heat exchanger is named as LP
EGR/EGHR in the figure.
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GAS ANALYZERS

AFTERTREATMENT NOx, HC, €O, CO,, O, E

-

AIR FLOW METER

co,

Temperature sensor

QP Pressure sensor

Figure 3.4: Engine layout

3.4 Thermal management solutions description

Two different thermal management configurations were tested in the test
cell. The first one, named as engine cooling management layout, is based
on the engine coolant flow management for avoiding overcooling during cold
starts, specially at low ambient temperatures. The second lays on the exhaust
gas heat recovery (EGHR) by means of a modified LP EGR cooler. Comparing
both systems, the thermal management approaches are very different. On one
hand, the engine cooling management is aimed to temperature increase by
reducing heat transfer losses between the gas flow and the coolant flows. On
the other hand, the EGHR system is aimed to intake temperature heating
by means of two heat exchangers, one placed at the exhaust line and the
other at the intake manifold. Intake air heating focusses on initial combustion
conditions enhancement by increasing the initial reaction temperature.

3.4.1 Engine coolant management layout

The engine coolant management layout is depicted in Fig. 3.5. Coolant flow
is managed by means of an electric valve. Four different coolant regulation
strategies can be set depending on the electric valve position:
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Radiator cooling down: enabled when engine coolant temperature
reaches 80 °C.

Radiator bypass: enabled when engine coolant flow is recirculated.

Microflow: very low coolant flow is performed for cooling down EGR.

e 0 flow: no coolant flows through the engine.

0 flow configuration requires an additional electric pump for avoiding EGR
coolers overheating. Regardless the tested thermal layout, once high loads are
performed, e.g EUDC of the NEDC, the thermal strategy is switched to the
radiator bypass for avoiding engine coolant overheating. In case of coolant
temperature reaches 80 °C, radiator cooling position is enabled for removing
the engine heat surplus.

Electrical water pump

®

Water flow meter

2
N4

LP EGR Cooler HP EGR Cooler

A
Microflow
Engine block THERMAL
l MANAGEMENT VALVE
O O OO @
@ Mechanical water
um
pump By-pass v

Radiator

=

Figure 3.5: Engine coolant thermal management layout. Coloured arrows show the
coolant flow directions. Red: radiator flow. Blue: bypass flow. Green: microflow.
Gray: common flow of all strategies with the exception of 0 flow.
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Coloured arrows show the coolant flow direction. Flow in red arrow is only
enabled when heatsurplus removing is needed. Green arrow represents the
microflow system, where low coolant flow is passed thought the EGR coolers.
Blue arrow represents the bypass strategy, the most popular automotive layout
of today for engine coolant management at cold conditions, where engine
coolant is recirculated. Gray coloured arrow shows the common coolant flow
path of the three aforementioned systems. Finally, no arrow is depicted in
case of 0 flow layout. When 0 flow strategy is performed an additional
coolant circuit is needed for cooling down recirculated exhaust gases. The
extra EGR coolant flow is supplied by an electrical pump. In Section 6.3 the
influence of the engine coolant management systems on engine emissions and
fuel consumption is analysed running in NEDC at low ambient temperature.

3.4.2 Exhaust Gas Heat Recovery and WOCAC coolant
management layout

EGHR system is based on exhaust waste heat recovery by means of a
coolant flow for intake air heating. The aim of intake heating is the increase
of the initial combustion reactiveness by rising in cylinder gas temperature.
The EGHR coolant layout is depicted in Fig. 3.6. Exhaust heat exchanger
is denoted as EGHR/LP cooler as it works as both exhaust heat recovery
exchanger and LP EGR cooler depending on the intake air temperature. When
no heat recovery is needed, a bypass placed at the EGHR heat exchanger opens
releasing the exhaust gas outdoors. Exhaust bypass is depicted in Fig. 3.4.
Both, intake and exhaust heat exchangers work in counterflow. The intake air
heat exchanger is known as Water Charge Air Cooler (WCAC). A WCAC is a
liquid-gas heat exchanger placed downstream the compressor. Using a WCAC
instead of a intercooler, where intake gas is cooled down by ambient air, shows
several advantages:

e Active cooling regulation may be carried out. Coolant flow can be easily
set by means of the electrical pump control. WCAC coolant management
allows applying thermal strategies that come from the 0 flow, when
engine is running in cold conditions, to the maximum coolant supply,
when high loads and/or high outdoor temperatures are reached.

e The heat capacity of the ethylene glycol and water solution is roughly
3.3 times higher than air. It means that the mass flow rate needed to
remove the intake heat surplus can be lowered in the same proportion.
Therefore, the intake heat exchanger size can be reduced by using a
WCAC.
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On the other hand, the installation of a WCAC requires the installation of
an electrical pump, hydraulic pipes, and an expansion tank for active cooling
performing strategies.

In this work two different thermal layouts based on intake heating by means
of a WCAC are addressed. On one hand, the WCAC 0 flow layout is analysed.
This layout works in similar way as the engine coolant 0 flow. But, in this case
avoiding the intake air cooling down at cold conditions. The WCAC 0 flow
strategy is performed by switching off the WCAC electrical pump. On the
other hand, the EGHR configuration is implemented by the WCAC and the
EGHR heat exchanger. The EGHR requires the installation of an additional
hydraulic circuit that manages the coolant flow between both heat exchangers
by means of a pair of electrovalves. When intake air temperature is low, the
EGHR coolant flow is driven by the WCAC electrical pump. Once the intake
air temperature reaches a threshold, the EGHR heat exchanger switches to
the engine coolant circuit, releasing the recovered heat from the exhaust to
the engine coolant by means of the mechanical engine pump. As warming up
proceeds, the EGHR evolves through different operation modes. In Table 3.5
the EGHR thermal modes that the system evolves are presented. The EGHR
mode control is based on the outlet WCAC coolant temperature. In spite of
the EGHR is aimed to control the intake air temperature, the air temperature
is not used as target variable. The reason behind this decision is the low heat
capacity of intake air. Under transient engine load conditions, compressor
outlet air temperature varies quickly with the engine load. Managing the
EGHR modes switch by means of the air temperature risks the thermal control
as it alternates constantly between two adjacent thermal stages. By setting
the WCAC coolant temperature as the target variable an stable control is
accomplished.

In Fig. 3.6 the EGHR coolant layout is shown. The EGHR system is handled
by two directional control valves, VO and V1, that are commanded by the same
signal. Regarding the WCAC coolant circuit, a proportional valve, denoted as
PO in the diagram, is placed between the bypass and the cooling path. This
kind of control valves allow infinite position between the two edges. By means
of the PO valve a continuous coolant flow control between the bypass and the
WCAC cooler is allowed. This continuous control is crucial for commanding
the thermal regulation mode. Coloured arrows in the layout display the flow
direction depending on the EGHR thermal stage. At cold conditions, when
WCAC coolant outlet temperature is below 35 °C, EGHR coolant flow from
the exhaust heat exchanger to the WCAC. EGHR coolant flow is supplied by
the WCAC electrical pump. EGHR coolant flow is spotted in the figure as red
coloured arrow that comes from the EGHR heat exchanger to the WCAC
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Table 3.5: EGHR system thermal modes. WCAC T. refers to WCAC coolant outlet
temperature.

Thermal mode | Condition Description

- Heat recovered at the
Heating WCAC T. < 35°C EGHR heat exchanger
is directed to the WCAC.

- WCAC coolant bypassed.
Standby 35°C < WCAC T. <€ 40°C | - EGHR connected to the
engine block.

- WCAC coolant partially
bypassed and cooled.

3 [¢] < [¢]
Regulation 40°C <« WCAC T. <€ 45°C EGHR connected to the
engine block.
- WCAC coolant is cooled
down.
Cooling WCAC T. > 45°C - Exhaust bypass is opened.

- EGHR connected to the
engine block.

inlet. 'When WCAC coolant temperature rises 35°C the thermal stage is
switched to the stand by position. During standby, EGHR heat exchanger
stops releasing recovered heat to the WCAC. EGHR coolant is directed to the
coolant engine by means of the VO and V1 activation. EGHR flow direction
to the engine block is depicted as green arrows. Regarding the WCAC, the
PO is commanded to open the bypass port. The coolant flow path is marked
in orange arrows. Once WCAC coolant temperature reaches the threshold of
40 °C, the regulation thermal stage is activated. In this mode, PO controls
the opening of the bypass and the cooler ports. PO manages the mix of both
coolant flows in order to keep the WCAC coolant outlet temperature in the
range of 35 - 40 °C. Finally when WCAC coolant temperature is over 45
°C, PO commands the full opening of the WCAC cooler port, reaching the
cooling stage. In this condition only green and blue coloured flows remain,
the others vanish. In addition, when engine coolant temperature reaches 80
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2C, EGHR heat exchanger bypass, depicted in Fig. 3.4, is opened for heat
surplus removing. In this condition the EGHR heat exchanger becomes a
regular LP EGR cooler, where only the exhaust recirculated gas flow is cooled
down.

Engine

O O O O Water flow meter

EGHR/LP EGR cooler

Water flow meter  =~"" p WCAC by-pass

WCAC cooler

N
“Electrical water
pump

Figure 3.6: EGHR coolant layout. Coloured arrows belong to the different coolant
flows depending on the enabled thermal mode.

3.5 Driving cycles test procedure

In the European Union, type approval emission tests are required by law
for all new light-duty vehicle models and for the engines used in heavy-duty
vehicles. Since 2000 the EU type approval driving cycle has been the NEDC,
a modification of the original MVEG-A, but from 2017 to 2019 the new type
approval Worldwide harmonized Light vehicles Test Cycle (WLTC) is enforced
in law. The new type approval differs from the NEDC in the higher intensity of
transient conditions and the longer cycle duration. In this thesis the effect of
ambient temperature on engine performance is addressed for both NEDC and
WLTC. All engine tests in this thesis are performed at transient conditions of
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NEDC and WLTC cycles in an engine test bench. Tests were performed in
two different engines. In Fig. 3.7 and Fig. 3.8 vehicle speed profiles are shown
for NEDC and WLTC respectively. Driving cycles are one of the main tools
that engineers have to analyse engine performance mainly from the point of
view of efficiency and pollutant emissions. In spite of the current rise of Real
Driving Emissions (RDE) approach on engine analysis, laboratory engine test
bench is still a worth procedure for detecting enhancement and anomalies in
engine performance. The high repeatability of laboratory tests along with the
great availability and accuracy of non portable measurement devices make
test bench approach the most suitable for getting reliable conclusions on the
analysis of new automotive technologies.
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Figure 3.7: NEDC vehicle speed profile
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Figure 3.8: WLTC vehicle speed profile

Driving cycles are performed by means of the electric dynamometer. Speed
and torque are the engine target variables needed to perform the driving cycles.
Both variables are calculated from the vehicle velocity and the gear ratio
defined by the driving cycles and the features of the vehicle. The vehicle model
used for testing was a typical mid-size car from the European market. Engine
speed is calculated from the vehicle speed and gear according to Eq. (3.4).

u

"TTD-Z

(3.4)
where n is the engine speed, u is the vehicle speed, D is car wheel diameter
and Z is the gearbox ratio between the driven and the driving gear. The
engine power demand is calculated at Eq. (3.5) from the increase of vehicle
kinetic energy, the inertia of transmission and carwheel, the loss terms and
the mechanical efficiency of the gearbox.

(w2, — u? 1
P = ( 2 ( t;l t) +1-a+ Proad + Paerodynamic) T (35)

m

where P is the effective dynamometer power, m is the vehicle mass, u the
vehicle speed, t is the time step between two points, I is the combined
momentum inertia term of the powertrain transmission, the gear box and
the carwheel, « is the angular acceleration of the aforementioned components,
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P,oqq is the road friction power loss, Pyerodynamic is the aerodynamic power
loss and 7, is the mechanical efficiency of the gear box. The first term of
the sum represents the increase of kinetic energy of the vehicle. In case of no
velocity variation, the demand of power is only owing to the frictional losses.
Road and aerodynamic friction losses are vehicle speed dependent. Once the
crankshaft power and the engine speed are obtained, the engine torque, N, is

calculated as:
P

:2-7r-n

(3.6)

The output signal of a PID controller handles the engine pedal position for
reaching the target engine speed calculated in Eq. (3.4). For a given gear ratio,
when the dynamometer load toque is increased, i.e in an acceleration,engine
speed goes down. To avoid the speed down the position of the pedal actuator
moves to increase the injected fuel rate. When the engine speed target is
reached the pedal actuator stops running.

After running a driving cycle the DPF is regenerated by applying high engine
loads, with high exhaust temperatures, during half an hour. DPF pressure
difference is monitored to ensure the regeneration is carried out. After the
regeneration, the test cell is cold down for 8 hours.

3.6 Data analysis procedure

In this section the procedure carried out for data analysis is described
in detail. Firstly, pollutant emissions rates calculation is described at
Section 3.6.1, where raw concentration measurements in dry conditions are
converted to flow rates in wet basis. Secondly, experimental test-retest
reliability, also known as experimental repeatability, is analysed in terms
of sampling standard deviation. Process variability is caused by inherent
and random instabilities of a process. In order to detect biased test
outcomes, an outlier detection procedure designed for relatively low amount
of available samples is proposed in Section 3.6.2. Finally, the experimental
uncertainty of measurement devices is analysed for error propagation analysis
in Section 3.6.3.

3.6.1 Pollutant emissions calculation

Once chemical pollutants have been measured by the gas analyser, it is
necessary to process the data to ensure the right time span and avoid the
mismatch between pollutant emissions and the other engine variables such as
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air and fuel mass flow [20]. The existence of a delay in pollutant analysis is due
to two different sources [21]. On one hand, there is an internal delay necessary
to analyse the sample that depends on the type of pollutant. On the other
hand, the distance between the sample point and the gas analyser forces the
existence of a delay defined by the gas velocity and the length of the sample
pipes. The gas speed through the sample pipes is produced by the vacuum
pressure generated by the gas analyser pump, which remains equal during the
whole cycle. Some authors have implemented physical behaviour models [22]
while other authors analyse the delay by correlation methods comparing the
pollutant measurement with other related variables like engine speed and air
mass flow rate [23]. In this study a correlation method is used, based on the
convolution between pollutants and air mass flow signals [24]. Convolution
expresses the amount of overlap between two functions; it is defined as the
integral of the product of two signals when one of these functions is shifted
over the other:

—Q0

(pxrm) = J+oop(t) (t—¢)dr ~ i Di - My (3.7)
i=0

where p and m are the pollutant and air mass flow signals in the time domain.
¢ is the shift variable. The right hand side of the equation is an approximation
of the convolution between functions in case there are finite discrete signals.
p; and m,;_j are expressed in vector notation, where i is any point of the
signal of the n measured points, k works as shift coefficient. The point where
the convolution function is maximum indicates the mismatch delay between
signals that must be corrected to synchronize both measurements.

Mass flow rate emissions are calculated using the pollutant concentrations and
the air and fuel mass flow rate, according to the equation below.

Myonr

. pollutant . *

Mpollutant = M. ' (mai'r + mfuel) : Cpollutant (38)
air

where Mpoutant and My, are the molecular mass of pollutants and air
respectively, g and 1m ¢ are the mass flow of fresh air and fuel respectively
and ;‘Ollut ant 18 the corrected pollutant concentration. Species concentration
that are measured in dry basis have to be corrected in order to take into
account the exhaust gas water vapour content. Pollutant measurements are
corrected according to European Commission Directive 2001/63/EC adapting

to technical progress Directive 97/68/EC [25].
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3.6.2 Test repeatability and experimental uncertainty

In addition to the errors of the measurement devices, engine performance
and boundary test conditions variability affects the result obtained. Beyond
the accuracy of the engine actuators and sensors such as fuel injectors,
variable geometry turbine position control and engine speed encoder among
others, it is observed a variability when the same test is performed several
times. Repeatability is defined at the National Institute of Standards and
Technology (NIST) Guidelines for Evaluating and Expressing as [55]: closeness
of the agreement between the results of successive measurements of the
same measurand carried out under the same conditions of measurement.
Repeatability may be expressed quantitatively in terms of the dispersion
characteristics of the results. Repeatability condition include:

e The same measurement procedure.

e The same observer.

e The same measuring instrument, used under the same conditions.
e The same location.

e Repetition over a short period of time.

A procedure for anomalous results detection was defined to quantify the
natural variability of the process avoiding the presence of exceptions. The
outlier detection methodology is divided in two parts. The first part calculates
the weighted average of the relative error of test variables. The relative error
is weighted by means of the instantaneous variable measurement magnitude.
The mathematical expression is shown below, where the right hand side is the
discrete approximation according to Riemann sum.

R IOREAOLND v IO RE
§o @ (t)dt Py

(3.9)

where Z is the instantaneous measured average variable, fis the instantaneous
average relative error of each variable, both obtained from the mean of several
repetitions of the same test, and n is the number of test measurement points.

B is calculated as follows:

m

_ 1 Jj=m
= —- ' 3.10
=] (3.10)
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Where m is the number of test repetitions by case and « is the instantaneous
relative error of each test repetition defined as:

lzj; — | (3.11)

aj = z
where x is the variable under study at the j test repetition. By merging both
Eq. (3.10) and Eq. (3.11), the Eq. (3.9) can be rewritten as:

6: 7 20 20 (Tig = Ti)
g

The above parameter is a modification of the original definition of the
Symmetric Mean Average Percentage Error (SMAPE) defined by Flores [56].
The ratio shows how high is the dispersion (expressed as an absolute error) of
the whole tests set related to the averaged variable value. Measured variables,
such as pressures, temperatures, fuel mass flow, air mass flow, engine speed
and engine torque show a relative error (€) lower than 5%. The second part
of the outlier detection method focusses on pollutant emissions variability.
Because pollutants emissions variation between test repetitions can be high
compared to the rest of the test variables [57], an additional analysis based on
cumulative emissions instead of instantaneous measurements is applied. The
pollutant mass is calculated at each speed part of the cycles. Pollutants data
spread is analysed by means of boxplots, also known as box and whiskers plots,
where data is divided in quartiles. The threshold to consider a measurement
as an outlier occurs when the distance between the pollutant mass and the
closest quartile is higher than 1.5 times the interquartile range. In addition,
extreme values existence is studied though the comparison of the mean and
median of the data set. In case of adding an anomalous test in a sample,
the median remains with low variations while the mean is strongly modified.
The comparison between median and mean is characterised by the ratio of the
absolute difference between the median and mean divided by the median of
the data set:

(3.12)

sk == 00 ) (3.13)

m
where SK is the median-mean skewness coefficient, m and p are the pollutant
median and average by test respectively, calculated at each phase driving.
This coefficient measures the central tendency of the data set distribution.
Considering the experimental variability as a symmetric distribution, the
higher this coefficient, the skewed the data set because of the presence of
an outlier. The threshold of this coefficient, to consider a measurement as
an outlier, is defined at 4%. The threshold value is obtained by Monte
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Carlo method approach: first, considering the hypothesis of normal error
pollutants distribution [58], a normal distribution is created with a mean and
a standard deviation obtained from the experimental data set. Then, a large
data set is randomly sampled and used to calculate the average of the median-
mean skewness coefficient. This procedure is applied at each driving phase
by pollutant emission. Finally, the highest value obtained of the averaged
skewness coefficients is defined as threshold of the SK coefficient.

Once the absence of outliers is ensured, mean results are obtained by averaging
the dataset of each test type. For small dataset size, lower than 10, the
standard deviation can be inferred from the sample range as follows.

_ R
dg,n . \/ﬁ

where R is the sample range, ds, is the control limit factor and n is the
sample size. Population mean and standard deviation is calculated by phase
driving. For getting reliable conclusions, data spread of pollutants and fuel
have to be addressed. Results analysis at Chapter 6 show the mean value by
phase driving along with the errorbar. Errorbars are obtained, by considering
a 2-sigma significance level (95% of confidence interval), from the inferred
standard deviation Eq. (3.14). As outcomes in this theses are presented in
ratios between the emissions and fuel consumption at -7 °C and 20 °C, the
uncertainty is calculated for the ratio of two stochastic variables. Ratio error
bar is calculated as follows.

(3.14)

Mo [6My oM
My [0My | 0M

Sr = o2
TN My, T M,

(3.15)

where r is the ratio of variables, My and M; are the mean variables at -7 °C
and 20 °C.

3.6.3 Error propagation

Error propagation, also known as propagation of uncertainty, is the effect of
variables’ uncertainties (random errors) on the uncertainty of a function based
on them. When the variables are the values of experimental measurements
they have uncertainties due to measurement limitations (e.g., instrument
precision) which propagate to the combination of variables in the function.
The error propagation is analysed by means of the first order Taylor expansion
of the absolute error function, that is the mathematical definition of total
differential of a function.

In this work, the propagation of error plays an important role in the total
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exhaust mass flow calculation as it is obtained from EGR. Based on CO gas
analyser uncertainty, the EGR propagated error is obtained at Eq. (3.16),
where the process of EGR relative error calculation is described regarding the
dependence of the error with the measured intake and exhaust COa.

JEGR JEGR
dEGR = || - dC Oy, + |z 5| - dCO

D R el L (3.16)
dEGR = dCO?in 002171, - C'02amb . dCOQemh

COQexh - COQamb (CO2exh - COQamb)

Differential terms are approximated to finite differences:

dEGR ~ 0EGR
dCOQemh ~ 5CO2emh

As finite differences represent the absolute measurement error, they can be
expressed in terms of the relative error. Relative error of CO3 is the same
independently of the gas sampling point, at the intake or exhaust manifold.

The common relative error is denoted as nco,.
OFEGR = NEGR - EGR
0C 024, = nc0, * CO24y,

(3.18)
6COQea;h =T1COo, - 002633’1
OO2in 002171, - COZamb )
.EGR = . + -CO ex
NEGR 160: (COQexh - COQamb (COQerh - OOQamb)Q sexh
(3.19)
Replacing EGR definition leads to:
o . (2 i COZzn : Co2exh - (Co2zn + CO2exh) i CO?amb) (3 20)
EGR =100, (COQm : CO?eazh) - (COQm + COZ@Ih) : CO?amb .
Rearranging terms, the above expression can be presented as:
2 _ (0021820025;81)002amb
_ 2in’ 2exh
/rlEGR - 77002 ) (Co2in+00251h)'002umb (321)

Co2in :CO2 exh

As COz4mp << CO2ipt ezn the expression of above can be reduced to:
COQin + COQea:h) i COQamb

COQin : Co2emh (322)
]li_{% NEGR = 2 1C0,

L
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So, neglecting the ambient C'Os,,,,;, the relative EGR error is expressed as:

NEGR = 2 1C0, (3.23)

The relative error of EGR is twice the gas analyser measurement uncertainty.
As total exhaust mass flow is calculated from the EGR, the error propagation
to the total exhaust mass has to be addressed too. FExhaust mass flow
calculation only accounts of LP EGR, in case of HP EGR the exhaust mass flow
is the sum of the air mass flow and the injected fuel mass flow. By rearranging
terms at Eq. (3.1), and adding the fuel mass flow, the total exhaust gas mass
flow is obtained as: ‘

Mair
1— EGR
The injected fuel mass flow is several times lower than the air and the
recirculated exhaust flow and the fuel balance measurement uncertainty is
roughly 8 and 17 times lower than the air flow meter and the CO4 gas sampling
device respectively. The effect of adding the fuel uncertainty on the error
propagation is around 0.095% in average. Regarding the low influence of the
fuel mass flow rate on the total exhaust mass flow it has been decided to
neglect this term in the propagation error analysis. By applying the same
procedure as in Eq. (3.16) the propagated error leads to:

Megh =

+ Thfuel (3.24)

Mg 1
SMegh = ———2 . §EGR + —————— - §Mhgir + Otirie
"~ (1- EGR)? 1- EGR Oyl -
. mexh 1 . .
= T A~ E PE——— G/L”"
OMezh (= EGR) ) GR+1—EGR om

By applying the same relation as Eq. (3.18), the finite differences are expressed
in terms of the relative error and measured values.

FEGR 1 M
Mo = TZBGR PR T TZEGR M g, (3.26)
EGR 1 ’
nmezh = 1 _ EGR ) nEGR + 1 _ EGR ) nmair ) (]‘ - EGR)

Replacing the Eq. (3.23) at Eq. (3.26) leads to a total exhaust mass flow
relative error expression dependent on the gas sampling relative measurement
error, the air mass flow error and the EGR rate. According to the expression
Eq. (3.27), total flow relative error grows non linearly as EGR rate increases.

EGR
nmewh 1— EGR NCO; + nmaz'r (3 7)
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In Fig. 3.9 exhaust mass flow relative error is shown, from Eq. (3.27), for
an EGR range from 0 to 100%. At 0 % of EGR the relative error reaches
the minimum that is equal to the air mass flow measurement relative error,
0.12%. As EGR approaches 100% the exhaust mass flow error tends to infinite.
NEDC experimental values, at -7°C of ambient temperature, are depicted over
the relative error line. Uncertainty analysis is focused in NEDC tests as main
results of this thesis are obtained by NEDC test procedure. More details about
the selection of the experimental testing conditions can be found at Chapter 6.
In the figure, a zoom window is included showing the total exhaust mass flow
error for the 99% of NEDC points. Most of experimental values are located
in a relative error region lower than 18%. Only few points are located at the
high EGR region where relative error may punctually rise to 1400%. Those
points are neglected to avoid high propagation error into the outcomes.
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Figure 3.9: Total mass flow relative error dependence with EGR

In Fig. 3.10 LP EGR normalized histogram is depicted. Exhaust mass
flow only accounts to LP EGR, NEDC points where HP EGR is running are
set to 0 in the histogram as they don’t influence on the exhaust mass flow
calculation. According to the figure, in 16% of the NEDC test no LP EGR
is performed. When LP EGR is running the data set mode is lower than
55%, representing the 14% of the total NEDC points. By combining both
Fig. 3.9 and Fig. 3.10 the percentage of samples under an error threshold can
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be inferred. For example, regarding Fig. 3.10, in 95% of NEDC points the LP
EGR rate is below 55%. Knowing this rate and looking at Fig. 3.9 the exhaust
mass flow error for the 95% of NEDC points is close to 6%.
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Figure 3.10: LP EGR histogram. Normalized relative frequency on left axis.
Cumulated relative frequency on right axis.
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4.1 Introduction

Combustion rate is greatly affected by reaction temperature. While
oxidation rate is linearly dependent on reactants concentration, temperature
influences on chemical kinetics in exponential manner. The general expression
of a reaction rate, where the Arrhenius coefficient is included, is shown below:

—d[HC]| —Ey
~MHC _(0,)-[C) - A

(4.1)

where [O2] and [HC] is the concentration of oxygen and a generic
hydrocarbon, A is the pre-exponential factor, F, is the activation energy,
R is ideal gas constant and T is the reaction temperature. The temperature
effect on the reaction rate is analysed by the ratio of two combustion rates at
different initial temperatures. The above expression Eq. (4.1) is converted to:

Eq AT
R

RR = ¢ ® Ti(T1-AT) (4.2)

where RR is the reaction rate ratio, T; is the reference temperature, set
at 293 K, AT is the temperature difference between the warm to the cold
reaction rate. The reaction rate ratio variation owing to the variation of
reaction temperature is depicted in Fig. 4.1. As engine fuel is a mixture
of different hydrocarbons the reaction rate is calculated along a range of
activation energies for typical diesel composition. Activation energy limits
are set according to [59], where activation energy for diesel fuel is obtained
by experimental approach. The temperature has been swept from -7 °C to
20°C as all tests outcomes analysed in this work have been conducted at those
ambient temperatures. This analysis only accounts to the starting reaction
rate. The effect of temperature on the reaction rate is remarkable by regarding
the surface slope on the AT axis direction.
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Figure 4.1: Reaction rate. Temperature and activation energy dependence

This analysis is aimed only to remark the significant influence that
initial temperature has over the reaction rate and consequently over the
emissions formation and thermal efficiency. The effect of lowering the ambient
temperature gets more complex when the analysis is carried out at real
engine operation conditions, where initial reaction temperature is influenced by
cylinder line heat transmission losses, trapped air mass, in cylinder turbulence
among others. In addition EGR systems control performance in different
manner depending on the ambient temperature, as EGR enabling depends on
several engine temperatures such as engine coolant and intake temperature.
Therefore, the aim of this work is to conduct an experimental analysis on the
influence of the ambient temperature effect over all aforementioned systems
and features that eventually show an impact on the pollution emissions and
engine thermal efficiency.

Increasingly stringent emissions regulations are constantly motivating the
automotive industry to develop new systems and strategies. As automotive
cycles are being more restrictive, it is expected that future driving test
procedures will consider the effect of running at lower ambient temperature.
Currently, the U.S Environmental Protection Agency includes a cold cycle of
FTP-75 carried out at -7 °C [60]. On the other hand, European regulation
enforces, only in petrol engines, a cold start low temperature emissions test
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[61]. Regarding the current state of the law, it is expected that future
regulations will consider low temperature emissions as regular testing. Under
low ambient temperatures, fuel consumption and pollutant emissions during
the engine warm-up are critical [62]. According to the literature [63] and
[64], unburned hydrocarbons and carbon monoxide are mainly emitted when
engine temperatures remain low. Many researchers have studied the effect
on pollutant emissions and engine performance in cold driving cycles. In a
project initiated by the Swedish Environmental Protection Agency (SEPA),
Ludykar et al. [65] reported a notable increase in the tailpipe emissions of
CO, HC and NOx in a gasoline engine running in European Urban Driving
tests at -7 °C and -20 °C. Weilenmann et al. [66] carried out an extensive
study of low ambient temperature (-7 and -20 °C) tailpipe emissions in a
fleet of gasoline (Euro 0 and Euro 3) and Diesel engines (Euro 2). Several
tests were performed such as ECE, FTP-75, IUFC15 and IRC15. Pollutants
were sampled according to the bag technique, so instantaneous data were not
available. CO and HC results shown that, in general terms, cold start extra
emissions were lower for diesel than for gasoline vehicles. On the other hand,
a relevant trend of NOx increase was spotted in cold start diesel emissions
for low temperatures. The authors couldn’t find an explanation of this trend
as the EGR system was not considered in the analysis. Dardiotis et al. [67]
performed a similar study in a fleet of gasoline and diesel engines running in
a NEDC at 20 and -7 °C. CO and HC shown the same tendency spotted by
Weilenmann [66], being higher the effect of ambient temperature in gasoline
than in diesel engines. Regarding NOx, the authors identified the EGR rate
reduction as the main cause of pollutants increase in diesel engines running
at low temperatures. In case of gasoline engines, a clear tendency couldn’t be
found.

Some authors, have analysed the engine performance start at different
temperatures fuelled by other fuels beyond the gasoline and diesel. Armas et
al. [68] analysed the effect of diesel blends on HC, CO and particle emissions
in a diesel engine running a NEDC. The results shown an improvement of
emissions at warm conditions but a deterioration of combustion stability
at cold starts that eventually caused an increase of all pollutants. Garcia-
Contreras et al. ?7 analysed the influence of the ambient temperature on
the combustion process start in diesel and gas to liquid fuels by means of the
indicated mean pressure and rate of the heat released rate. Results shown a
significant sensitivity to the cetane number when running at -7 °C.

Most of low temperature emissions bibliography is focused in NEDC testing.
But world current legislation is turning towards a more realistic emission
driving analysis which includes new procedures such the WLTC and real
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driving engine emissions. Some authors have analysed the effect of replacing
the NEDC by the new WLTC. Giakoumis et al [69] presented the experimental
validation of an empirical emissions and engine efficiency model where NEDC
and WLTC performance were compared. Diesel engine out pollutants
emissions were measured in a non-controlled ambient temperature test bench
showing an increase of 55% NOx and 10.8% in soot in the WLTC. Ko et al.
[70] analysed the performance of a Diesel Lean NOx Trap (LNT) measuring
the NOx concentration at both inlet and outlet. NEDC and WLTC tests
were performed at 23, 14 and -5 °C of ambient temperatures. Tailpipe
NOx emissions increased up to 11 and 13 times for the NEDC and WLTC
respectively when running at -5°C. In addition to the NOx analysis the authors
remarked the general trend of CO and HC increase as ambient temperature
gets lower.

This chapter is aimed to compare the effect of low ambient temperature on
pollutants formation by analysing the raw engine emissions. In addition,
engine efficiency is also evaluated by means of the fuel consumption in
the NEDC and the WLTC. Emissions were sampled upstream the DOC to
identify the cause of pollutants formation in combustion processes fired at low
surrounding temperatures. The content is structured as follows. Section 4.2 is
devoted to the driving cycles description. Section 4.3 contains the results and
analysis of the ambient temperature effect on the raw pollutant emissions and
engine performance. Finally, the main conclusions are presented in Section 4.4.

4.2 NEDC and WLTC driving conditions

Designed to represent the typical usage of a car in Europe, the NEDC
is composed by four repetitions of the Urban Driving Cycle (UDC) and an
Extra Urban Driving Cycle (EUDC). The first Urban Driving Cycle (UDC)
was introduced in 1970 under the United Nations Economic Commission for
Europe (UNECE) vehicle regulation program. The Extra-Urban Driving
Cycle EUDC, introduced by ECE in 1990 has been designed to represent
more aggressive, high speed driving modes. The combination of UDC and
EUDC conformed what is known as MVEG-A cycle that was used for EU
type approval testing of emissions and fuel consumption in light duty vehicles
until 2000. In 2000, the MVEG-A was modified by removing the initial idling
period at the engine start, i.e. engine cold start emissions are sampled from
the beginning of the cycle. This modified cold-start procedure is referred to as
the New European Driving Cycle (NEDC) or as the MVEG-B test cycle [44].
NEDC has been widely criticized of not being representative of a real
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driving behaviour where transient conditions get more important [71] and
[72]. Aimed to create a realistic driving cycle, the developing of a worldwide
harmonized light duty test cycle (WLTC), that represents the average driving
characteristics around the world, was launched by the World Forum for
the Harmonization of Vehicle Regulations (WP.29) of UNECE through the
working party on pollution and energy transport program (GRPE) [73]. The
WLTP replaces the European NEDC based procedure for type approval testing
of light-duty wvehicles, with the transition from NEDC to WLTP occurring
over 2017-2019. Dynamic behaviour of NEDC and WLTC is assessed by the
acceleration histogram depicted in Fig. 4.2. Histogram bars are represented in
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Figure 4.2: Acceleration normalized histogram of both driving cycles. Dotted lines
mark the 95% of values.

relative frequency, dividing each interval repetition by the total. The relative
frequency histogram shows how dynamic is the behaviour of the driving cycles.
NEDC performs with low transient conditions during half of the cycle with
accelerations bounded between -0.1 and 0.05 m/s?. Acceleration distribution
is skewed to the left side, pointing that decelerations get more importance
than accelerations, which are critical regarding engine efficiency and pollutant
emissions. Regarding the WLTC, the higher dispersion of the histogram is
noticeable owing to the more intense dynamic behaviour. Low transient points,
delimited in the region of -0.02 to 0.6 m/s?, represent just the 20 % of the whole
WLTC. Regarding the highest acceleration, the acceleration is limited to 0.83
m/s? in the NEDC while in the case of WLTC it reaches 1.25 m/s?. The main
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engine variables such as: torque, engine speed and power are shown in Fig. 4.3
for both driving cycles. All variables have been averaged by driving phase.
Regarding the low load part, requested power is similar, 3.25 and 4.5 kW for
NEDC and WLTC respectively, being the engine speed higher at the NEDC
and therefore the engine torque lower than the WLTC. Concerning high load
parts comparison, EUDC at the NEDC performs like the high load driving
phase of the WLTC. Engine demand power rises to 11 kW in both cycles and
the torque is slightly lower in the NEDC. In the case of WLTC, extra-high
load is performed at the last part of the cycle with a power demand increase
to 22.5 kW where the average torque almost reaches 100 Nm.
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Figure 4.3: Averaged main engine variables by driving schedule in the NEDC and
WLTC.

4.3 Results

This section describes the effect of ambient temperature on both, NEDC
and WLTC, driving cycles by comparing the pollutant emissions and engine
efficiency at -7 °C and 20 °C. First, the effect of the ambient temperature on
the air management system is addressed. Secondly, the effect of low ambient
temperature on pollutant emissions and brake thermal efficiency is analysed.
Finally, a deep analysis on the cold start and first instants of warm up is
included remarking the effect of load transients on emissions increase.
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4.3.1 Effect of low ambient temperature on air management

EGR plays a crucial role on the air mass flow performance. When

EGR is enabled, air management by the intake manifold pressure is shifted
to the air mass flow meter based control. Indeed, under EGR running
conditions, air mass flow is not set by the VGT position but by the
EGR valves position [74, 75, 75]. Aimed for NOx reduction, EGR has
become one of the most popular active systems for pollutants reduction in
diesel engines. Nevertheless, lowering peak combustion temperature along
with oxygen dilution at cold running conditions may drive to combustion
instabilities that increase emissions such as HC, CO and particle matter, and
eventually result in misfiring events [76, 77].
Fig. 4.4 and Fig. 4.5 show the instantaneous air mass flow ratio between -7
°C and 20 °C for NEDC and WLTC respectively. Values have been smoothed
by means of a Gaussian convolution filter. In addition to the air mass flow
ratio, the EGR valves position have been depicted. EGR system performs
in similar way in both driving cycles. At 20 °C, HP EGR is enabled from
the beginning and once the coolant temperature reaches 60 °C, around 500
seconds for both cycles, the HP is replaced by the LP EGR. Engine coolant and
intake manifold temperature is generally used by carmakers as EGR control
variable. Regarding -7 °C tests, the HP EGR is enabled when engine coolant
temperatures are over 60 °C. Concerning the NEDC, EGR is enabled at 1000
seconds, at the last half term of the EUDC, when high engine loads are
performed. In case of WLTC, as the engine warming up proceeds faster,
owing to the higher power demand, the EGR is enabled earlier, at roughly
850 seconds, during the middle engine load. The effect of EGR on the air
mass flow is noticeable looking at the air flow ratio. On one hand, as the
EGR remains disabled at -7 °C, the air flow ratio shows great values and
performs in unsteady manner. During transients, the ECU control demands
lower EGR rates commanding the EGR valve closing. In consequence at these
points, the air flow ratio drops. On the other hand, boost control is directed
by the intake manifold pressure during EGR cut-off operation points [75]. So,
the lower ambient temperature entails higher air density that increases the air
mass flow rate. Comparing both, the EGR disabling and the higher air density,
the effect of EGR disabling is more meaningful. The 85% and 72% of air flow
increase in the NEDC and WLTC respectively is caused by the EGR disabling
at low temperatures. During the EGR cut off, air mass flow ratio is bounded
between 1.4-2.4 and 1.2-2.2 in NEDC and WLTC respectively. Once EGR is
enabled at -7 °C, air mass flow ratio fluctuations vanish, and amplitude drops
to around 1.3 in both driving cycles.



4.3. Results 67

3.0 140
Zas
= 120
® 2.0
2
2151
" 100
9 —
© 1.0 <
£ £
= 0.5 S
< —— LPEGR20C - HP EGR 20 C HP EGR -7 C 8 -

70 a
X 60 60 o
= <
S 501 G
E= >
8 40 40
o
230 .
S 201 X 20
o ‘e

R I £: : 0

0 200 400 600 800 1000 1200
Time (s)

Figure 4.4: Air mass flow ratio between -7 2C and 20 °C in NEDC and EGR. valves
positions. Vehicle speed depicted as a surface in grey.

The EGR cut-off at low temperature is a conservative engine calibration
strategy for avoiding combustion instabilities that lead to engine efficiency
reduction and pollutant emissions rise in CO, HC and particles. The results
shown in Fig. 4.4 and Fig. 4.5 cannot be extrapolated to the whole automotive
technology state of the art as it represents the ECU calibration of a specific
engine. Nevertheless, all carmakers apply similar EGR calibration procedures
where EGR operation is enabled once coolant temperature reaches a threshold.
Temperature threshold varies between carmakers but the EGR disabling at
low temperature is a common strategy in all cases. Conclusions obtained from
these data should be used as a guide for getting general trends of engines
performance at low ambient temperatures.
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Figure 4.5: Air mass flow ratio between -7 ©C and 20 °C in WLTC and EGR. valves
positions. Vehicle speed depicted as a surface in grey.

4.3.2 Engine out pollutants emissions and fuel consumption
analysis

Fig. 4.6 and Fig. 4.7 show the pollutants ratios of HC, NOx, CO and
fuel consumption, by driving phase, between the cold and warm cases for the
NEDC and WLTC respectively. Regarding the NEDC, Fig. 4.6, the evolution
of emissions shows similar patterns between HC, CO and fuel consumption.
With the exception of NOx, the rest of pollutants ratios show a general trend
of reduction as the cycle proceeds.

In the case of hydrocarbons, the emission peak is not placed at the beginning of
the cycle but in the second UDC. During cold starts, even at 20 °C of ambient
temperature, significant emissions of HC are released as consequence of the
enriched fuel and low temperature combustion [66] that drives to incomplete
combustion [66]. In the 20 °C case, the enabling of EGR in the beginning of the
engine cold start, for NOx reduction, carries an increase of HC in detriment.
The maximum difference in HC emission is observed during the second UDC.
The engine warm up reduces HC at both ambient temperatures, being the HC
decrease more significant at 20 °C than at -7 °C during the first 400 seconds.
Beyond this point, HC reduction tends to slow down at 20 °C in comparison
to the -7 °C case. That’s the reason why emissions at -7 °C tends to approach
the 20 °C case, being the lowest difference on HC emissions at the last driving
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schedule, when high loads are performed, with a ratio of 1.8.

Concerning CO, the ratio decreases monotonically from 3.4 at the beginning to
1.4 at the end of the EUDC. In the case of fuel consumption, ratios perform in
a flatter manner along the NEDC, being the highest ratio of fuel consumption
1.4 at the beginning and the lowest 1.1 when high loads are performed.

In contrast to carbon based emission, NOx ratios show a non-monotone
evolution with high emissions at — 7 °C during the EUDC. As the negative
effect of cold start on emissions is greater at low ambient temperatures, NOx
shows higher ratios at the first UDC than at the second and third UDC.
According to Zeldovich mechanism [78], NOx is produced in conditions of
high oxygen concentration and temperature. Both variables are lowered by
EGR valve opening, driving eventually to NOx reduction. As was shown in
Fig. 4.4, EGR remains disabled at -7 °C until 1000 seconds. On contrast,
EGR is running from the beginning in the 20 °C case. At the last UDC, the
increase of NOx ratio is driven by the switch from HP to LP EGR in the 20
OC case. Finally, at the EUDC, NOx emissions get more important because
of the higher engine loads. As LP EGR is enabled at 20 °C, high EGR rates
and low combustion temperatures can be achieved. In contrast, EGR is not
enabled at -7 °C until 1000 seconds by means of the HP EGR loop whose
ability of NOx reduction is lower than LP EGR [79, 80, 81, 79, 82]
Evaluating the whole NEDC, the effect of lowering the ambient temperature to
-7 °C is an increase of 270% in HC, 125% in CO and 250% in NOx. Regarding
fuel consumption, a drop of 10% in brake thermal engine efficiency is observed.



70 4. Effect of low ambient temperature on engine performance

7 3.5
Il HC I NOx . COo B FUEL

HC, NOx
CO, FUEL

= =
=} 5

.
I
U

- 0.0

ubC1 uDC 2 uDC 3 UDC 4 EUDC TOTAL NEDC

Figure 4.6: Pollutant ratio by driving schedule in NEDC. HC and NOx on the left
axis. CO and fuel consumption on the right axis.

Concerning WLTC, ambient temperature effect on pollutants and thermal
engine efficiency is shown in Fig. 4.7. Like in NEDC, HC and NOx emissions
drastically increase when engine runs at low ambient temperature.

HC emissions evolve in opposite way than NOx, as engine warm up proceeds,
hydrocarbons go down and NOx increases. Encouraged by the higher engine
loads, the EGR is enabled prior in WLTC, at 875 seconds, than in NEDC, at
1000 seconds. Despite HP EGR is enabled during the WLTC middle driving
schedule, performed EGR rates are not enough to reduce NOx emissions as
LP EGR does. At the extra-high load, the NOx at -7 °C rises to 6.2 times the
emission at 20 °C.

In the case of CO, emissions perform in a quite different manner. Maximum
ratio is bounded to 1.3, at the low load WLTC term, and suddenly drops
when higher loads are performed, being CO emissions at -7 °C lower than at
20 °C. The minimum ratio is obtained during the medium load term where HP
EGR is not enabled until the last part of this driving schedule. Once EGR is
enabled, a slight deterioration on CO emissions at -7 °C is observed owing to
the oxygen concentration dilution [82]. CO and HC pollutants formation share
similar dependence with combustion temperature and oxygen concentration.
In case of NEDC, Fig. 4.6, both species evolve in the same way, being the
engine warm up the main responsible of reduction. However, despite HC
emissions are closely linked to CO emissions since they are both caused by low
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quality combustion, [82, 83], in WLTC this correlation is not found. Results
suggest that CO emissions are more sensitive to oxygen concentration than
HC. Under strong load transient conditions air management control becomes
crucial to ensure proper air cylinder filling and exhaust gases removing. When
required AFR is not achieved, incomplete combustion occurs and consequently
CO emissions increase. When EGR is enabled, air management becomes
harder to control and ensure complete combustion. During transients, ECU
commands the EGR valve closing (see Fig. 4.5) to fulfil power demands and
avoid soot emissions increase [84, 85, 86]. The effect of transients on CO
is more significant at 20 °C than at -7 °C owing to the higher EGR rates
performed by the LP than HP EGR, as well as the lower intake temperature
of the air-EGR mixture.

Evaluating the whole WLTC, the effect of lowering the ambient temperature
to -7 °C is an increase of 150% in HC, 280% in NOx and a reduction in CO of
18%. Regarding fuel consumption, a drop of 1% in thermal engine efficiency
is observed. As variation is lower than the test repeatability uncertainty
threshold of 5% (See Chapter 3 for more details) deterioration of brake thermal
engine efficiency cannot be considered.
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Figure 4.7: Pollutant ratio by driving schedule in WLTC. HC and NOx on the left
axis. CO and fuel consumption on the right axis.
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4.3.3 Comparison between NEDC and WLTC emissions

In this section cumulated emissions of both driving cycles are shown. As
engine loads perform in very different manner between NEDC and WLTC, to
compare the evolution of pollutants along the driving cycle the emissions must
be rescaled previously. The comparison of pollutants between driving cycles
is based on the ratio between the cold and warm cycle. The emissions ratio
by cycle are rescaled as follows:

R, — min(Ry,)
maz(Ry) —min(Ry)
R, is the ratio between the cold and warm cycle of each pollutant cumulated
mass:

R:r scaled = (43)

N Sél Meold dt
Sél Maarm dt
T is the total duration of each cycle, 1200 for NEDC and 1800 for WLTC.
In Fig. 4.8, pollutant emissions such as HC, NOx and CO are depicted for
both NEDC and WLTC. HC evolves along the NEDC and the WLTC in a
very similar way. At 400 seconds the peak emission is achieved in both cycles.
Beyond this point the HC cumulated ratio reduces owing to the engine warm
up at -7 °C. The fact that both cycles perform with great similarities suggests
that HC are more sensitive to the engine warm up than to the EGR strategies.

R,  ti€[0,0.1,0.2...T] (4.4)
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Figure 4.8: Rescaled cumulated emissions ratio. Dotted lines for NEDC and solid
lines for WLTC.
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The engine heating up has been analysed by the rejected thermal energy
of the in-cylinder energy balance, according to the following expression.

RHsz-LHVerair-(cp-Ti )—(mm‘r-i-’rhf)-(Cp-Temh)—N-Q-ﬂ'-n (45)

Where RH is the rejected heat power, mjy and 14, are the fuel and air
mass flow rate respectively, T;, and T, are the intake and exhaust manifold
temperature, N is the torque, n is the engine speed, LHV is the Low Heating
Value of the fuel and ¢, is the heat capacity at constant pressure. The above
expression is composed by four energy terms. From the left to the right: the
two first terms are the in-cylinder energy inputs as the heat released at the
combustion and the intake air enthalpy. The two last terms address the output
energy terms such the mechanical shaft energy and the exhaust gases enthalpy.
The rejected energy comprises the engine mass, coolant and oil heating up as
well as the energy released to the surroundings. Rejected energy and engine
coolant temperatures are shown in Fig. 4.9 for both NEDC and WLTC at
-7 °C. Regarding the rejected energy, both cycles follow the same tendency
pointing that the warming up proceeds with the same heating rate in both
cycles. This shared warming up behaviour is spotted also by comparing the
coolant temperature of both driving cycles.
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Figure 4.9: Rejected heat (solid lines) and Engine coolant temperature (dotted
lines) of the NEDC and WLTC cycles at -7 °C.
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In the same way, NOx emissions behave in such quite similar manner too.
Both cycles show the same peak emission at the beginning. As the cycles
proceed, until 800 seconds, both NOx ratios reduce because of the cold start
effect vanishing, the low intake temperature and the low loads performed that
downplay the role of EGR on NOx reduction. Once higher loads are performed,
beyond the 800 seconds in NEDC and 1200 in WLTC, HP EGR at -7 °C is
not enough to keep the NOx low and therefore an increase in the NOx ratio
is observed in the last term of both cycles.

Unlike HC and NOx, CO shows quite different patterns. Reductions are
stronger in WLTC where CO is even lower at -7 °C than at 20 °C, owing to
the EGR disabling at low ambient temperatures, as already shown in Fig. 4.7.
Higher emissions are measured at the beginning of the cold start. But, after
50 seconds significant reductions are observed comparing -7 °C to 20 °C. The
EGR control along with the heavy transient conditions makes CO evolution
at -7 °C sharper comparing the WLTC to NEDC, where CO ratios evolve like
HC does, with a quite constant and similar rate of decreasing. In the case
of CO, the air management control, driven by the EGR system, plays the
main role on emissions mostly during transient conditions, causing important

differences between NEDC and WLTC.

4.3.4 Emissions during engine warm-up

In addition to the analysis by driving schedule and the cumulated
pollutants along the cycles, the instantaneous emission rates are depicted in
Fig. 4.10 and Fig. 4.11 for NEDC and WLTC respectively. Concerning the
NEDC, the first two UDC, first 400 seconds, are shown. High CO and HC peak
emissions are observed at the beginning of the cycle at -7 °C. Great differences
are observed between cold and warm cycles at steady state conditions, being
remarkable the increase in HC. After the first 50 seconds both pollutants, HC
and CO, perform in similar manner: most of pollutants are released during
steady state conditions being the effect of transients less significant. In case of
NOx, the emission rate evolves in opposite way being the effect of transients
the main cause of emission. Despite emissions rate is a bit higher at 20 °C
in some points of vehicle acceleration, like at 50 ,120 and 215 seconds among
others, the effect of transients is greater at -7 °C than at 20 °C.



4.3. Results 75

60

0.4

Q 0.015

e W W b e

0.000

CO (g/s)

w
o
Vehicle speed (km/h)

N
o

% 0.06 10
K
2 0.04
(:é 0.02
0.00 0
0 50 100 150 200 250 300 350 400
Time (s)

Figure 4.10: Instantaneous emission rates for HC, CO and NOx in NEDC. Vehicle
speed depicted as a surface in gray.

WLTC emission flow rates are depicted in Fig. 4.11, for the first (low speed)
part of the cycle, first 600 seconds. High HC peak is observed at the -7 °C
cold start. Unlike was seen in the NEDC, HC and CO emissions don’t evolve
with similar patterns in the WLTC. Hydrocarbons show similar dependence
with time regardless the transient engine loads of the cycle. But, in the case
of CO, transient conditions play the main role as emission source, being the
CO emissions during transients up to 140 times the rates produced during
steady operations. A zoom of the CO flow rates, between 50 and 120 seconds,
is included in Fig. 4.11. During low transient points, CO emissions are higher
at -7 °C than at 20 °C as in the NEDC. However, during strong transients,
e.g. at 250 seconds, CO flow rates are considerably higher at 20 °C, being
up to twice the emission rate of -7 °C. Transients make the accumulated CO
emitted mass be higher at 20 °C than at -7 °C. In the case of NOx, emission
rates evolve similar to the NEDC. Peak emissions are a bit higher at 20 °C
under strong transients, but this tendency flips in steady running conditions
where NOx is much higher at -7 °C and eventually makes the cumulate mass
at -7 °C higher than at 20 °C.
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Figure 4.11: Instantaneous emission rates for HC, CO and NOx in WLTC. Vehicle
speed depicted as a surface in gray.

4.4 Conclusions

The effect of low ambient temperature on pollutant emissions is analysed.
WLTC and NEDC were carried out at two levels of ambient temperature: -7
°C and 20 °C. Pollutant analysis was focused on carbon monoxide, unburned
hydrocarbons and nitrogen oxides. Thermal efficiency was evaluated by means
of the fuel consumption. In general terms, emissions are increased and thermal
efficiency is deteriorated when the engine runs at low ambient temperatures.
Fig. 4.12 depicts the emissions ratio of the NEDC and WLTC for the whole
cycle. The negative effect of low ambient temperatures is more significant in
the NEDC than in the WLTC. Hydrocarbons emissions rise to 270% in the
NEDC while in the WLTC are bounded to 150%. Regarding NOx, similar
tendencies are observed being the increase around 250% and 280% for the
NEDC and WLTC respectively. Concerning CO, opposite tendencies between
both cycles are observed with the increase of 125% in the NEDC and the
reduction of 18% in the WLTC. In the case of thermal efficiency, the effect
of low temperatures is remarkable in the NEDC with a reduction in the 10%,
while no variation is spotted in the WLTC. The analysis by pollutant shows
a significant link between NEDC and WLTC regarding HC emissions. The
engine warming up and load play the main role as emission source. Concerning
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NOx and CO, the transient conditions of the cycles are the main cause of these
pollutant emissions. At strong transient loads, where high demands of power
must be met, the air management control is enforced to command the EGR
valves closing producing an increase on NOx emissions. Despite the EGR
valve closing, required oxygen concentration is not fulfilled and, consequently,
emissions of CO rise. This effect is more noticeable in the WLTC where the
role of air management control is critical. As EGR is performed with lower
rates and higher temperatures at -7 °C, the effect of transients on the air

management gets less important and the amount of CO is lower than at 20
°C.
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Figure 4.12: NEDC and WLTC whole cycle emissions ratio
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5.1 Introduction

Catalytic converters have been used in engine exhaust aftertreatment
systems since 1975 to reduce pollutant emissions [87]. Diesel oxidation
catalysts (DOC) are used to control CO, HC and the organic fraction of diesel
particulates to form harmless exhaust products. Additional reactions such
as the oxidation of NO to NOg also occurs with the key interest attributed
in facilitating passive diesel particulate filter (DPF) regenerations as well as
in enhancing the performance of some selective catalytic reductions (SCR)
catalysts [88]. Salomons et al. [89] studied the effect of CO and Hy
concentration on the catalysis performance, showing the increase of light off
temperature with the CO concentration and the decrease of light off with the
Hs concentration. In addition to the pollutants concentrations effect, Zervas
[90] analysed the impact of space velocity, average value and profile of exhaust
temperature, on diesel engine tail-pipe emissions, pointing out the reduction
of catalysis efficiency with the space velocity because of the lower dwell time
as well as the increase of conversion efficiency with higher, both average and
instantaneous, exhaust temperatures. Botsaris and Sparis [91] analysed the
impact of the ambient temperature on the catalyst performance, by means
of catalyst inlet-outlet temperature measurements, reporting an increase of
efficiency with the ambient temperature. Karl Arnby et al. [92], studied the
improvement of catalyst activity of CO performing at low temperatures by
means of non-homogeneous supported catalyst.

This chapter addresses the effect of cold ambient temperature on DOC
conversion efficiency. The pollutants studied are hydrocarbons and carbon
monoxide. The tests were carried out at transient engine load conditions
of NEDC and WLTC at -7 °C and 20 °C of ambient temperature. The
content is structured as follows. Section 5.2 is devoted to the description
of the heat transfer model in DOC temperature estimation. Section 5.3
contains the results and analysis of the ambient temperature effect on the
DOC performance. Finally, the main conclusions are presented in Section 5.4.

5.2 Catalysis temperature estimation

DOC inner temperature plays an important role for DOC performance
analysis. However, DOC inner measurements are difficult to achieve because of
technical restrictions. On one hand, the small space available for temperature
sensing makes it difficult to ensure the right position of the sensor during
the tests realization. On the other hand, to perform the honeycomb bulk
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temperature measurement it would be needed to drill the DOC housing
with the risk of damaging the ceramic honeycomb. Taking into account the
aforementioned drawbacks, a DOC temperature estimation model is proposed.
The temperature estimation is based on a nodal heat transfer model where
the thermal inertia, surrounding heat losses and internal heat generation
are considered. The estimated temperature, named in this paper as DOC
reference temperature, represents an average temperature of the whole DOC.
The variables needed for the model implementation are: the exhaust gas
temperatures and chemical species concentration at the inlet and outlet of the
DOC, the exhaust mass flow and the surrounding air room temperature where
the DOC is placed. The DOC reference temperature is averaged with the
mean DOC internal exhaust gas temperature in order to obtain the estimated
catalysis temperature. This temperature represents the mean temperature of
the solid-gas interface where catalysis takes place. As catalytic oxidation is
conducted in a heterogeneous solid-gas interface, the catalysis temperature is
obtained from the average of the gas and the estimated DOC temperature.
The catalysis temperature estimation is defined as follows:

Tpoc + Tyasmean
Tcatalysis = 9 Sk (51)

Where Tpoc is the DOC reference temperature and Tyqs,,.,, the mean gas
temperature of the inlet and outlet of the DOC. Regarding the model for
DOC reference temperature calculation, the DOC is formed by a ceramic
honeycomb and a steel housing. Due to the small thickness of the steel
housing, both parts are merged in the model and considered as one bulk.
The heat released in the DOC comes from the exhaust gas enthalpy and the
reaction enthalpy of the chemicals species oxidation. The heat losses to the
surroundings are calculated considering only natural convection heat transfer.
The DOC reference temperature evolution over time is calculated according
to the following expression:

,7_t

L
pr- Vi Ch+ps-Vs-Cs Tboc

(5.2)
Where H is the thermal power released in the DOC, including the internal
generation, T, is the ambient temperature in the test cell, Ay is the natural
convection heat transfer coefficient, A, is the exterior surface of the DOC
housing, pp - Vi, - Cp, and ps - Vs - Cs are the density, volume and specific heat
of the honeycomb and the steel DOC housing respectively. The superscript
indicates the time instant along the driving cycle. The heat transfer coefficient
is calculated according to Morgan’s correlations [93] of the Nusselt number by

Thoc = (H "~ (Thoo — Tims) - Mk - Aext) :
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means of the Grashof and Prandtl number calculation. The DOC internal
generation has two energy terms. On one hand, the heat coming from the
exhaust gases, calculated as:

Hewh = mexh * CPexh * (TDOC¢ - TDOCO) (53)

Where me;p, is the exhaust mass flow passing through the DOC, ¢peyp is
the exhaust gases specific heat, Tpoc, and Tpoc, are the inlet and outlet
DOC gas temperatures. The other term of the internal generation concerns
the enthalpy released by the oxidation of carbon monoxide and hydrocarbon
species. The proposed reaction mechanism is based on a set of one elementary
step reactions. CO mechanism is shown below:

The specific reaction enthalpy is calculated from the balance of standard
formation enthalpy of products and reactants:

AH, = H; (COy) — H; (CO) (5.5)

Where AH, is the specific reaction enthalpy and H is the formation enthalpy
of the correspondent compound. In the case of hydrocarbons measurement, the
FID technique presented in Chapter 3 doesn’t allow to know the concentration
of each hydrocarbon species. The HC measurement is obtained as an
equivalent methane molar concentration. According to the bibliography, diesel
engines hydrocarbon emissions are mainly formed by light alkenes along with
medium-heavy alkanes [94] and [95]. The general reaction formulation for
alkanes and alkenes (only monounsaturated considered) used is:

1
CHy s + (BX; ) 0, — xCO, + (x + 1)H,0

CXHQX + gXOZ - XCOQ + XHQO

(5.6)

The HC concentration measurement and the standard enthalpy of formation
are weighted according to the hydrocarbons species distribution study by
Stanislav V. Bohac et al. [96] for a conventional diesel combustion engine
running at 1500 rpm and 3.9 bar of brake mean effective pressure (BMEP),
that are representative conditions of the engine speed and BMEP average
values of the performed driving cycles. The set of reactions include fifteen
hydrocarbons, paraffin and olefin species, from methane to pentadecane. The
enthalpy of formation of the products is corrected as follows:
i=15
Hp(Xi)eorr = Hp(X3) - Y] i+ A (5.7)
i=1
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Where Hy(X;) is the standard enthalpy of formation without correction for
CO, or H50, ¢; is the concentration of each species referred to the total amount
of hydrocarbons and A; is the products stoichiometric index according to the
formulation shown at Eq. (5.6). In the case of reactants, the correction includes
the standard enthalpy of formation of each hydrocarbon species as:

1=15
Hp(HC)corr = Y, Hp(CoH,), - c; (5.8)
1=1

where H;(C,H,), iis the standard enthalpy of formation of each hydrocarbon
species. The stoichiometric index is not included because it is defined as one
according to the formulation shown previously in Eq. (5.6).

In addition to the enthalpy of formation, the hydrocarbon concentration
measured by the FID has to be corrected too. The hydrocarbons concentration
is corrected taking into account the number of carbon atoms of each specie
according to the following expression:

1
=0 (5.9)
Siti e
Where n; is the number of carbon atoms by hydrocarbon specie. Once both the
enthalpy of formation correction and the concentration factor are calculated,
the corrected specific reaction enthalpy is obtained as:
AH,

Teorr — f : (Hf (002)607‘7‘ + Hf (HZO) - Hf (HC) (510)

corr corr )

by multiplying the above expression, Eq. (5.10), by the FID methane
equivalent moles, the released heat, because of hydrocarbons oxidation, is
obtained.

5.3 Results

Pollutant emissions are analysed at the inlet and outlet of the DOC at
both low (-7 °C) and high (20 °C) ambient temperature. DOC performance
analysis is carried out for CO and HC emissions. The catalyst efficiency is

defined as:
[Xi] — [Xo]

[Xi]
where [X;] and [X,] are the HC and CO molar concentrations at the DOC

inlet and outlet respectively.
According to several authors [87] and [90], DOC temperature, dwell time,

n = (5.11)
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[02], [COJ] and [HC] are the test variables that play a key role in the DOC
performance. Dwell time is calculated as:

_ Vboc - p
;= JDoc P

; 5.12
Mexh ( )

where Mgy, is the exhaust mass flow, Vpoc is the internal DOC volume and
p is the gas density calculated from the ideal gas law:

p

== (5.13)

p

where p is the exhaust pressure, R the ideal gas constant and 7' the exhaust
gas temperature.

According to the general expression of the chemical reaction rate, along with
the Arrhenius constant rate expression, the efficiency of a chemical reaction
depends on the DOC temperature, dwell time and oxygen concentration at the
inlet of the DOC. The conversion efficiency equation can be obtained from the
general reaction rate expression, considering a single-step reaction, as follows:

Aol _ oy 1x1- K (1)
. ¥ 5‘? (5.14)
b SR o ix- k)

The above expression is substituted in the conversion efficiency equation,
Eq. (5.11), as:

n=[0s]"K(T) -7 (5.15)

Where [O]* is the oxygen concentration raised to the a power, a is the
stoichiometric coefficient of oxygen, 7 is the dwell time of the gas in the
DOC, K (T) is the reaction rate constant, [X;] and [X,] are the DOC inlet
and outlet pollutant concentration respectively. Despite Eq. (5.15) doesn’t
take into account the pollutant concentration on DOC efficiency, several
authors have reported the influence of pollutant concentration on catalyst
performance. According to [89] and [97], the light-off temperature increases
with the pollutant concentration. In addition, pollutants interfere between
them in the catalyst process [98], encouraging the conversion rate of COg,
in case of high monoxide concentration, due to the higher reactivity of CO
respect to some hydrocarbon species.

In the following lines results of DOC conversion efficiency at low temperature
are presented for both WLTC and NEDC.
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5.3.1 WLTC

The estimated catalysis temperature, is shown in Fig. 5.1 The catalysis
temperatures show similar values from the beginning of the cycle. Higher
temperatures are estimated at 20°C after 800 seconds of the WLTC. The
cause of such difference is twofold. On one hand the exhaust gas temperature
is slightly higher at 20 °C than at -7°C, with an average difference of 17 °C
along the WLTC cycle. On the other hand, after 600 seconds the HP EGR
is shifted to LP EGR in the case of 20 °C case, and therefore the exhaust
mass flow increases. Both higher exhaust temperature and exhaust mass flow
increase drive to a higher release of thermal power in the DOC at 20 °C
when high engine loads are performed from the 800 seconds of the WLTC.
The reasons why catalyst temperatures show so similar values no matter the
ambient temperature are: the similar DOC inlet gas temperatures, the higher
exhaust gas flow at -7°C than at 20°C, the relative low heating losses at the
DOC driven by free convection heat transfer and the low thermal inertia of
the DOC because of its low mass [hamedi2014thermal].
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Figure 5.1: Catalysis temperature evolution for -7 °C and 20 °C ambient
temperature. WLTC vehicle speed is depicted as a surface in gray.

DOC conversion efficiencies over the WLTC are depicted in Fig. 5.2 for HC
and CO. DOC performs with relative high efficiency from the beginning of the
cycle, mainly in the case of HC conversion (70%). The high HC efficiency in
the first instants can be explained by the adsorption of some chemical species
in the washcoat that retains pollutants in the DOC. Several authors have
study the adsorption and desorption mechanisms on oxidation catalyzers, [99]
and [100]. The adsorption effect on pollutants conversion is beyond the scope
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of this work and it hasn’t been considered in the DOC performance analysis.
The evolution of the efficiencies shows very different profiles. On one hand
the HC conversion efficiency performs in a quasi-steady behaviour along the
WLTC cycle. On the opposite, the CO conversion efficiency shows an unstable
pattern along most part of the WLTC. This unsteady operation is because of
the dependence of the conversion efficiency with the CO inlet concentration
[90] and therefore the CO conversion is strongly affected by the transient load
conditions. In Fig. 5.3 the variables that play a main role in the conversion
efficiency are shown: CO, HC, oxygen concentration and dwell time. CO
concentration performs in a transient manner along the WLTC cycle. Lower
CO peaks are observed at -7 °C than 20 °C because of the higher air to fuel
ratio at low temperatures. HC concentration is greater at -7 °C during the
first 1200 seconds of the WLTC. The HC concentration at -7 °C becomes lower
as the warming up proceeds until it reaches the hydrocarbons level at 20 °C.
The differences observed in Os and in dwell time are because of the exhaust
mass flow. During the first 600 seconds, exhaust mass flow is higher at -7 °C
causing lower dwell time and higher oxygen content because of the higher air
to fuel ratio. Since 600 seconds until the end of the WLTC, -7 °C case shows
higher dwell time and exhaust oxygen concentration. The reason of this fact
is because of the LP EGR enabling at 20 °C causing the reduction of both
the dwell time, because the higher exhaust mass flow, and the oxygen content,
because of the reduction of air to fuel ratio.
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Figure 5.2: DOC conversion efficiency for HC and CO. WLTC vehicle speed is
depicted as a surface in gray.

The conversion efficiency evolution over the WLTC in Fig. 5.2 can be
deeply analysed by means of the explanatory variables of Fig. 5.3 The HC
conversion efficiency shows quite high and very similar values since the
beginning of the cycle for both ambient temperatures. Between 300 and 800
seconds the efficiency is higher in the case of 20 °C because of the higher dwell
time and lower HC concentration. Despite the lower oxygen concentration at
20 °C compared to -7°C, it is still high enough to avoid negative effects on HC
conversion. An instant to highlight in the WLT'C occurs at 800 seconds, when a
notable reduction is detected on HC conversion efficiency at -72C. The reason
of the efficiency reduction in this point is a combination of low dwell time,
reduction of oxygen concentration and a sudden increase of CO emissions.
The effect of CO concentration peaks on HC conversion is observed many
times along the WLTC: 300, 600, 800, 1200 and 1550 seconds are points of HC
conversion efficiency reduction because of the interference of CO concentration
peaks. In case of 20 °C two significant efficiency reductions are observed at
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1200 and 1550 seconds mainly because of the very low oxygen concentration
at these points, which is around 6%. From 1000 seconds, when high and
extra-high load are performed, until the end of the WLTC, the HC conversion
efficiency is slightly higher in the case of -7°C than 20 °C. In the case of -7 °C,
the generation of HC falls to the hydrocarbon concentrations produced at 20°C
and the oxygen concentration keeps higher than 20 °C. These factors drive to
higher conversion efficiency in the case of -7 °C. Regarding CO conversion is
remarkable the strong transient performance of CO oxidation efficiency. The
higher the CO peak, the stronger the CO conversion efficiency drop is [90].
This conversion dependence on CO peaks reduces as the WLTC proceeds.
One point of the cycle to highlight is at 600 seconds when CO DOC efficiency
conversion drops at both ambient temperatures because of the change between
the HP to the LP EGR system along with the presence of a CO emission peak.
The LP EGR enabling at 20 °C increases the exhaust mass flow and therefore
the dwell time reduces, driving to lower DOC efficiencies. In the case of HC, as
this change is not accompanied with a hydrocarbon emission peak the negative
effect in the HC DOC efficiency is less noticeable. Once the WLTC reaches the
800 seconds the DOC conversion efficiencies become less important because
of the high DOC interface temperature (250 °C). As the cycle proceeds, the
CO conversion efficiency differences between -7 °C and 20 °C vanish. In spite
of this phenomena is more remarkable in CO, it is also spotted in case of HC
oxidation efficiency at -7 2C. When catalyst temperature reaches 250 °C DOC
efficiency enhancement is observed.
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5.3.2 NEDC

Regarding catalyst temperature, NEDC performs in similar manner than
WLTC. DOC interface temperature evolves quite close at both ambient
temperatures Fig. 5.4
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Figure 5.4: Catalysis temperature evolution for -7 2C and 20 °C ambient
temperature. NEDC vehicle speed is depicted as a surface in gray.

Comparing to the WLTC, a flatter temperature evolution is observed in

NEDC. While catalysis temperature rises to almost 425 °C in WLTC, the
highest temperature under NEDC is limited to roughly 350 °C.
DOC conversion efficiencies over the NEDC are depicted in Fig. 5.5 for HC
and CO. Regarding -7 °C case, DOC performs with relative high efficiency
from the beginning of the cycle, mainly in the case of HC conversion (60%).
As was aforementioned in WLTC results Section 5.3.1, the high efficiency in
the first instants can be explained by the adsorption of some chemical species
in the washcoat that retains pollutants in the DOC. HC desorption can be
observed between 850 to 950 seconds when EUDC is performed, pollutants
measurements show higher concentrations at the DOC outlet than at the inlet,
eventually causing negative conversion efficiencies. This phenomenon is caused
by high intake temperatures that boost the pollutants release from the DOC
washcoat. As DOC efficiency definition doesn’t have any sense under this
conditions the efficiency calculation has been neglected during the desorption
process. Finally, during the EUDC, a notable DOC performance enhancement
is observed owing to the catalyst temperature increase. During the last driving
phase at roughly 900 seconds temperature reaches 250 °C.
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Figure 5.5: DOC conversion efficiency for HC and CO. NEDC vehicle speed is
depicted as a surface in gray.

Comparing HC and CO conversion performance at low ambient tem-
peratures, the evolution of the efficiencies show very different profiles. On
one hand the HC conversion efficiency performs in a monotone reduction
steady behaviour along the NEDC cycle. On the opposite, the CO conversion
efficiency shows notable variations with a sort of pattern that repeats along the
UDCs. Comparing to WLTC, CO conversion in NEDC is more stable because
of the steadier driving conditions. Regarding DOC performance at 20 °C, both
CO and HC efficiencies show high and almost constant oxidation efficiencies.
Slight poor performance is spotted at the NEDC beginning. Nevertheless,
since 100 seconds, DOC performance is roughly 0.95 and almost 1 for HC and
CO respectively.

In Fig. 5.6 the variables that play a main role in the conversion efficiency are
shown: CO, HC, oxygen concentration and dwell time. Significant correlation
between [Oz] and dwell time is spotted. During low loads, and mainly in idle
condition, high oxygen concentration and dwell time are spotted. High CO
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conversion efficiencies are linked with points of high dwell time and oxygen
concentration. This relation is observed at low ambient temperatures with an
enhancement of CO conversion during decelerations and idle conditions. As
raw CO concentration evolves in a monotone decreasing manner, unlike the
WLTC, no CO interference is spotted in case of NEDC. HC concentration is
greater at -7 °C during the first 1200 seconds of the NEDC. HC concentration
at -7 2C becomes lower as the warming up proceeds until it reaches the
hydrocarbons level at 20 °C. The differences observed in O and in dwell time
are because of the EGR differences. During the first 600 seconds, exhaust
mass flow is higher at -7 °C causing lower dwell time and higher oxygen
content because of the higher air to fuel ratio. Since 600 seconds until the
end of the NEDC, both ambient temperature cases show similar dwell times
but different oxygen concentrations. The reason of this fact is because of the
LP EGR enabling at 20 °C causing the reduction of the dwell time owing to the
higher exhaust mass flow. Comparing between ambient temperatures, higher
DOC performance at 20 °C is caused by the higher dwell time and the absence
of peak emissions. Dwell time decrease between 600 and 800 seconds drives to
CO oxidation efficiency reduction, manly during accelerations. Regarding low
temperature performance, once EUDC is performed, pollutants concentration
reduce and DOC interface temperature increases leading to DOC conversion
enhancement of both CO and HC.
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5.4 Conclusions

Comparing both driving cycles, two different DOC efficiency patterns are
spotted. On one hand, regarding CO, the conversion efficiency performs in a
high transient manner owing to the high and transient peaks emissions of CO.
Concentration peaks in WLTC can reach up to 3 times the concentrations in
NEDC. In spite of the higher CO peaks, DOC performs with higher efficiencies
in WLTC than in NEDC under low ambient temperatures. CO efficiency drops
in the NEDC are observed during accelerations when high HC emissions are
produced. Results suggest that HC peaks may reduce CO conversion rate. In
case of running at 20 °C, the conversion efficiency is turned around, being the
DOC efficiency notable higher and steadier, in NEDC. On the other hand, in
case of HC conversion, DOC performance is slightly higher in the WLTC. HC
conversion performs in steadier manner than CO at low ambient temperatures
of both driving cycles. NEDC HC concentration is twice the WLTC. In case
of running at 20 °C, the HC conversion efficiency is almost the same in both
cycles.

Summing up, the negative effect of low ambient temperature on DOC
conversion efficiency is greater in NEDC than in WLTC.
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6.1 Introduction

The effect of running in cold conditions on pollutant emissions and engine

performance has been addressed by many researchers [101], [62] and [63].
Several authors have studied the effect of warm-up in engines and proposed
methods and systems to reduce the time needed to get the nominal operation
conditions. Jarrier et al. [102] explained that during the first minute of warm-
up, around 65% of the combustion energy is used for mass heating, being
negligible the heat transfer from the engine to the ambient. Referring to the
improvement of cooling systems, researchers have been focused on cooling
strategies in order to reduce the engine warm-up time, optimize the heat
dissipation in each of the engine operation points and ensure the passenger
comfort. Many authors have researched different ways to get improvements on
engine thermal conditions for cold operation. Gumus [103] presented a thermal
energy storage device (TESD) connected to the engine water jacket, that works
on the effect of absorption and rejection of heat during the solid—liquid phase
change of heat storage material (NagSO4 — 10H20). By pre-heating the engine
at cold start, at 2 °C, Gumus obtained a CO and HC emission decrease about
64% and 15% respectively. Broatch et al. [104] evaluated the potential of an
intake air heating technology, by means of electrical heaters, for the reduction
of pollutant emissions from diesel engine combustion during a NEDC cycle,
showing a reduction of 13% in HC, 5% in CO and 3% in NOx. However,
particulate matter increased about 4%. Kauranen et al. [105] proposed a
double heat recovery system based on the combination of an exhaust gas heat
recovery system and a latent heat accumulator for thermal energy storage,
using the energy to heat the engine coolant during the cold start and low
engine load operation.
Many authors, [106] and [107], have analysed the improvement on engine
performance by engine coolant heating. In this work a different concept is
proposed. Exhaust thermal energy is recovered by a heat exchanger placed on
the tail of the exhaust line. Recovered heat is driven by a hydraulic installation
to the intake manifold where a water/air heat exchanger releases the heat
recovered to the intake air instead of heating the engine coolant. Regarding
EGHR for engine coolant heating some advantages have to be highlighted:

e Increasing oil temperature reduces friction losses, due to its lower
viscosity with temperature.

e Recovered energy is transferred to the engine block, reducing the
transmitted heat from the combustion to the cylinder line and cylinder
head.



6.1. Introduction 103

On the other hand, some disadvantages still need to be addressed regarding
the oil and coolant heating approach:

e High thermal inertia of block and coolant engine system as well as
thermal losses along with low heat recovery during the first minutes
of warming-up produces small temperature increases in engine coolant
and oil.

e Initial combustion conditions are not improved. So, cold air is coming
inside the cylinder, increasing the combustion time duration and
therefore reducing the combustion performance.

The facility performed in this work was used to investigate the capability
of an exhaust heat recovery system as well as to study the influence of
the intake air temperature on the emissions and performance of a DI diesel
engine working under transient load conditions at low ambient temperatures.
The initial air temperature influences on the chemical reaction rate through
the rate coefficient. According to Arrhenius expression [108] there is an
exponential relation between rate constant and temperature. Higher intake
air temperatures show a drawback effect on cylinder filling. The higher the
temperature is, the lower the density is, and therefore the volumetric efficiency
goes down [109]. However at low temperatures the negative effect on the
volumetric efficiency is not significant, but on the rate of combustion it is.
Therefore, the intake air temperature increase may be regarded as a solution
for low combustion performance under low ambient temperature. The engine
performance enhancement is addressed in this work by means of the fuel
consumption and the measurement of pollutant emissions.

The aim of this chapter is to analyse how the improvement of combustion
boundary and initial conditions, such as the engine coolant temperature and
the air intake temperature, can enhance the engine performance under low
ambient temperature. Two different thermal management approaches are
considered. The first system, analysed in Section 6.3.1.1 and Section 6.3.1.2,
comprises the WCAC and engine thermal management based on coolant
flow regulation for avoiding overcooling during low temperature operation
conditions. The second systems relies on the EGHR for intake air heating
by means of an exhaust heat exchanger placed at the end of the exhaust
tailpipe. Recovered energy and efficiency of the EGHR system is analysed
in detail in Section 6.4. Finally, the EGHR performance is compared to the
coolant management approach in Section 6.4.2.
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6.2 Baseline case

Thermal management tests are assessed in NEDC at -7°C. According to
the results presented in Chapter 4 and Chapter 5, the negative effect of low
ambient temperature is greater in NEDC than in WLTC. On one hand, CO and
HC raw emissions are notable higher in NEDC than in WLTC. On the other
hand, regarding DOC efficiency, CO and HC conversion performs worse in
NEDC than in WLTC. So, considering the worst scenario for an engine running
at low ambient temperatures, the NEDC comes up as the most suitable driving
cycle to test the different thermal management solutions.

Unlike the outcomes of the carmaker calibration engine performance at low
ambient temperatures, shown in Chapter 4 and Chapter 5, the baseline case
proposed in this thesis encourages the prior EGR enabling to avoid NOx
overshooting. In spite of the last NOx aftertreatment techniques such as
LNT and SCR, NOx is still the main pollutant released [70] by diesel engines.
Fig. 6.1 shows the pollutant ratios of three different EGR calibrations. On one
hand, LP EGR case represents a late EGR enabling strategy where the low
pressure loop is activated at 500 s. On the other hand, HP /LP EGR 200 s. case
is a combination of HP and LP EGR, where loops are switched at 200 seconds.
Finally, at the HP/LP 400 s. case a longer HP EGR strategy is performed
at the expense of reducing the LP EGR enabling time. In all configurations,
EGR is not enabled until the engine coolant temperature reaches -4°C, that
is around 100 s. in the NEDC, with the purpose of avoiding misfiring events
at the cold start.

Comparing all proposed cases, LP 400 s. is dismissed as baseline because of
the high increase on NOx as consequence of EGR delaying. In addition to the
pollutant emission dependence, EGR setting needs to address the existence
of interference between the HP EGR and the EGHR performance. Available
exhaust gas energy reduces by HP EGR enabling as it reduces the exhaust gas
flow.
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HP/LP 200 s.
—— LP400s.
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Figure 6.1: NEDC whole cycle emissions ratio between -7 to 20 °C at several EGR
calibration strategies

Comparing the HP /LP 200 s. to the HP /LP 400 s. strategies, the pollutant

ratios are very similar no matter the time span of each EGR loop. As EGHR
takes advantage of exhaust mass flow enthalpy, HP EGR enabling reduces the
available exhaust energy to recover. HP EGR and EGHR system work in a
competitive way unlike it happened by enabling the LP loop where the whole
recirculated gas flows through the EGHR system. Therefore, regarding both
NOx reduction and EGHR boosting, the baseline EGR calibration is set as
HP/LP 200 s.
In this chapter, the results of the different thermal management systems are
analysed by the ratio between the emissions at -7°C divided the warm reference
test at 20°C with the serial calibration where the thermal management
solutions weren’t applied.

6.3 Coolant thermal management

In this section, coolant thermal management results are analysed. All
configurations tested in this layout lay on the engine and WCAC coolant
flow management. On one hand, in Section 6.3.1.1 several configurations are
tested for the engine coolant thermal management depending on the thermal
management valve position. Three cases were proposed: first, the reference
case, that represents the most popular cooling layout nowadays, where no
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thermal regulation is enabled. Engine coolant flows through a bypass from the
beginning of the engine start until the coolant target temperature is reached.
Once coolant temperature rises over 80°C, the heat surplus is released to the
ambient at the engine radiator by means of the thermostat regulation. Second,
the microflow case, given this name because of the low coolant flow rate. In
this layout, the engine coolant flows through the EGR coolers and the engine
block. Finally, the coolant 0 flow case, where the thermal management valve
avoids any coolant flow. In this last configuration, an external electrical pump
is needed for avoiding EGR coolers overheating. In all aforementioned cases
WCAC flow is recirculated through the WCAC bypass. On the other hand,
the influence of different WCAC coolant flow strategies on engine performance
is analysed at Section 6.3.1.2. The engine coolant reference case is compared
to a WCAC 0 flow system where the WCAC electrical pump is turned off for
avoiding intake air overcooling at cold ambient conditions. In addition, an
ATRCAC reference running at - 7°C has been added. This layout comprises
the current most popular automotive technology where an air-air intercooler is
placed downstream the compressor cooling down the intake air to the ambient
temperature.

6.3.1 Effect on pollutant emissions and fuel consumption
6.3.1.1 Engine coolant management

Emissions ratios and fuel consumption by driving phase between -7 °C and
20 °C are shown in Fig. 6.2. In general terms, emissions and fuel consumption
of all engine coolant thermal management cases evolve in similar way. As the
cycle proceeds ratios reduce, pointing the performance enhancement of the
cold tests with the warming-up. Regarding hydrocarbons, the emissions rates
began in all cases between roughly 3.5 and 4.5. Due to the initial disabling of
EGR at low ambient temperature, HC highest emission ratios are not placed
at the first UDC but at the second, where ratios reach from 7 up to 8.5. While
HP EGR is running since the beginning at 20 °C, it is not enabled until 100
s. at -7 °C. Beyond this point, ratios go down until reaching the lowest value
at the last UDC when emissions are around 1.75 times higher at low ambient
temperatures. Concerning CO, emission ratios are kept around 2.5 for the
first three UDC. At the last UDC and EUDC ratios reduce to 1.25 and 1.6
respectively. In the case of NOx, notable reduction is spotted in the second
UDC owing to the EGR enabling. NOx ratios are reduced from 3.75 to almost
1. Concerning BTE, a HC like evolution is observed, with a maximum of
fuel consumption, close to 1.4, located at the second UDC. Beyond this point
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engine efficiency increases until the end of the cycle reaching the same BTE
than the 20 °C case at the EUDC.

On the other hand, the AIRCAC case shows higher emissions than the rest
of low temperature cases because of the low intake gas temperature. Intake
temperature of AIRCAC case is analysed in Section 6.5. In contrast to the
general tendency of enhancement of hydrocarbons and carbon monoxide with
the warming-up, in the AIRCAC case a deterioration is spotted since the
beginning until the third UDC. HC and CO emissions rise up to 12 and 4 times,
respectively, the pollutants emitted at 20 °C. Notable increase of CO and HC
emissions are observed for all driving phases in the AIRCAC layout with the
exception of the first UDC, where ratios perform close to the other low ambient
temperature cases. Regarding BTE, engine efficiency reduction is spotted since
the second until the last UDC. Concerning NOx, almost negligible differences
with the rest of low temperature tests is observed in the EUDC.

HC FUEL

14 1.6

NOx

-7°C 0 flow engine
4.0 I mmm -7°C microflow engine

B -7°C reference engine
s AIRCAC

0.0 ubC1 ubDC2 uDC3 ubc4 EUDC WHOLE CYCLE 0.0 ubCl ubC2 uDC3 ubDCc4 EUDC WHOLE CYCLE

Figure 6.2: Pollutants and fuel ratio by NEDC driving phase. Different thermal
management valve configurations

The notable CO and HC reduction in all coolant thermal management
cases at the last UDC is because of twofold: on one hand, these emissions at
low temperatures show the minimal emitted amount at the last UDC. On the
other hand, carbon based emissions are not reduced beyond the third UDC
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when the engine is running at 20 °C. For better understanding of this effect,
Fig. 6.3 shows the emitted mass amount by driving phase for hydrocarbons and
carbon monoxide. In both pollutants, the lowest difference between the warm
and cold cases is placed at the last UDC. All low ambient temperature cases
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Figure 6.3: HC and CO emitted mass by NEDC driving phase

show similar reduction pattern of all ratios as the cycle proceeds. However,
this tendency is switched when the EUDC is performed. HC and CO emissions
ratios increase while NOx reduces because of different EGR rates between the
cold and warm cases. As the original ECU calibration is kept, the air mass flow
settings are the same in all cases independently of the inlet air temperature.
The lower exhaust temperature of cold ambient tests entails lower LP EGR
temperature that leads to increase the total intake mass flow, eventually
comprising higher amounts of exhaust gas recirculation. This increase of EGR
keeping constant the fresh air mass flow is known as additive EGR [110]. In
Fig. 6.4 this phenomenon is depicted by showing the differences on emissions,
EGR rates and LP EGR temperatures in a steady operation period of the
EUDC. A difference on EGR of 3% causes the HC and CO rising and the
NOx reduction. The LP EGR temperature difference is roughly 25 °C. As



6.3. Coolant thermal management 109

consequence of the additive EGR, according to Fig. 6.2, hydrocarbons ratio
rise to 3 and carbon monoxide to around 1.5. In contrast, NOx ratios are
reduced to 0.75 at the EUDC.
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Figure 6.4: EGR, CO, HC and LP EGR temperature during a steady step of
EUDC. Vehicle speed is depicted in gray area.
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Comparing between thermal configurations, a statistical but slight
significant difference is spotted in the 0 flow case compared to the reference.
Regarding HC, emissions are lower for the first 3 UDC. In the case of CO, NOx
and BTE, no statistical differences are observed between thermal management
systems for all driving phases. Concerning the microflow case, non remarkable
differences are observed comparing to the reference case. Negligible reductions
are observed in HC at the third UDC and the EUDC. in the case of CO,
a slight reduction is spotted at the EUDC. Regarding NOx and BTE, no
statistical difference is obtained at any point of the NEDC. In several points,
microflow ratio error bar is overlapped by the other two thermal configurations
uncertainty. This overlapping makes impossible to determine any improvement
or deterioration comparing to the two other thermal configurations.

6.3.1.2 WCAC coolant management

In this section the influence of two different WCAC coolant management
strategies is analysed. On one hand, the reference case from Section 6.3.1.1,
where WCAC coolant is recirculated for the whole test, is compared to the
WCAC 0 flow strategy, where no coolant is flowing for the first 800 s. For the
remaining 400 seconds of the cycle, the WCAC electrical pump is turned on
for avoiding overheating during the EUDC high loads. Emission ratios and
fuel consumption by driving phase for both cases are shown in Fig. 6.5
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Figure 6.5: Pollutants and fuel ratio by NEDC driving phase. Different thermal
management valve configurations

Regarding all emissions and fuel consumption of both thermal management
systems, no difference is spotted in any driving phase. Only slight, and
negligible, difference on NOx emissions at the second UDC is observed between
both WCAC coolant strategies. In contrast, the low intake temperature of the
ATRCAC case increases HC, CO and fuel consumption in a 100%, 43% and
8% respectively at the end of the NEDC.

6.4 Exhaust gas heat recovery

In this section, the EGHR is analysed. Firstly, in Section 6.4.1 an energy
survey is carried out at the exhaust line, followed by the analysis of the EGHR
efficiency, the enthalpy flows in the system and the recovered cumulated
energy. In Section 6.4.2 the influence of the EGHR system on pollutant
emissions is addressed. In addition, the EGHR performance is compared
with the coolant thermal management systems. Finally, in Section 6.5 intake
temperature evolution along the NEDC is shown for the EGHR, the coolant
management systems and the most popular current automotive intercooler

technology (AIRCAC).
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6.4.1 Energy analysis

The energy balance at the EGHR is aimed for thermal efficiency calculation
of the EGHR system. The available exhaust gas thermal energy reduces from
the exhaust manifold, at the turbine inlet, to the tailpipe exhaust, at the
EGHR heat exchanger outlet. Energy reduces because of twofold: Firstly,
due to the heat transmission between the gas, the thermal inertia of exhaust
line components and the surroundings heat losses. Secondly, owing to the
output work that reduces the exhaust gas enthalpy as it happens in the
turbine. Energy distribution along the exhaust line is depicted in Fig. 6.6.
Energy is obtained from the sensible enthalpy between each exhaust line point
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Figure 6.6: Gas sensible enthalpy along the exhaust line in the NEDC at -7 2C.
EHGR working modes are shown at the top of the figure

and the outdoors temperature. Four energy terms are depicted: turbine,
aftertreatment, EGHR heat exchanger and finally the ambient energy release.
The exhaust mass flow is obtained from the air mass flow, the LP EGR rate
and the injected fuel mass flow. The total available sensible enthalpy rises to
around 10 MJ at the end of the cycle, wich represents the 37% of the total
heat of combustion (LHV was used for combustion heat release calculation as
energy balance is based on sensible heat). Regarding the operation recovery
modes of the EGHR, the available sensible heat recovery drops to 0.3 MJ
at the end of the heating recovery mode, at 368 seconds, and to 2 MJ at
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the standby ending, at 1063 seconds. As calculated energy only accounts
for sensible heat, phase change heat release owing to water condensation and
fusion is not addressed in Fig. 6.6. Relative energy distribution by exhaust
line element is shown in Fig. 6.7. Exhaust gas enthalpy evolves in opposite
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Figure 6.7: Relative exhaust gas sensible enthalpy distribution in the NEDC at
-7°C. EHGR working modes are shown a tthe top of the figure

trends: the enthalpy fraction exchanged at the turbine and aftertreatment
decreases as the cycle proceeds while the enthalpy weight at the EGHR
rises with time. At the end of the cycle the exhaust enthalpy variation at
the EGHR heat exchanger becomes the highest, being the 33% of the total
gas energy, followed by the ambient energy release at 25%, aftertreatment
heat transmission at 23% and finally with the 18 % the turbine. However,
regarding the key operation modes of the EGHR system, the relative energy
weighs turn around. At the end of the heating mode, where exhaust energy
is recovered for intake heating, the EGHR enthalpy represents the 15% of
the total enthalpy. Concerning the standby operation, where exhaust energy
is recovered for engine coolant heating, the EGHR enthalpy rises to 29%.
Energy transfer at the EGHR heat exchanger along the NEDC is depicted
in Fig. 6.8. Exhaust gas heat release calculation takes into account the
latent heat of the water condensation and freezing. Exhaust gas and recovery
coolant enthalpy flows are shown in the upper plot. Coloured areas in the
plot highlight the differences between released and absorbed energy by the
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Figure 6.8: EGHR energy analysis. Upper plot: Enthalpy flow of exhaust gas and
EGHR coolant. Coloured areas show the difference of gas and coolant enthalpy flow.
Blue areas show higher enthalpy at the exhaust gas. Red areas spot instants where
the coolant enthalpy increase is higher than the exhaust gas reduction. Lower plot:
Cumulated energy difference between the gas and the EGHR coolant

gas and the coolant respectively. Blue areas in Fig. 6.8 spot where exhaust
heat release is higher than coolant absorption. In contrast, red areas show the
instants when coolant enthalpy increase is higher than gas enthalpy reduction.
This apparently energy unbalance is explained by the heat exchanger thermal
inertia. When decelerations and idles are performed exhaust gas temperature
and flow reduce. Since the mass bulk temperature remains higher during these
operation points, the heat exchanger mass becomes a heat source increasing
the coolant temperature. These instants of low exhaust energy are mainly
driven by HP EGR enabling that reduces the exhaust mass flow between
the 100 to almost 200 seconds of the cycle. Once HP is switched to LP
EGR, exhaust enthalpy increases. In addition to the increase of exhaust
mass flow, as time proceeds, exhaust gas enthalpy at the EGHR rises, as was
shown in Fig. 6.7. At the lower plot of Fig. 6.8 the difference of cumulated
energy between the exhaust gas release and the coolant absorption shows an
increasing evolution with time. Energy difference reduces for the 100 to 200
seconds because of the HP EGR enabling. Beyond this point, energy difference
increase speeds up until reaching the maximum value of 200 kJ at the end of
the heating recovery mode. Exhaust gas enthalpy flow at the EGHR exchanger
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has been calculated by considering two different energy terms: sensible and
latent enthalpy. Sensible enthalpy is obtained directly from the thermocouples
measurement upstream and downstream the heat exchanger. Latent heat
is calculated by measuring the water vapour concentration at the inlet and
outlet of the heat exchanger. The concentration difference is caused by water
condensation. In addition to the vapour to liquid phase change, fusion latent
enthalpy is also considered when coolant and gas temperature remains subzero
at the beginning of the cycle. The evolution in time of those heat sources is
depicted in Fig. 6.9 as relative energy terms. The analysis is bounded to the
heat recovery mode running time span. In the beginning, energy terms aren’t
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Figure 6.9: Relative distribution of exhaust gas heat sources. Only positive heat
transmission points are depicted

shown as no heat is recovered from the exhaust. Since 25 seconds heat recovery
comes up. At the first instants of heat recovery sensible enthalpy plays a minor
role in the transmitted heat in contrast to the latent recovered heat. Between
25 and 50 s. energy sources weight is turned around. At 50 seconds, sensible
term reaches the weigh of 75% and water condensation reduces to 25%. Beyond
this point, energy distribution remains without significant variations for the
rest of the heat recovery time span.

In Fig. 6.10 thermal efficiency, calculated as the ratio between recovered and
released cumulated energy, is depicted. The existence of thermal inertia terms
on the energy balance, working as sinks and sources of heat, make no possible
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to analyse the efficiency by instantaneous enthalpy flows. Regarding Fig. 6.10
two efficiency lines are shown. The higher corresponds to the exhaust heat
exchanger device efficiency calculated by the ratio between the gas and the
coolant enthalpy. The lower line represents the global thermal efficiency of
the EGHR system that comes from the ratio between the intake gas and
the exhaust gas enthalpy. Efficiency values are only plotted for those
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Figure 6.10: EGHR thermal efficiency. Red line: exhaust recovery efficiency. Blue
line: global EGHR efficiency

points where heat is recovered from the exhaust. In case of negative enthalpy
variation, i.e. EGHR heat exchanger coolant temperature reduction or intake
gas enthalpy decrease, efficiency is not calculated. Regarding both lines,
significant differences between the exhaust and global recovery are observed.
The poor global efficiency is caused by the low heat transmission at the intake
owing to the low temperature difference between coolant and gas flows, the
high heat transmission losses driven by the large WCAC external area and the
large intake heat exchanger size that entails a major role of the thermal inertia.
Between the 50 to 200 seconds the exhaust heat recovery efficiency increases
because of the heat exchanger thermal inertia as it’s not included in the balance
as an energy source. Beyond the 200 seconds, efficiency begins to reduce until
reaching the 55% at the end of the heat recovery mode. Concerning the global
efficiency, these increase and reductions of efficiency evolve in a slower way.
At the end of the recovery mode the global thermal efficiency is around 15 %.
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6.4.2 Effect on pollutant emissions and fuel consumption

In this section the EGHR engine out pollutant emissions are analysed and
compared with the coolant 0 flow thermal management and the WCAC 0 flow
strategy. The WCAC and engine coolant 0 flow represent the most simple
thermal management application for warming-up speed up in comparison with
the more complex EGHR layout that comprises an additional WCAC coolant
control system aimed to intake temperature increase. Like Section 6.3.1,
pollutant emissions and fuel consumption are analysed by driving phase in
Fig. 6.11. Ratios are obtained by speed driving phase according to the
Eq. (4.3). Like in Section 6.3, the AIRCAC case has been added to compare
the thermal management systems with the most popular current automotive
technology:.

Pollutants as well as fuel consumption of the three thermal management
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Figure 6.11: Pollutants ratio by NEDC driving phase

systems follow the same general trend: as the cycle proceeds, ratios reduce.
At the first part of the cycle, all ratios are higher than one, pointing the
notable negative effect of low ambient temperature cold start on emissions and
engine efficiency. Regarding the EGHR system, HC is the pollutant that more
increases being the emissions, at the low speed phase, 4.85 times the amount
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emitted at 20 °C. As the cycle proceeds, the emissions reduce reaching the
minimal value of 1.5 at the last UDC. In the case of CO, emissions ratio began
at almost 3 and reduces progressively until the last UDC where the minimal
ratio is reached at around 1.15. Regarding NOx, the observed initial ratio is
higher than 3 because of the EGR disabling at cold ambient temperatures.
Once the EGR systems are running, NOx emissions turn around being the
emissions slight higher at 20 °C. NOx emission ratio performs in a quite steady
manner in the range of 0.9 to 1 for the rest of the cycle. Concerning fuel
consumption, a general monotone reduction tendency is spotted as the cycle
proceeds. The fuel ratios evolves from the maximum of 1.3, at the first UDC,
to the minimum value reached at the last UDC and EUDC of 1. Regarding the
evolution of ratios by driving phase is remarkable the variation of HC and CO
reduction tendency when EUDC is performed. Under relatively high engine
loads, the aforementioned EGR rates differences in Section 6.3 between the
cold and the warm cycles drives into quite different combustion performance.
EGR rate increase at low ambient temperature, causes the rise of HC up to
almost 2.3 times. The effect is less remarkable in case of CO where the increase
is limited to 1.7. In contrast, as EGR rates are higher at low temperatures
the NOx ratio goes down.

Comparing the EGHR system to the other two different thermal systems,
the effect of the EGHR is more notable than the 0 flow layout. Reading
the cycle step by step, differences at the first UDC between the EGHR
and the engine coolant 0 flow case are spotted with a reduction of 25%
in HC and 13% in CO at the engine coolant 0 flow. In spite of there is
significant statistical difference the low variation between ratios along with
the two 2 sigma criteria used in this work makes unprovable the existence of
a difference between cases. The low recovered energy by the EGHR system
along with the random and negative impact of engine start emissions hide
any improvement in the first UDC. On the other hand, significant better
performance is spotted by means of the EGHR between the second and the
last UDC. The greatest difference comes up at the second and third UDC
with the reduction of hydrocarbon emissions in 46% and 33% respectively.
Concerning CO, non significant reductions are observed in the EGHR with
a reduction of 13% and 15% in the second and third UDC. In the case of
fuel consumption, EGHR improvement is limited to the second UDC, where
the thermal efficiency improvement because of the heat recovery rises to the
8%. Finally, concerning NOx emissions, no statistical differences are spotted
between all low temperature cases for the first and second UDC. For the rest of
driving phases slight and almost negligible reduction in the EGHR comparing
to the coolant engine 0 flow system is spotted. In spite of the low differences in
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NOx between both thermal management layouts, an increase tendency in the
engine coolant thermal management case is spotted. No explanation could
be found in NOx variation between coolant thermal management and the
rest of cases. All test related variable, such as air mass flow, injection law,
EGR, exhaust manifold pressure, were under control performing the same
values. Knowing the cause of the slight increase in the coolant management
system requires a deeper statistical survey by including higher amount of
NOx measurements and a more stringent confidence interval. The purpose
of the proposed thermal management systems is directed to CO, HC and fuel
consumption enhancement. The effect on NOx emissions is clearly governed
by the EGR enabling. Finding the cause of differences on NOx emissions
between the thermal management systems is a task to perform beyond the
aim of this work focussed in carbon emissions.

Concerning both 0 flow thermal management systems. The same differences
regarded for the EGHR at the first UDC for HC and CO are spotted too.
Regarding fuel consumption, no differences are spotted between cases for
all driving phases. In the case of HC, since the second UDC, no statistical
differences are observed between both systems. Regarding CO, in addition to
the first UDC slight reduction of emissions in the WCAC 0 flow are measured
at the EUDC. Finally, in the case of NOx, slight reductions are observed by
enabling the WCAC 0 flow since the second until the fourth UDC.
Comparing the EGHR system with the AIRCAC technology, remarkable
reductions are obtained in HC and CO by the EGHR system. HC reduction
comes from 64% up to 82% for the second and third UDC. CO reduction goes
from 29% to 54% at the second and fourth UDC. Regarding fuel, reductions are
spotted since second until the fourth UDC being the highest reduction around
18%. Finally in the case of NOx, no differences are spotted for all UDC driving
phases. When EUDC is performed a 33% of increase is spotted by performing
the EGHR system owing to the higher intake EGHR temperature.

6.5 Effect of thermal management in intake air
temperature

Intake temperature of the different tests performed in this chapter is
depicted in Fig. 6.12. As all engine coolant tests lay on the same WCAC
configuration, only the temperature of the 0 flow engine coolant case is
depicted. The rest of cases show the same intake temperature evolution. In
addition to the low ambient temperature cases, the intake air temperature
evolution of the warm case, 20 °C, is plotted too. In the 20 °C case, intake
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Figure 6.12: Intake temperature. Vehicle speed depicted as a surface in gray.

air temperature increases quickly since the beginning of the cycle because of
the HP EGR enabling. EGR systems are not activated until engine coolant
temperature reaches -4 °C that’s why intake temperature remains low in the
-7 °C cases. The effect of HP EGR enabling on the intake temperature is
noticeable between the 100 s. to 200 s. when HP is shifted to LP EGR. The
intake temperature increases in all cases when HP EGR is enabled, reaching
45°C in the cold ambient case and 65 °C in the warm case. Regarding the -7 °C
tests, for the first instants, intake temperature differences between the 0 flow
and the EGHR case are negligible. Once the HP EGR is enabled, at 80 seconds,
a rush, step like, temperature increase is spotted. When HP loop is switched
to LP EGR the intake temperature at the engine coolant and WCAC 0 flow
cases drops suddenly to 0 °C and 3°C respectively. In contrast, the intake
temperature reduction in the EGHR case is not so notable because of the intake
heating by the recovered exhaust energy. Air temperature remains at 18 °C
after disabling the HP EGR. Beyond this point the EGHR temperature control
targets the intake to 35 °C by releasing the recovered heat to the engine coolant
and the intake air. At almost 400 s. the intake temperature target is reached
and the EGHR control moves to the stand by position where recovered heat is
delivered to the engine coolant. Regarding the engine coolant 0 flow case, since
LP EGR is enabled, intake air temperature increases as the NEDC proceeds.
At 900 seconds temperature reaches 20 °C. Due to the higher engine loads
performed in the last NEDC driving phase, compressor exhaust temperature
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rises leading to increase the intake temperature that eventually reaches 30
°C at the end of the driving cycle. Concerning the WCAC 0 flow, intake
temperature rise speeds up in comparison to the WCAC recirculated flow of
the engine coolant case. Owing to the lower heat transfer coefficient, intake
air temperature reaches 20°C at 380 seconds. Nevertheless, when WCAC flow
is turned on at 800 seconds a sudden reduction of intake temperature occurs
going down to 52C. As the EUDC evolves, intake temperature increases until
reaching almost 30°C meeting the same value as the WCAC recirculated flow
strategy.

Comparing the EGHR case to the warm test, for roughly the first 400 seconds
intake temperature is always higher in the warm case. In the case of EGHR
system, the air temperature increases as thermal energy is recovered from the
exhaust gas. At almost 400 seconds, -7 °C EGHR case reaches the intake air
temperature of the 20 °C case. Beyond this instant, intake air temperature
evolve similar between both cases. On the other hand, in the ATIRCAC test,
intake temperature is kept at -7 °C with the exception of the HP EGR enabling
time span where temperature increases to 45 °C and the last part of the EUDC
where the temperature is risen to 8°C.

6.6 Conclusions

The effect of three different thermal management systems on pollutant
emissions at low temperatures has been addressed in this section. Firstly, a
set of different configurations of engine coolant flow have been tested keeping
the same 0 low WCAC coolant strategy based on flow recirculation. Secondly,
a WCAC 0 flow system has been compared to the engine coolant management
system. Finally, an EGHR system connected to the WCAC has been proposed
for intake temperature increase.

Comparing all thermal systems for pollutant reduction at low ambient
temperatures, the effect of the EGHR is more notable than the other layouts
with a 46% and 33% reduction of hydrocarbons emissions during the second
and third UDC. In addition, better engine efficiency was spotted at the second
UDC with a reduction of 8% in fuel consumption. Regarding CO and NOx no
significant differences were observed between both systems. Concerning NOx,
the effect of the thermal management is negligible in comparison to the EGR
enabling. When EGR is running NOx emissions reduce 3.5 times in average
for all low temperature cases.

Regarding the AIRCAC system, the penalties of running at low ambient
temperature are noticeable mainly in HC and CO. HC emissions may be
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up to 12 times higher the emission at 20 °C. Regarding the whole NEDC,
HC and CO emissions are roughly 57% and 35%, in average, lower by using
any thermal management system compared to the AIRCAC. In the case of
fuel consumption, a 7% of reduction is spotted. Concerning NOx, negligible
increases are observed at the engine coolant 0 flow and the EGHR respectively.
Looking at the NEDC by driving phase the highest differences between the
thermal management and the AIRCAC are placed at the third UDC where
HC emissions may be up to 3.35 and 5.57 times lower by enabling the coolant
thermal management systems and the EGHR respectively.
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7.1 Introduction

In this chapter main accomplished goals are summarized. In addition, work

in progress is described for future approaches of the low ambient temperature
analysis.
This work doesn’t intend to address all issues concerning low ambient
temperature emissions. A broad study has been carried out by analysing
the influence of low ambient temperatures on the pollutant formation and the
DOC performance. Two different thermal management approaches have been
proposed for engine performance enhancement by engine and WCAC coolant
management and by intake gas heating with the installation of an EGHR
system.

7.2 Conclusions

As was described in Chapter 4, pollutant emissions in thermal engines
increase when running at low ambient temperatures. Expected more stringent
emissions regulations boost searching new engine technology for pollutant
reduction. According to the NEDC and WTLC testing procedures a general
trend of emissions increases is spotted by lowering the temperature from 20
2C to -7 °C. In the following lines the main conclusions of comparing NEDC
to WLTC are presented:

e The negative effect of running at low temperature is more significant in
NEDC than in WLTC owing to the higher engine loads performed in the
WLTC. While NEDC shows significant increases of NOx, CO, HC and
also in fuel consumption. WLTC detriment is limited to HC and NOx.
Fuel consumption is not significantly affected.

e Regarding CO, one point to highlight is the reduction in WLTC. The
reason behind this enhancement is the role that air management plays
on carbon monoxide emissions. Unlike unburned hydrocarbons, CO
formation is high sensitive to oxygen concentration. As cold conditions
entails higher air mass flow, in-cylinder oxygen concentration is higher
at low temperatures.

e Higher air mass flow rate is caused mainly by EGR enabling differences
between the cold and warm test. On one hand, HP EGR is activated
since the beginning in case of running at 20 °C. In case of low ambient
temperature, HP EGR is not enabled until the half and almost the end of
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the driving cycle for the WLTC and NEDC respectively. On the other
hand, EGR is enabled at low temperatures by running the HP loop.
In case of warm testing, LP EGR is enabled driving to higher EGR
rates. An additional, and minor, cause of air mass flow increase at low
temperature is the higher air density at -7 °C than at 20 °C. Disabling
or lowering the EGR rate in cold conditions boost the reduction of CO
but, in contrast, rise NOx emissions significantly.

On the other hand, tail pipe emissions were analysed in Chapter 5 by the
ambient temperature influence on DOC efficiency.

e DOC performance detriment was spotted in both NEDC and WLTC.
Catalyst temperature evolved similar at both ambient temperatures.
The low DOC bulk mass along with the low heat transmission losses,
driven by natural convection, and the close evolution of both exhaust
gas temperatures makes the warming-up process evolve in quite similar
manner.

e DOC efficiency differences are caused indirectly by ambient temperature
reduction. On one hand, lowering ambient temperature leads to EGR
disable that entails a reduction of the dwell time.

e High pollutant concentrations of CO and HC may drive to a competitive
oxidation leading to a reduction of catalytic efficiency.

e The higher air mass flow rate at cold ambient conditions leads to increase
the oxygen concentration at the exhaust manifold and eventually boosts
the DOC oxidation rate. The final balance of all theses three terms is
a higher and negative effect on DOC efficiency by increasing the dwell
time and pollutant concentration against the kinetics enhancement by
increasing the oxygen concentration.

Regarding the double negative effect of low ambient temperature, by increasing
engine out emissions and decreasing DOC efficiency, is necessary to find
new solutions for speeding up the engine warm-up. Two different thermal
management strategies were proposed:

e The first approach was focussed on the engine and WCAC coolant
temperature management for avoiding overcooling at low temperatures.

e The second layout was aimed to intake air heating for avoiding intake
overcooling by recovering heat from the exhaust tailpipe by means of the
EGHR system.
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The intake air heating based on the EGHR system comes up as the best
solution with notable reductions of HC, followed by slight reduction of CO
and fuel consumption. The engine performance improvement by using the
EGHR is significant for the first 600 s. On the other hand, both 0 flow, engine
and WCAC, coolant shown similar enhancement in pollutant reduction and
fuel savings.

7.3 Future work

While conducting this thesis some issues have been left because of lack of
time or resources. The following suggestions could become the basis of future
studies in the low ambient temperatures field for increasing the knowledge on
pollutant formation and aftertreatment performance. As emissions regulation
will become more stringent, the importance of low temperature influence on
engines performance will play a major role. Future scenarios will boost the
development of new technologies beyond the systems analysed in this work
for reducing warming-up time and recovering engine waste heat not only form
high temperature exhaust gases but from low temperature heat sources too.
Main related research topics that could be addressed in the near term future
comprises:

e Additional intake air heating systems such as electrical heaters may
be interesting to compare with the proposed EGHR. Electrical heaters
would allow to release higher thermal power to the intake air but by
causing a possible penalty in fuel consumption.

e Direct EGHR by means of a gas-gas heat exchanger. As was depicted
in Fig. 6.10 low global efficiency is observed when analysing the whole
energy balance from the exhaust gas to the intake enthalpy. The
reason behind this low efficiency is the high difference of the heat
capacities between the exhaust gas and the coolant fluid. A 1°C drop of
exhaust gases along the EGHR heat exchange may increase the coolant
temperature in 0.23 °C (calculation based on exhaust gas flow of 200
kg/h and coolant flow of 300 kg/h). By means of a gas-gas heat
exchanger, in ideal conditions of heat transfer, the increase in the intake
air may be as much as the exhaust gas drop. The gas-gas heat exchange
shows the advantage of having high temperature differences between the
exhaust and the intake flow, boosting the heat exchange between both
streams. Nevertheless, the development of such heat exchanger may
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entail significant constructive complexities as the exhaust and intake
lines should be placed much closer one each other.
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