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Impossible is not a fact. It's an opinion.

Impossible is not a declaration. It's a dare.

Impossible is potential. Impossible is temporary.

Impossible is nothing.

Muhammad Ali

Without data, you're just

another person with an opinion.

William Edwards Deming





Resumen

Esta tesis doctoral se encuadra en el contexto de una creciente concienciación
y preocupación en la sociedad por la contaminación y su efecto sobre la salud
de las personas, así como la in�uencia de los gases de efecto invernadero en el
cambio climático. En este sentido, el sector transporte no ha sido una excepción,
y se ha legislado para regular tanto las emisiones contaminantes como las de efecto
invernadero de manera cada vez más estricta, retando continuamente a las empresas
del sector y fabricantes de motores a aumentar la e�ciencia y limpieza de sus sistemas
propulsivos.

Este trabajo tiene por objetivo estudiar el impacto que tienen distintos sistemas
de recirculación de gases de escape (exhaust gas recirculation o EGR) en un motor de
encendido provocado, de inyección directa, sobrealimentado, con distribución variable
y dentro de la tendencia del downsizing. Cabe resaltar que el motor bajo estudio es
un modelo sin EGR empleado actualmente en aplicaciones de transporte por carretera
de turismos utilitarios, por lo que el proyecto ha estado en todo momento ligado a la
actualidad del sector, y los avances y descubrimientos de los estudios aquí presentados
pueden resultar de una enorme utilidad y ser empleados en aplicaciones reales.

Estos sistemas de recirculación de gases de escape pretenden aumentar la e�ciencia
de los motores de encendido provocado con el objetivo de reducir la desventaja
que estos presentan con respecto a los motores de encendido por compresión,
mientras que se mantienen los niveles de emisiones. Dicha desventaja en e�ciencia
radica principalmente en una menor relación de compresión del motor de encendido
provocado para evitar la autoignición y en el uso del dosado estequiométrico para el
correcto funcionamiento del postratamiento.

En una primera aproximación, se implementa un circuito de EGR de baja presión
para analizar el efecto que tiene la dilución con gases de escape en el funcionamiento
del motor, la calibración óptima y el funcionamiento del postratamiento. Para ello, se
desarrolla una metodología de diseño de experimentos en varios puntos de operación
del motor en régimen estacionario con el objetivo de obtener el consumo especi�co
mínimo. En dicho diseño de experimentos, las variables son la distribución variable
de admisión y escape, el tiempo de ignición a través de la chispa y la tasa de EGR. De
esta manera, se obtienen los parámetros de calibración y la tasa de EGR óptima para
cada punto, obteniendo mejoras notables en consumo de combustible y por lo tanto
en emisiones de dióxido de carbono. Después, se estudia la interacción entre los gases
de escape recirculados y los residuales internos que no han podido barrerse del ciclo
anterior, y la in�uencia de diluir con más EGR o con más IGR, pues la composición
y temperatura entre ambos di�ere notablemente. Estos residuales juegan un papel
muy importante a baja carga debido a la alta presión de escape respecto a la de
admisión, y pueden regularse con el sistema de distribución variable. Por último, se
analiza el problema de dilución espontánea inducido por la condensación de parte del
vapor de agua presente en el gas de escape recirculado. Cuando estas gotas de agua
condensadas se acumulan y entran en el cilindro, pueden provocar inestabilidades que
afectan a la e�ciencia y las emisiones.



10

En la segunda etapa del proyecto, y una vez implementado el circuito de baja
presión y analizados sus bene�cios, se pretende explorar las distintas opciones que
existen para llevar a cabo la dilución con EGR. Para ello, se instala en el motor un
circuito de EGR de alta presión y posteriormente otro de baja presión en el que los
gases de escape se extraen antes del postratamiento, de manera que la composición
de los gases es más parecida a la de los residuales internos. Se realiza el mismo
barrido de EGR con cada circuito en los distintos puntos de operación y se comparan
los sistemas dos a dos en términos de combustión, emisiones, balance de energía y
e�ciencia, siendo el sistema común en ambas comparativas el circuito de baja presión
tradicional.



Abstract

This PhD-Thesis is framed in the context of a growing awareness and concern in
society about pollution and its e�ect on people's health, as well as the in�uence of
greenhouse gases on climate change. In this sense, transportation has not been an
exception, and legislation has been created to regulate both polluting emissions and
greenhouse gases in an increasingly strict manner, continually challenging companies
in the sector and engine manufacturers to increase e�ciency and cleanliness of their
propulsive systems.

The objective of this work is to study the impact that di�erent exhaust gas
recirculation (EGR) systems have on a spark ignition, direct injection, turbocharged
engine, with a variable timing and within the downsizing trend. It should be noted
that the engine under study is mass-produced without EGR and is currently used in
passenger utility cars, so the project has been always linked to current events in the
sector, and the advances and discoveries of the studies presented here can be useful
in real applications.

These exhaust gas recirculation systems aim to increase the e�ciency of spark
ignition engines, reducing the disadvantage they present with respect to compression
ignition engines, while maintaining emission levels. Said disadvantage in e�ciency
lies mainly in a lower compression ratio in order to avoid autoignition and in the use
of stoichiometric operation for the optimal operation of the aftertreatment system.

In a �rst approach, a low-pressure EGR circuit is implemented to analyze
the e�ect that exhaust dilution has on engine performance, optimum calibration
and aftertreatment performance. A methodology for the design of experiments is
developed and applied at several steady state operating conditions with the aim of
obtaining the minimum speci�c fuel consumption. In this design of experiments,
the variables are the intake and exhaust timing, ignition through spark timing and
EGR rate. In this way, the optimal calibration parameters and EGR rate for each
condition are obtained, with notable improvements in fuel consumption and therefore
in carbon dioxide emissions. Then, the interaction between the recirculated exhaust
gases and the internal residuals that could not be swept from the previous cycle is
studied, together with the in�uence of diluting with more EGR or IGR, since the
composition and temperature between the two di�er signi�cantly. These residuals
play a very important role at low load due to the high exhaust pressure relative to
the intake side, and can be regulated with the variable valve timing system. Finally,
the problem of spontaneous dilution induced by condensation of part of the water
vapor present in the recirculated exhaust gas is analyzed. When these condensed
water droplets accumulate and enter the cylinder, instabilities can appear, a�ecting
e�ciency and emissions.

In the second stage of the project, and once the low-pressure circuit has been
implemented and its bene�ts analyzed, it is intended to explore the di�erent options
that exist to carry out the dilution with EGR. To do this, a high-pressure EGR
circuit and another low-pressure one are installed in the engine. The second low-
pressure EGR circuit di�ers from the �rst one in the extraction of the exhaust gases,
upstream the aftertreatment, so that the composition of the gases is more similar
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to that of the IGR. The same EGR sweep is performed with each circuit at di�erent
operating conditions and the systems are compared two by two in terms of combustion,
emissions, energy balance and e�ciency, the common system in both comparisons
being the traditional low-pressure circuit.



Resum

Aquesta tesi doctoral s'enquadra en el context d'una creixent conscienciació i
preocupació en la societat per la contaminació i el seu efecte sobre la salut de les
persones, així com la in�uència dels gasos d'efecte d'hivernacle en el canvi climàtic.
En aquest sentit, el transport no ha sigut una excepció, i s'ha legislat per a regular
tant les emissions contaminants com les d'efecte d'hivernacle de manera cada vegada
més estricta, reptant contínuament a les empreses del sector i fabricants de motors a
augmentar l'e�ciència dels seus sistemes propulsius.

Aquest treball té per objectiu estudiar l'impacte que tenen diferents sistemes de
recirculació de gasos d'escapament (exhaust gas *recirculation o EGR) en un motor
d'encesa provocada, d'injecció directa, sobrealimentat, amb distribució variable i dins
de la tendència del downsizing. Cal ressaltar que el motor sota estudi és un model
sense EGR empleat actualment en aplicacions de transport per carretera de turismes
utilitaris, per la qual cosa el projecte ha estat en tot moment lligat a l'actualitat
del sector, i els avanços i descobriments dels estudis presentats poden resultar d'una
enorme utilitat i ser emprats en aplicacions reals.

Aquests sistemes de recirculació de gasos d'escapament pretenen augmentar
l'e�ciència dels motors d'encesa provocada amb l'objectiu de reduir el desavantatge
que aquests presenten respecte als motors d'encesa per compressió, mantenint els
nivells d'emissions. Aquest desavantatge en e�ciència radica principalment en una
menor relació de compressió del motor d'encesa provocada per a evitar l'autoignició
i en l'ús del dosatge estequiomètric per al correcte funcionament del postractament.

En una primera aproximació, s'implementa un circuit de EGR de baixa pressió
per a analitzar l'efecte que té la dilució amb gasos d'escapament en el funcionament
del motor, el calibratge òptim i el funcionament del postractament. Per a això, es
desenvolupa una metodologia de disseny d'experiments en diversos punts d'operació
del motor en règim estacionari amb l'objectiu d'obtindre el consum especí�c mínim.
En aquest disseny d'experiments, les variables són la distribució variable d'admissió
i escapada, el temps d'ignició a través de l'espurna i la taxa de EGR. D'aquesta
manera, s'obtenen els paràmetres de calibratge i la taxa de EGR òptima per a cada
punt, obtenint millores notables en consum de combustible i per tant en emissions
de diòxid de carboni. Després, s'estudia la interacció entre els gasos d'escapament
recirculats i els residuals interns que no s'han pogut extraure del cicle anterior, i la
in�uència de diluir amb més EGR o amb més IGR, perquè la composició i temperatura
dels dos difereix notablement. Aquests residuals juguen un paper molt important
a baixa càrrega a causa de l'alta pressió d'escapament respecte a la d'admissió, i
poden regular-se amb el sistema de distribució variable. Finalment, s'analitza el
problema de dilució espontània induït per la condensació de part del vapor d'aigua
present en el gas d'escapament recirculada. Quan aquestes gotes d'aigua condensades
s'acumulen i entren en el cilindre, poden provocar inestabilitats que afecten l'e�ciència
i les emissions.

En la segona etapa del projecte, i una vegada implementat el circuit de baixa
pressió i analitzats els seus bene�cis, es pretén explorar les diferents opcions que
existeixen per a dur a terme la dilució amb EGR. Per a això, s'instal·la en el motor
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un circuit de EGR d'alta pressió i posteriorment un altre de baixa pressió en el qual els
gasos d'escapament s'extrauen abans del postractament, de manera que la composició
dels gasos és més semblant a la dels residuals interns. Es realitza el mateix anàlisi de
EGR amb cada circuit en els diferents punts d'operació i es comparen els sistemes dos
a dos en termes de combustió, emissions, balanç d'energia i e�ciència, sent el sistema
comú en les dos comparatives el circuit de baixa pressió tradicional.
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1.1 Historical introduction

Reciprocating internal combustion engines (RICE) are used extensively for
many purposes since their invention more than a century ago. If a date had to
be set for the birth of modern engines, the date would be 1876, when Nikolaus
August Otto applied for a patent entitled Gasmotor, which was obtained in
the name of Gasmotorenfabrik Deutz AG with the number DE 532. The four-
stroke cycle under which this engine operated is now known as the Otto Cycle,
named after its inventor (US Patent No. 194,047, dated August 14, 1877).

The Otto engine was the result of centuries of evolution, since the �rst
milestones date back to prehistory with the invention of the �re piston, a
Southeast Asian device used to kindle �re using a piston to achieve a rapid
and adiabatic compression of air. Also in Asia, between centuries IX and XIII,
gunpowder appears as the �rst known chemical explosive, and was used for
rocketry and pyrotechnics. Much later, in 1780, Alessandro Volta invents a
toy gun that shoots a cork by means of an explosion of a mixture of oxygen
and hydrogen ignited by an external energy input.

The �rst antecedents of RICE were undoubtedly the steam engines
developed in the 18th century during the �rst industrial revolution. This
machines are considered the �rst capable of producing mechanical energy with
an acceptable e�ciency.

During the course of the XIX century, there were many innovations,
among which stand out those coming from Jean Joseph Etienne Lenoir and
Alphonse Beau de Rochas. In 1860, Lenoir patented an engine without previous
compression of the load (Patent US 31 722). Few years later, in 1862, Beau de
Rochas established the importance of compressing the load before combustion
and obtained the �rst known patent of a four-stroke engine (Patent FR 52593).

In 1864, Eugen Langen and Nikolaus August Otto founded the aforemen-
tioned company Gasmotorenfabrik Deutz AG, in which Gottlieb Daimler and
Wilhelm Maybach also worked. Two years after the Otto engine, Dugald
Clerk developed the �rst spark ignition (SI) engine with a two-stroke cycle. In
1882, James Atkinson patented the engine with Atkinson cycle. The di�erence
between these two is the decoupling of the compression and expansion ratios.

In 1885, Daimler mounted a gasoline engine in collaboration with Maybach
on a two-wheeled vehicle, giving birth to the motorcycle. Finally, in 1886
Karl Benz produced the �rst ever automobiles powered by a four-stroke cycle
gasoline engine, as the one in Figure 1.1.

With the aim of getting as close as possible to the ideal Carnot cycle [1],
Rudolf Diesel patented in 1892 the concept of the engine that today bears
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Figure 1.1. Karl Benz's �rst automobile powered by a gasoline engine, 1886.

his name. The idea was to keep a constant pressure during the expansion
stroke, so fuel had to be injected while burning. In this way, only air was
compressed instead of a mixture of air and fuel. The indicator diagram of
both thermodynamic cycles, Otto and Diesel, are depicted in Figure 1.2.

Figure 1.2. P-V diagram of Otto (left) and Diesel (right) cycles.

On the one hand, Otto proposed a cycle based on 6 processes:

� 0-1: Intake of gas at isobaric condition.
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� 1-2: The gas undergoes an isentropic compression.
� 2-3: Isochoric heat input. Increase of pressure.
� 3-4: The gas undergoes an isentropic expansion.
� 4-1: Isochoric residual heat transfer. Decrease of pressure.
� 1-0: Exhaust of gas at isobaric condition.

On the other hand, Diesel proposed a change in process 2-3 so that the heat
input was at isobaric conditions, whereas in the Otto cycle it is at isochoric
conditions.

In 1902, Louis Renault obtained a patent for a centrifugal compressor for
turbocharging and Leon Levavasseur invented a mechanical system for gasoline
injection. In 1905, Alfred Buchi patented a turbocharged engine with a turbine
powered by exhaust gases.

Warlike con�icts brought enormous development of RICE, with great
advances such as the implementation of turbochargers to a Renault
spark-ignited engine for �ghter planes during World War I (1914-1918).
Turbocharged spark-ignited engines with direct injection (DI) were commonly
used in the course of the World War II (1939-1945), even having variable valve
timing systems.

Jonas Hesselman presented the �rst spark ignition gasoline engine with a
direct injection system in 1925. Mercedes contributed with the �rst diesel car
on serial production in 1936, the Mercedes 260D shown in Figure 1.3, and the
�rst turbocharged vehicle in 1978, the Mercedes 300SD.

Figure 1.3. Mercedes 260D, �rst diesel production passenger car, 1936.

In 1952, Bosch developed the �rst gasoline direct injection system for
production cars, and Felix Wankel successfully builds the eccentric rotary



6 1. Introduction

engine in 1957, known as Wankel engine. A few years later, in 1961, Bendix
introduced the �rst electronic controlled injection system, the Electrojector. A
year later, in 1962, General Motors went a step further with the Oldsmobile
Jet�re, the �rst car with a gasoline engine to ever equip a turbocharger, the
scheme of which is in Figure 1.4.

Figure 1.4. Jet�re's turbocharged SI engine, 1962.

A special mention has to be made here to Lancia, a brand that has earned
a place in the heart of car lovers due to its designs and achievements. Lancia
was a pioneer by being the �rst company to ever: sell a car with a monocoque,
o�er a �ve-speed gearbox, sell a car with supercharging and turbocharging on
the same engine, develop the �rst electric roof spoiler or sell the �rst car with
a V6 engine.

The �rst variable valve timing system for serial production cars came from
the hand of Alfa Romeo in 1980, and the electronic injection system with
lambda control and TWC (Three-Way Catalyst) appeared for the �rst time in
1983.

In 1989, the Volkswagen Group presents a turbocharged direct injection
(TDI) diesel engine for passenger cars, and Alfa Romeo in 1997 put on the
market the �rst diesel engine with common rail, the 156 JTD (Jet Turbo
Diesel). Figure 1.5 shows some of the most important milestones in the
development of RICE.

Diesel and Otto laid the foundations of the two most widespread engine
typologies in vehicle production before the beginning of the 20th century.
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Figure 1.5. Timeline of RICE evolution.

Most research and developments since then have been based on the cycles
they proposed.

To carry out Diesel's idea, the fuel must be injected while burning, which
makes it necessary for the engine to operate in di�usion combustion. This
requires high pressure and temperature conditions that allow the atomization
and evaporation of the fuel, so fuel needs to be injected when compression is
ending and at the beginning of the expansion, after top dead center (TDC).
On the other hand, combustion in SI engines is premixed, and is initiated by
an external energy input, so that combustion begins around the spark plug
and spreads in all directions. As it is premixed, the formation of the mixture
must be done during intake and compression strokes, so that the mixture is
as homogeneous as possible at spark event to ensure stability. The conditions
around the spark plug, mainly composition, temperature and turbulence, can
vary the in-cylinder pressure signi�cantly. This phenomenon is known by the
name of cyclic dispersion, a characteristic of the SI engines that does not appear
in diesel engines, and that can be aggravated by dilution phenomena like lean
operation, with lambda greater than one, or exhaust gas recirculation (EGR).

Regarding ignition and fuel used, in CI (Compression Ignition) engines the
fuel must be easily ignited, which translates into a high cetane number. As for
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the SI, fuel must be of di�cult autoignition, so that it is possible to control the
start of combustion with the spark event and avoid autoignition and knock.

The regulation of the load in diesel engines must be in a qualitative way,
that is, injecting more or less fuel, so that there is always an excess of oxygen.
In this way, load control means intake or boost pressure and lambda control,
normally operating with values greater than one. On the other hand, the
regulation of the load in gasoline engines must be quantitative, that is, changing
the amount of air and injecting the fuel to operate with lambda equal to unity
for the proper operation of the TWC. A throttle valve becomes mandatory to
operate at low loads, and it is responsible for the lower e�ciency in this area
of the engine map with respect to a diesel engine, since an increase in pumping
losses is observed. The higher e�ciency of a diesel engine, especially at low
loads, is also justi�ed by the higher compression ratio that these engines usually
have due to the need to reach given conditions of pressure and temperature
to ignite the mixture that has been formed after atomization. This is also
re�ected in the higher break mean e�ective pressure (BMEP) . In gasoline
engines, the compression ratio is limited by knock phenomena at high load, so
variable compression ratio systems could be of great interest.

The di�culty in maintaining a proper, e�cient and clean di�usion
combustion at high engine speeds is a handicap for diesel engines, which
typically have a lower engine speed limit than similar SI engines. This is
re�ected in the mean piston speed (MPS), which can be up to 10 m/s lower. For
this reason, most competition and sports car applications the engines equipped
are usually SI, since one of the ways to obtain more power is to directly increase
the maximum engine speed.

On the emissions side, the TWC on SI engines is able to signi�cantly reduce
the engine-out emissions with the disadvantage from the e�ciency perspective
of operating at lambda one. However, lean operation and di�usion �ame on
CI engines means more complexity in the aftertreatment system to meet the
standards since the ideal conditions are given for the formation of nitrogen
oxides, particulate matter and smoke.

The main di�erences between the two types of engine, both four-stroke, are
synthesized in Table 1.1.

These engines were a revolution in the transportation industry due to their
simplicity, robustness, durability and versatility. In addition, the use of fossil
fuels with high calori�c power gives these engines a great autonomy, as well as
high energy density and speci�c power. Many studies have been carried out
over the years in search of improvements to all systems and components, as
well as durability and performance [2�11].
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Table 1.1. Main di�erences between four-stroke CI and SI engines.

Magnitude Compression Ignition Spark Ignition

Ignition Autoignition Spark plug

Mixture Compression and expansion Intake and compression

Load regulation Qualitative Quantitative

Fuel High cetane number High octane number

Compression ratio [-] 12 - 24 8 - 14

max BMEP [bar] 25 25

MPS [m/s] 13 - 15 19 - 25

Lambda [-] >1.05 1

The development of RICE has been subject to the needs and requirements
of society at all times. In this way, the �rst developments and improvements
during and after World War II were focused on increasing the performance
that these engines o�ered as well as their durability and reliability. The 1970s
energy crisis brought with it greater concern in the industry about reducing
fuel consumption, with smaller and more e�cient engines being built.

The enormous growth in vehicle tra�c led to an increase in the number of
health and environmental problems. Many articles and publications already
related those health problems to pollutant emissions from engines, as well as
the consequences that the accumulation of these elements in the atmosphere
could have [12�21]. The problem of climate change became more and more
one of the major concerns of the population, causing a paradigm shift in the
development of engines around the world guided by the appearance of the �rst
emission regulations.

The control of pollutant emissions became, together with the improvement
of e�ciency, the most important factor in engine development. From the
economic point of view, the crude oil price �uctuations and the predictions
of depletion of known reserves push the sector to seek the highest possible
e�ciency from power plants and processes. Moreover, an increase in e�ciency
is directly related to carbon dioxides reduction, a greenhouse gas, since its
production is proportional to fuel consumption.

In this way, in the 60s and 70s the �rst simple measures began to be
implemented in California such as control over carbon monoxide emissions
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at idle speed and crankcase gases. These measures expanded later to the
rest of the US and Europe. Since then, regulations began to focus more on
unburned hydrocarbon (HC) emissions and carbon monoxides (CO) during
normal operation of the engine with the �rst reglamented driving cycles. In
the 70s, the United States also regulated nitrogen oxides (NOx) emissions
together with smoke for diesel engines.

Figure 1.6. Evolution of the emission standards and driving cycles used in several
regions for passenger vehicles. Source: Delphi Technologies [22].

Over the years, the tightening of standards led to more complex systems
to comply with the rules, like the implementation of TWC in gasoline engines,
which forced the elimination of the carburetor for a better control over lambda
and the lead in gasolines. The name of the TWC comes from the three
main pollutants it tries to reduce: NOx, CO and HC. Carbon monoxides
and hydrocarbons are oxidized to water and carbon dioxide, whereas nitrogen
oxides are reduced to molecular nitrogen and oxygen. In diesel engines,
the use of direct injection systems and turbocharging spread rapidly. The
�exibility of injection systems was enough to meet regulations for many years,
but as regulations further tightened, more and more complex aftertreatment
systems were required. The use of EGR became widespread in diesel engines
for NOx reduction and the use of a SCR (Selective Catalytic Reduction), a
DPF (Diesel Particle Filter) and a DOC (Diesel Oxidation Catalyst) is now
common. Despite the concatenation of systems, the forthcoming regulations
are a challenge in terms of control and emissions for CI engines, o�setting the
advantage that these engines have in terms of e�cenciy compared to SI engines
due to the increased cost.
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Local conditions of each country or community such as laws, taxes,
availability and fuel price and the average standard of living have resulted
in one type of engine predominant over the other in every age and area of the
world. In Japan, increased taxes and emission regulations, �rst for NOx, and
later for soot, caused a reduction in the pro�t margin that a diesel powered car
had thanks to its lower consumption, greatly reducing its popularity. Similar
events happened in the US, with more strict regulations for emissions than
Europe and lower fuel prices, making people less worried about fuel economy.
The two facts limited the impact of diesel engines in the market, also reducing
the o�er by brands in the automotive sector.

In Europe, during the 70s and 80s, CI engines gained popularity over
SI engines [23] due to their durability and e�ciency despite the emissions.
Nevertheless, as emission standards appeared and tightened, the scales
balanced with a CI and SI distribution of roughly 50-50 nowadays, probably
due to the following reasons:

� Extra cost of aftertreatment systems: as aforexplained, to
accomplish with emission standards, CI engines have needed more
complex and expensive systems over the years, while for SI engines the
TWC is still su�cient.

� The damaged image of the diesel: the famous Dieselgate case
damaged the image of the diesel engine worldwide together with various
bad practices carried out by brands in the automotive sector.

� Taxes: in Spain, for example, increased diesel taxes have decreased
the population's interest in this engine in favor of the SI engine. In
appearance, this measure is taken from an environmental perspective,
favoring engines with lower emissions. However, it also ended up being a
way to collect more taxes in three ways: higher taxes on diesel fuels, more
SI engines sold with their respective higher registration tax compared to
CI engine equipped cars and more fuel sold for SI engines, which is also
slightly more expensive, due to higher consumption from SI engines and
greater number of vehicles.

� Di�erences between real and homologated emissions: large
di�erences have been detected between real and registered emissions
during certi�cation, deteriorating even further the diesel position. This
fact has promoted changes in the homologation cycles. The WLTP
(World Harmonized Light-duty Vehicle Test Procedure) and the RDC
(Real Driving Cycles) replace the well-known NEDC (New European
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Driving Cycle) in order to better represent a real driving situation
during homologation. Therefore, more complex and expensive vehicles
are expected in the future.

Emission regulations in Europe are di�erent depending on the type of
vehicle. The evolution of these standards for passenger cars and both engine
typologies are shown in Figure 1.7, clearly showing a reduction trend over
the years. The emission limits for HC and particulate matter (PM) have been
multiplied by ten and the emission limits for NOx by 5 to better observe trends.
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Figure 1.7. Emission regulations evolution for CI (upper �gure) and SI (lower �gure)
engines in Europe.

The tightening of emissions regulation is even more evident on area charts,
as the ones shown in Figure 1.8. In these graphs, the X-axis represents
NOx emissions (positive direction) and CO emissions (negative direction),
whereas the Y-axis represents PM emissions (positive direction) and HC�NOx

emissions (negative direction), all in g/km. The colour of the area represents
the Euro regulation. It is worth noting the late incorporation of PM restrictions
to the SI regulations with Euro V, which are kept constant with Euro VI.
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Figure 1.8. Emission regulations chart for CI (upper chart) and SI (lower chart)
engines in Europe.

Since carbon dioxides (CO2) are not considered a pollutant emission, it
is not included in the regulations previously presented. Nonetheless, carbon
dioxide is a greenhouse gas which has an important impact on global warming
and ocean acidi�cation [24]. Despite its index of global warming potential
(GWP) is set to 1, which is much lower than other gases like methane with
21 or nitrous oxide with 296, the huge amount of carbon dioxide produced in
comparison makes this gas the largest contributor to the greenhouse e�ect,
as shown in Figure 1.9. Over the last 150 years, CO2 concentration has
increased from 270 to over 400 parts per milion (ppm). Scientists at Mauna
Loa Observatory in Hawaii have monitored the carbon dioxide concentration
since 1960 (Figure 1.10), noticing a growth in the slope of the curve [25].
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Figure 1.9. Contribution of di�erent greenhouse gases to total greenhouse gas
concentration in 2014. Source: EEA [26].

Figure 1.10. CO2 concentration evolution over the last 60 years. Source: [25].

For this reason, the European Union sets an individual CO2 target for each
manufacturer based on the averaged �eet mass for several vehicle typologies.
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Until 2021, the CO2 emission limit for each �eet is computed following
Equation 1.1.

CO2,target � Target� a � rMi �MOs (1.1)

The parameters of Equation 1.1 are de�ned in Table 1.2, where MO is
the European �eet averaged mass from the last three years, and Mi is the
manufacturer averaged �eet mass.

Table 1.2. Values for CO2 emission limit calculation.

Vehicle Year
Target

[g/km]

a

[g/km/kg]

Mo

[kg]

Passenger

Cars

2012 - 2015 130 0.0457 1372

2016 - 2018 130 0.0457 1392.4

2019 130 0.0457 1392.88

2020 95 0.0333 1392.88

Light

Commercial

Vehicles

2014 - 2017 175 0.093 1706

2018 175 0.093 1766.4

2020 147 0.096 1766.4

From 2021 to 2024, manufacturers will calculate their CO2 reference target
with Equation 1.2, based on their perfomance in 2020 with the WLTP, and
their performance and target in 2020 with the NEDC.

WLTPtarget � WLTP2020 �
NEDC2020.target

NEDC2020.CO2

(1.2)

The CO2 target from 2021 to 2024 for the manufacturer is computed with
Equation 1.3.

CO2,target � WLTPtarget � a � rpMi �MOq � pMi,2020 �MO,2020qs (1.3)

In this equation, a is the coe�enct in Table 1.2 for 2020, MO is the mass
used as a for the year in question, MO,2020 is the mass used as a reference for
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2020 de�ned in Table 1.2, Mi is the averaged mass of the company for the year
and Mi,2020 is the averaged mass of the company in 2020.

If the averaged CO2 of the �eet, computed as explained depending on the
year, is above the speci�c target, penalties apply for an excess in emissions.
Penalties are as follow:

� From 2012 to 2018: 5e for the �rst gram, 15e for the second gram, 25e
for the third gram and 95e for the fourth gram onwards over the target
per vehicle sold.

� From 2019: 95e per gram over the target per vehicle sold.

The nature of this regulation, which penalizes those manufacturers above
their limit by �eet and not by car model individually, has motivated the
research and promotion of hybrid and electrical concepts even more, since
these are considered low or null emissions vehicles because the carbon dioxides
coming from the electric energy production is not computed. Electric and
hybrid con�gurations are capable of reducing local emissions, becoming a
great alternative for cities and receiving very good publicity from governments
and organizations [27]. However, higher costs from production perspective,
lower power densities and the real impact that electricity production can
have on emissions are limiting factors. A considerable increase in the use of
electric vehicles would bring with it a growing demand for energy production,
translating into the need to build more nuclear power plants if the use of
electric vehicles becomes widespread. Other problems normally related to
electric vehicles are: autonomy, recharging time, infrastructures, enormous
electricity demands at night or the added di�culty to charge the vehicle in the
absence of own garage and park on the street.

For hybrid powertrains, some studies have found a temperature drop of
about 150 �C [28] that could cause the aftertreatment to go below the light-
o� temperature, increasing the emissions for the next engine start as reported
in [29�31]. For this reason, the control over emissions formation will still be
crucial in future electri�ed applications.

Sivak et al. [32] carried a study to compute the impact that a pure electric
vehicle could have on emissions. Electricity production has many sources with
di�erent e�ciencies from pollutant emission and CO2 production perspective,
and each country obtains energy with di�erent combinations of these sources
depending on many factors. In this study, an equivalent fuel consumption is
calculated with respect to the carbon dioxides that would be emitted according
to the di�erent sources of electricity production used in di�erent countries
around the world. Results showed that the equivalent fuel consumption is
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strongly dependent on the energy sources used, being the most e�cient nuclear,
wind and hydro. Fuel consumptions vary notably from almost 0 L/100 km,
being very clean vehicles, to values above 8 L/100 km, so CO2 emissions are
similar to most SI engines. Most countries are at values between 3 and 5 L/100
km, which are common fuel consumption values in CI engines. Therefore, there
is a need to account for the real emissions from hybrid and electric vehicles
from the point of view of useful emission regulations.

Figure 1.11 shows the average CO2 emissions of di�erent types of vehicles
depending on their energy source. First, the di�erence in average e�ciency
between gasoline and diesel engines is evident with the higher carbon dioxide
emissions from petrol cars at the exhaust. When comparing with plug-in
hybrid electric vehicles with renewable sources, these slightly reduce total CO2

emissions, mainly due to the reduction at the exhaust. This improvement
could come from the synergy produced by the hybrid system, allowing the
RICE to work in more e�cient areas of the engine map. A full electric vehicle
with renewable sources would suppress the CO2 exhaust emissions, achieving
the lowest emissions. However, the low energy density of these sources would
make it impossible for a large number, if not all the vehicles in the world,
to work only from renewable sources. In this sense, a more realistic electric
vehicle based on the average electricity production in Europe is shown. Carbon
dioxides from this vehicle would increase with respect to the previous one,
achieving almost levels of plug-in and diesel vehicles, due to emissions coming
from fuel (electricity) production. Therefore and with this information, it
is possible to expect a growth in the emissions of a plug-in vehicle that will
work with this combination of energy sources instead of with renewable sources
only. Finally, the example of an electric vehicle powered with energy from coal
burning is shown, achieving the highest CO2 emissions of all and highlighting
the importance of taking into account the sources of energy production as
stated in [32].

In addition to account for the real emissions of all types of vehicles, it
is necessary to take into account the contributions of the di�erent sectors
to the emissions production. In order words, the share by sector of each
pollutant should be an important factor when legislating. Figure 1.12 shows
the contribution of the transport sector to di�erent pollutants. According to
this, the transport sector is the major responsible for NOx emission with a
58% of the total, but it is not for CO, PM, SOx (sulfur oxides) nor NMVOC
(Non-Methane Volatile Organic Compounds).

In terms of CO2, Figure 1.13 shows that the major contributor to carbon
dioxides production is the energy sector with a 73.2%. This sector includes
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Figure 1.11. Comparison of CO2 emissions for di�erent powertrain typologies and
energy sources. Source: EEA [33].

the production of energy for industry and the use in buildings as major
responsibles, assigning to road transport sector only a 11.9% share of the total.

The context in which we �nd ourselves is positioning the SI engine as an
attractive alternative either by itself or combined with electrical systems. All
the new technologies that are being investigated and incorporated into these
engines nowadays aim to reduce the gap in e�ciency with respect to diesel
engines and keep the level of emissions. The introduction of direct injection,
turbocharging and downsizing has meant positive advances in terms of reducing
consumption. One of the paths to follow to achieve even greater e�ciencies in
SI is through dilution in combustion, either by lean burn, EGR or strati�cation.
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Figure 1.13. Global greenhouse gases emitted by sector for the year 2016. Source:
Our World in Data [35].
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1.2 Context

The incipient increase in the global temperature of the planet caused
by climate change [36] together with the high levels of pollution in large
cities is making people more aware of the problem of climate change and
pollution. From the transport industry, these problem are addressed with
emission standards, which tighten as years go by [37]. The fact of having more
and more restrictive emission standards and the shortage and price variability
of fossil fuels has made the sector to focus on reducing fuel consumption and
pollutant emissions from their power plants.

In this regard, the two most widespread engine typologies show important
di�erencies. The emissions control is simpler and cheaper for spark-ignited
engines than for compression engines, and it is expected that more complex
and expensive aftertreatment systems will be needed in the future with the
more realistic driving cycles [38, 39]. This is putting all eyes on the gasoline
engine as an alternative for the future, both as the main powertrain system or
combined with electri�cation. For hybrid con�gurations, the emissions control
could be a�ected by the temperature drop below light-o�, increasing emissions
on subsequent starts [29�31]. For fully electric powertrains, other problems
arise such as the lower power densities, autonomy, batteries life and recharging
time, infrastructures or huge electricity demands, as well as the need to account
for the real emissions from electricity production.

However there is a big gap in e�ciency in favor of the compression ignition
engine due to the load control and the knock limited compression ratio in
gasoline engines [40�43]. For this reason, some technologies are being developed
to reduce this gap [44] while keeping the emissions level like the use of direct
injection [45�48], downsizing [49�52], and variable valve actuation [53�55]. The
aforementioned technologies will be explained in detail in section 2.3.

A spark-ignited gasoline engine with all the mentioned technologies for fuel
economy implemented has been tested in this PhD-Thesis in order to assess the
potential and drawbacks that this trend has. The objectives and methodology
followed are described hereafter.

1.3 Objectives and methodology

The main objective of this PhD-Thesis is to assess and compare the e�ects
of the di�erent EGR strategies on performance, combustion, emissions and
management of SI gasoline engines. To reach this goal, other objectives were
de�ned during the course of the studies:
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� To study the tolerance of the engine to the inclusion of EGR and the
in�uence on the optimal valve actuation and spark timing calibration
with respect to no EGR operation.

� To understand the di�erent e�ects from the composition and temperature
of recirculated gases on combustion evolution by means of the analysis
of the characteristic times of the cumulative heat release.

� To analyse the e�ects of EGR introduction on the energy balance: the
e�ect on pumping work, combustion development, heat transfer losses,
knock and enrichment suppression.

� To assess the problem of sudden dilution induced by condensation of the
water present in the exhaust gases of a low-pressure EGR circuit.

� To understand the main potential and limitations of di�erent EGR
applications in turbocharged multi-cylinder engines, such as the low-
pressure POST and PRE TWC, high-pressure and internal residuals,
analysing the e�ect on engine-out emissions, reciculability and e�ciency.

To complete the proposed objectives, a gasoline turbocharged direct
injection (GTDI) engine has been installed on a test bench with all the state-
of-the-art fuel e�ciency technologies for gasoline engines. In this sense, a
VVT (Variable Valve Timing) system was useful to control the load and
the concentration of IGR (Internal Gas Residuals) and two prototype cooled
EGR lines were installed, one for a LP-EGR (Low-Pressure) circuit and the
other for a HP-EGR (High-Pressure) circuit. Another LP-EGR circuit was
mounted, called PRE, changing the extraction point of the exhaust gases from
downstream to upstream the TWC. A 1D model was also built and validated
in the GT-Power environment with experimental tests to predict the engine
behaviour and several parameters that were di�cult to measure as the HP-
EGR rate and the concentration of IGR.

As a starting point, a DoE was performed in several engine points de�ned
by the engine speed and load. The parameters of the DoE were the LP-EGR
rate, the spark timing and the VVT setting on both intake and exhaust. In the
search for e�ciency, the spark timing was set based on the CA50, which was
monitored online, to achieve values between 7 and 10 CAD after top dead center
(aTDC) as explained in [41, 56]. With this DoE, it was possible to analyse
the tolerance of the engine to EGR inclusion depending on the calibration and
the operating point, as well as to optimize the calibration with and without
EGR. Besides, a comparison between the LP-EGR and IGR strategies was
made through the energy balance and on the emissions side.
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Following the condensation topic, the engine was mounted on a climatic
chamber to easily control the ambient and cooling temperatures and evaluate
the instabilities produced by EGR condesation in the WCAC (Water Charge
Air Cooler).

Later, the same engine points were tested with the HP-EGR and the PRE
system in order to compare it with the POST LP-EGR. The calibration of the
VVT was kept constant at the optimal for the LP-EGR, and the spark timing
adjusted with the same criteria. In this way, another possible study would be
a comparison between systems with the optimal calibration for each.

1.4 Document structure

In this subsection, a review and description of the present document is
made to summarize the content.

Chapter 1 has detailed an historical introduction about reciprocating
internal combustion engines together with the main objectives proposed and
the methodology followed. Lastly, the document structure is described.

Chapter 2 is a review of the current knowledge that intends to give the
reader a fundamental understanding of the main topics related to this PhD-
Thesis and the state of the art. In this sense, the standard SI gasoline engine
is explained from the intake and exhaust lines and valve actuation, boosting,
the typical SI combustion process and the abnormal combustion together with
the main pollutants and their formation mechanisms. Besides, a description of
the main technologies to increase the e�ciency of SI engines is made, focusing
on the exhaust gas recirculation strategies.

Chapter 3 is a review of the experimental and theoretical tools that were
used at some point for this PhD-Thesis. On the experimental side, the engine
and the experimental set-up are detailed, together with the two test benches
employed. On the theoretical side, the 1D engine model, the psychrometric
model used for condensation assessment and the tests processing are explained
together with thermodynamic and in-cylinder pressure signal calculations.

Chapter 4 focuses on analyzing the impact that LP-EGR has on engine
e�ciency. To do so, the EGR tolerance and in�uence of calibration are
examined, studying also combustion and emissions when comparing LP-EGR
to IGR by decoupling the e�ects of composition and temperature of the
recirculated gases. Moreover, the problem of dilution induced by water
condensation is analysed.

Chapter 5 presents a comparison between EGR systems two-by-two. First,
the already analysed LP-EGR circuit presented in Chapter 4 is compared to
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the HP-EGR circuit from a combustion, e�ciency and emissions perspective.
Later, the same LP-EGR circuit, called POST, is compared with a similar
approach to the PRE system, another LP-EGR circuit where the exhaust gas
is extracted upstream the TWC.

Chapter 6 is a summary of the �ndings and conclusions of all studies
and the potential advantages and drawbacks of EGR inclusion in SI gasoline
engines. Furthermore, future studies are proposed to continue the research line
presented in this PhD-Thesis.
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2.1 Introduction

Spark-ignited engines are the predominant alternative in the world for
passenger cars and most applications since the �rst vehicles began to be
marketed [1]. During the 70s and 80s, compression-ignition engines started
gaining popularity over SI engines due to higher e�ciencies, government aids
and increased fuel prices [2]. Similar trends were observed in Japan and the
U.S., but the introduction of stricter emissions regulations reduced the impact
that this engine typology would have on the market. The higher emission level
of CI engines for nitrogen oxides and particulate matter and the more expensive
aftertreatment required to comply with regulations made these regions of the
world to see this engine as a no future technology.

In a similar manner, SI engines have regained popularity over the last
years in Europe probably favored by the introduction of the Euro V and VI
emission standards. Since the beginning of the new century, the research on
SI engines has been mainly centered on reducing the gap in e�ciency with
respect to compression engines. To this concern has also been added the need
to further reduce pollutant emissions. All this has led to the development
of both active and passive solutions, which have meant a technological leap
forward. Combustion chamber designs, direct injection, EGR, GPF (Gasoline
Particle Filter), downsizing and boosting are probably the most important.

In this sense, this chapter aims to review the most important aspects of
a traditional SI engine based on a four-stroke cycle used in the automotive
industry and provide the reader a certain knowledge level of the basic elements
and processes. The chapter is divided into two topics. In the �rst part,
the traditional SI engine is described with its peculiarities, advantages and
drawbacks. The main systems and elements on the air management side,
the traditional SI combustion process and the main mechanisms of pollutant
formation are explained. After that, the main technologies focused on
improving e�ciency, performance and reducing exhaust emissions that are
being used nowadays or will be in the future are reviewed. The last section
of this chapter is only focused on the di�erent exhaust gas recirculation
architectures and the implications and singularities of each.

2.2 The standard SI engine

RICE are power plants that extract mechanical work oxidizing a volatile
fuel that is mixed with an oxidant such as air. Spark-ignited engines are
classi�ed within internal combustion engines, since the combustion process
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occurs within the �uid running through it, and reciprocating due to the
movement by which the machine extracts the work.

The two most widespread types of RICE, the spark ignition and the
compression ignition engines, are based historically on the Otto and the Diesel
cycle respectively. These two engine typologies mainly di�er on the mixture
ignition method, among other characteristics. Naturally, the ignition method
also in�uences the type of fuel required and di�erent characteristics of the
engine. For spark-ignited engines, the fuel must be hardly auto-igniting, so
that the ignition moment can be controlled. Several fuels as hydrogen, ethanol,
natural gas, lique�ed petroleum gas or gasoline meet this characteristic.

The main application of both CI and SI engines is the automotive industry,
more speci�cally operating with four-stroke cycles instead of two-stroke cycles.
Four-stroke cycles have the following stages: intake, compression, expansion
and exhaust, as shown in Figure 2.1, so a cycle is completed in two crankshaft
revolutions. In an engine with a two-stroke cycle, the exhaust and intake
take place in the same stroke in a process known as scavenging. The most
common applications for two-stroke engines are small engines such as mopeds,
modeling and tools (normally SI engines) or large vessels, railways or stationary
engines (normally CI engines). The great majority of engines in the automotive
industry are four-stroke engines. More details on engine strokes and valve
events will be explained in the section 2.2.1.2.

Figure 2.1. Diagram of the phases of a four-stroke cycle.

A diferentiation can also be done between air-cooled and water-cooled
engines. However, the vast majority of engines have been water-cooled
for several decades. Another classi�cation depends on the number and
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arrangement of cylinders, since cylinders can be grouped in di�erent ways
and orientations. The chosen arrangement mainly depends on the occupied
space due to the cylinder size, the number of cylinders, the need and ease for
cooling, accessibility for maintenance, engine application and its performance.
Some of the most used con�gurations are depicted in Figure 2.2.

Figure 2.2. Di�erent cylinder arrengements: a) In-line; b) V-shape; c) Horizontally
opposed; d) Radial. Source: Adapted from [3].

Other less used con�gurations are: W-shaped, H-shaped, double crankshaft
and opposed cylinders. Whereas the majority of engines in the automotive
industry are in-line, most engines for motorsport and sport cars have used V-
shaped engines, like both in Formula 1 and MotoGP. The case of Moto GP is
curious, since in this category V-shaped and in-line engines coexist, something
similar to what happened to atmospheric and boosted engines in F1 for many
decades. Automotive companies have made cylinder arrangements and their
designs a recognizable brand, as with the BMW R boxer engine, the Porsche
boxer engine or the W engine from Bugatti. The Wankel engine deserves a
special mention here although it does not fall within the RICE, since it is not
reciprocating but rotary. Many companies have built Wankel engines, Mazda
being practically the only one that continues to bet on this engine typology
today.

This �rst section of this chapter is subdivided in three parts. The �rst
subsection explains the systems and functioning of the intake and exhaust lines
and load regulation, including valve actuation, boosting and aftertreatment of a
traditional SI gasoline engine. In the second subsection, the combustion process
of a regular SI engine is explained with its di�erent phases and peculiarities. In
the third subsection, the formation of the main pollutants regulated in Europe
are explained.

2.2.1 Air management

Air management in engines is of vital importance since it is responsible
for the renewal of the load. This system includes the introduction of fresh
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air into the cylinders and its subsequent extraction from the engine once the
air has been burned with fuel. It is also a very important branch of study
given the in�uence it has on performance, e�ciency, emissions, stability and
smooth operation. Air management include the intake and exhaust lines with
its respective systems, valve actuation, exhaust gas recirculation and boosting.

2.2.1.1 Intake line

With the purpose of supplying to the engine the needed amount of air, the
intake line runs from the air �lter in contact with ambient air to the intake
runners. The air �lter is an essential element of the engine. It ensures that the
air that reaches the cylinders to mix with the fuel is completely clean and free
of impurities, thus avoiding any possible damage.

In the case of boosted engines, the next item in the intake line is the
compressor, either from a supercharger or a turbocharger. It must be said that
if the engine is equipped with an EGR system, a choke valve may be placed
at the junction of the exhaust gas with the fresh air in order to better control
the pressure di�erence between the points of the EGR line, thus increasing the
recirculated rate. The compressor is responsible for increasing the air pressure
and thus the amount of oxygen admitted, also increasing the temperature.
Having heated the air is a potential loss of volumetric e�ciency due to the lower
density, so in most turbocharged and supercharged engines, a cooler is located
downstream the compressor. The fact of lowering donw the temperature of the
air at almost constant pressure would further increase the density of the charge,
and would also reduce knock probability in SI engines. Both water-to-air and
air-to-air heat exchangers can be used, the �rst one being the most used in
downsized engines. These water-air coolers often use separate water circuits
from engine cooling to achieve lower temperatures [4]. Due to the long route
involved in having a compressor and intercooler, the use of intake manifolds
integrated with the intercooler, also called WCAC, has spread [5�8]. In this
way, the possible lag coming from such a large volume in the intake line is
reduced and packing is improved. In addition, air bypass lines can be found
to prevent the �ow from passing through the compressor at di�erent operating
points, for example to avoid surge.

In gasoline engines, the air �ow, thus the engine load, is controlled by the
main throttle, which is usually placed just before the intake manifold. In this
way, the throttle controls the intake manifold pressure by choking, allowing
more or less �ow to pass through the runners into the cylinders. This way
of controlling the volumetric e�ciency supposes an e�ciency loss at partial
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loads due to the increase in pumping work, which is re�ected in a higher fuel
consumption compared to CI engines.

The intake manifold is the last element of the intake line, placed upstream
the runners and the intake valves. The manifold design is of crucial importance
and depends on the number and arrangement of cylinders, as well as the
application that the engine will have. During the intake stroke, a rarefaction
wave is generated and transmitted along the intake duct until it is re�ected
due to a certain discontinuity. In the case of an open end, the rarefaction wave
is re�ected as an overpressure wave, as shown in Figure 2.3.

Figure 2.3. Waves re�ection by an open end. Source: Adapted from [3].

In the case of a single cylinder, the overpressure wave then travels back to
the intake runners, and if the intake valves are still open it causes a pressure
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increase in the last part of the intake stroke, helping cylinder �lling. It is
possible to calculate the time (Equation 2.1) and angular (Equation 2.2) gap
between both waves assuming acoustic waves:

∆t �
2 � L

a
(2.1)

θ � 360 � n �∆t (2.2)

where L is the characteristic length that the wave travels, a is the in air
speed of sound and n is the engine regime. The time gap between both waves
is constant, but the angular gap depends on the engine speed. The maximum
e�ect of this re�ected wave occurs when the peak of the wave reaches the valve
around bottom dead center (BDC), at around 90�C from the intake valve
opening. In this way, it is possible to de�ne a perfect length for a given engine
speed, also called tuning, as shown in Equation 2.3:

L �
a �∆t

2
�

a � θ

2 � 360 � n
�

90 � a

720 � n
�

a

8 � n
(2.3)

In the case of a multi-cylinder engine, all the intake ducts are joint to a
common manifold or tube. In this case, the rarefaction wave produced by the
cylinder is re�ected in the duct junction but its amplitude is less than that
produced by an open end. The diameter of the ducts and the intake manifold
volume a�ects the amplitude of the waves. For large volumes, of order of several
times the engine displacement, there is a re�ection almost like that of an open
end, and a little volume produces a very slight re�ection. The rarefaction
wave may be re�ected in other elements of the intake line, producing several
overpressure waves if the volume of the element is enough. These waves would
reach the intake valve at di�erent times. The design of all the lengths and
volumes a�ecting this phenomenon is known as intake tuning. Moreover, the
optimal relationship between the engine frequency and the manifold frequency
depends on the number of cylinders in the manifold. The �ring order greatly
in�uences the tuning of the manifold, since the rarefraction wave can prevent
the �lling of other cylinders. For example, for three and six cylinders, the
second re�ection of a cylinder is added to the rarefaction of the next cylinder
in the �ring order. There is a signi�cant overlap in the intake strokes of
consecutive cylinders in a four-cylinder engine, making it di�cult to get a
signi�cant resonance e�ect and making �ring order a non-random parameter.
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2.2.1.2 Intake and exhaust valve actuation

The valve system act as the inlet and outlet doors of the cylinder. The
four strokes shown in Figure 2.1 ideally are as follow:

� Intake stroke: intake valves open at TDC with the exhaust valves
closed, and the piston begins its downstroke towards BDC, thus creating
a su�cient depression for gases to enter. Intake valves close upon
reaching BDC.

� Compression stroke: the piston moves upwards to TDC with both
valves closed, compressing the air admitted in the previous stroke in a
closed and decreasing volume. Somewhere near TDC, the spark plug
actuates, developing the combustion process that will be explained in
Section 2.2.2.

� Expansion stroke: the piston starts moving towards down to BDC
aided by the high level of pressure promoted by the heat released. In
this stroke, most of the work is obtained.

� Exhaust stroke: with the piston placed at BDC, the exhaust valves
open and there is a �rst discharge due to the high pressure inside the
cylinder. There is a second discharge of burnt gases that is induced by
the piston moviing towards TDC. The exhaust valves close and the cycle
begins with a new intake stroke.

In practice, the �uid dynamic characteristics of gases and the time required
to achieve an e�ective lift of the valves increase the complexity of the processes
aforementioned. Therefore, the valve events are advanced and delayed, both
intake and exhaust, with the aim of improving the e�ciency of the processes
and the engine itself. In this sense, four valve events are rede�ned: IVO (Intake
Valve Opening), IVC (Intake Valve Closing), EVO (Exhaust Valve Opening)
and EVC (Exhaust Valve Closing) as shown in Figure 2.4.

The IVO is advanced with respect to TDC, so the intake phase starts during
the last part of the exhaust stroke of the previous cycle, to allow gases to
enter the cylinder sooner, once the exhaust pressure has dropped signi�cantly.
The IVC is delayed with respect to BDC, reducing the e�ective compression
ratio and allowing more air coming into the cylinder. Although the cylinder
begins to move upwards and could expel part of the gases already introduced,
the inertia of the gases and wave phenomena explained in Section 2.2.1.1 are
capable of continuing to �ll the cylinder. After compression and combustion,
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Figure 2.4. Valve timing diagram of a four-stroke engine.

the EVO is advanced with respect to BDC. This delay would reduce pumping
losses due to the reduced exhaust pressure. However, there is a decrease in the
useful expansion stroke, which can lead to a loss in work produced, so there
should be a balance between both e�ects. The intake valves will open again
for the next cycle whereas the exhaust stroke is coming to an end and the EVC
is delayed with respect to TDC. The coexistence of both valves open at the
same time is called valve overlap and has several e�ects. Depending on the
delta pressure across the valves, valve overlap can help the scavenging process,
even leading to short-circuiting, a highly undesirable e�ect as a lot of work has
been invested in getting those gases into the cylinder. In other circumstances,
burned gases may travel to the intake line, usually being reintroduced once
the exhaust valves are closed. Besides, there is a risk of contact between the
valves and the piston that must be avoided. If there is no valve overlap, it is
called negative valve overlap (NVO). A generic duration in CAD of the intake
(in blue) and exhaust (in red) processes, together with the valve overlap (in
black) are shown in Figure 2.4. The optimal value for valve advances and
delays is very dependent on the point of the map, mainly speed and load, since
it is a key factor on volumetric e�ciency and pumping losses. Besides, it also
a�ects combustion due to the change in residuals concentration. However, it
is clear that lower valve overlaps are better for low speeds, and higher valve
overlaps are better for high engine speeds and sports applications. In order to
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optimize the engine in the whole map, variable valve actuation systems have
been developed, which will be explained later.

The e�ect of the number of valves, or what is the same, the area of the
section, is also a factor to keep in mind. As the engines have been developed, in
general and depending on the application, the number of valves has increased
from one to two of each, being the four valves per cylinder the most extended
con�guration. However, three valves at intake have also been used in certain
engines. Figure 2.5 shows the dependence of volumetric e�ciency and pumping
losses with respect to engine speed and the section of intake and exhaust
valves. The volumetric e�ciency is greatly in�uenced by the intake valve
section, with a minimum e�ect of pumping losses. With exhaust valves, the
opposite happens, a�ecting more pumping losses than volumetric e�ciency.

Figure 2.5. E�ect of the intake and exhaust valves section and engine speed on load
renewal parameters: a) Volumetric e�ciency depending on intake valve section; b)
Volumetric e�ciency depending on exhaust valve section; c) Pumping mean e�ective
pressure depending on intake valve section; d) Pumping mean e�ective pressure
depending on exhaust valve section. Source: Adapted from [3].

2.2.1.3 Exhaust line

The exhaust system is in charge of extracting the gases produced by
combustion and extracting them from the engine to the atmosphere. Once
the exhaust valves are open, the exhaust gases leave the cylinder, uniting the
gas from the di�erent cylinders in the exhaust manifold. Note than the same
tuning e�ect explained in 2.2.1.1 also applies for the exhaust system. When
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the exhaust valves open, an overpressure wave is generated, which travels and
re�ects, giving rise to a wave that helps to empty the cylinder. However, tuning
e�ects on volumetric e�ciency are lower, as well as the e�ect on performance.

If the engine is turborcharged, the next item in the exhaust line is the
turbine. The exhaust manifold is sometimes integrated into the turbine volute,
as is the case with the engine under study in this document. Other engines
have an integrated exhaust manifold in the head of the cylinders for reduced
exhaust temperatures, thus reducing the need for enrichment at high loads.
The most widespread types of turbine are wastegate and VGT (Variable
Geometry Turbine), also named as VNT (Variable Nozzle Turbine). As the
name suggests, the wastegate has a valve to change the quantity of exhaust
gas that goes throught the turbine to control the turbocharger. In the case
of VGT, the rack position is changed in order to vary the relative position of
the stator blades. In this case, all �ow goes always through the turbine. More
details on boosting are given in Section 2.2.1.4

After the turbine, the exhaust gases are at a lower temperature and
pressure on the way to the aftertreatment system. However, several studies
are pointing out the potential improvement that putting the aftertreatment
before the turbine would suppose to reduce the emission of pollutants at low
temperatures and cold start [9�11]. The typical aftertreatment system of a
nowadays SI gasoline engines consist of a TWC. Lately, the use of a GPF has
been studied [12�19], mainly because of to the use of direct injection, EGR
and the new emission standards. In some cases, also a NOx trap has also been
used, mostly for lean operation. The aftertreatment systems in SI gasoline
engines used to be a two-way catalyst for carbon monoxide and hydrocarbon
emissions reduction, and expanded to three-way catalysts in the early 80s to
also reduce NOx. Its size, price and e�ciency surely make the TWC the best
possible aftertreatment for gasoline engines, and hence it has been used for so
many years. The best operating condition for the TWC is oscillating around
stoichiometric conditions, where the conversion of all three contaminants is
maximum. In this situation, there is enough oxygen in the exhaust to oxidize
HC and CO and it is possible to reduce NOx. Figure 2.6 shows the conversion
e�ciency with respect to air-fuel ratio for the three species.

The implementation of a TWC forces SI engines to operate under
stoichiometric conditions to maintain high e�ciency levels. This is translated
into lower e�ciencies than CI engines, which in addition to operate under
lean conditions, do not need to use throttle and therefore have lower pumping
losses. However, this drawback is compensated since CI engines require
much more complex and expensive aftertreatment systems. Furthermore, it
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Figure 2.6. Conversion e�ciency of the TWC with respect to air-fuel ratio for NOx,
HC and CO. Source: [20].

is expected that the trend in the cost and complexity of CI aftertreatment will
be increasing, making diesel cars as expensive as hybrid and electric [21].

In the case of having an EGR system, a valve to control the rate of
recirculated gas may be placed at some point of the exhaust line. Its position
depends on the EGR system used, di�erentiating between high and low
pressure systems, clean or dirty.

If the exhaust gas undergoes a cooling process, a water-to-air cooler is
normally placed between the EGR valve and the junction with fresh air. The
e�ect on engine operation and the di�erent EGR systems will be explained in
Section 2.3.6 and 2.4.

A mu�er is normally the last item placed before reaching the atmosphere
in the exhaust line. The purpose of the mu�er is to attenuate the noise
generated by the engine by reducing the speed of the gases and absorbing the
sound waves or canceling them by interference with the re�ected waves, with
similar phenomena to those explained for intake and exhaust tuning.
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2.2.1.4 Boosting

Despite the fact that boosted SI engines exist since the beginning of the
20th century, boosted engines for the automotive industry have always been
related to CI engines. In gasoline engines, boosting has been used throughout
history especially for sports applications, since massive application was a
challenge mainly due to knock control. With the improvements in control
techniques and downsizing, boosting in SI engines is becoming more and more
common.

Boosting is mainly divided into two types: turbocharging and supercharg-
ing. The turbocharger is a compressor attached to a turbine by a shaft. This
turbine extracts the energy from the exhaust gases, which would otherwise be
lost. The �ux diagram of a turbocharger is shown in Figure 2.7. In the case
of supercharging, the compressor is driven by the engine

Figure 2.7. Flux diagram of a turbocharger.

The use of a turbocharger has an advantage from an e�ciency point of view
as it takes advantage of the enthalpy of the burned gases. In addition, the use
of a supercharger implies a loss of energy in the engine shaft. However, a great
bene�t is found with the use of a supercharger when it comes to reaction time.
Known as turbocharger lag, it is the time taken to accelerate the turbogroup,
something that does not happen with superchargers. The size and weight of
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the turbine plays a fundamental role here since the lag mainly depends on the
inertia of the turbocharger. Turbocharger lag has been reduced over the years,
being very small nowadays but very important in the past. Nowadays, electric
powered systems as the ones used in F1 (MGU-H) are being implemented to
accelerate the turbocharger, thus reducing or supressing lag, or directly driving
the compressor as a supercharging system. The case of the Renault 5 Turbo is
very famous, a car from the 80s that su�ered a lot from lag, causing an abrupt
surge of power that caught many o� guard.

Currently, there are engines that combine these two technologies
simultaneously, as the Volkswagen's 1.4 TFSI (Turbocharged Fuel Strati�ed
Injection) engine, to have a quick reaction from the engine and a good low
end torque by means of a supercharger, and also have a high power thanks
to a bigger turbocharger. Several turbochargers are also being implemented
in some applications, both in parallel or serial con�guration, to obtain fast
torque responses and high power. In the case of parallel con�guration, each
turbocharger is normally used to feed a bank of cylinders, as in the Ferrari 488
GTB or the F8 Tributo. For the serial con�guration, all turbochargers feed the
same cylinders. For example, BMW has launched a tri-turbo engine, available
in their 5 Series, X5 and X6 and an engine with four turbochargers for the
7 Series. However, most boosted applications use a single stage turbocharger
con�guration, as in the engine under study in this document. A more extensive
explanation of the di�erent turbocharger con�gurations can be found in [22].

2.2.2 The SI premixed combustion

Among the di�erent types of combustion that exist, gasoline engines are
within the premixed turbulent. This type of combustion is normally divided
into four phases [23]: spark ignition and lag, �ame kernel formation, premixed
turbulent combustion and �ame termination or quenching.

During the �rst two phases, only 5 to 10% of the heat is released and a
little pressure increase with respect to motoring cycles is observed, thus not
much useful work is obtained. During the third phase, combustion speeds up,
burning the vast majority of the mixture to about 90% of the heat release
and increasing the in-cylinder pressure to its peak value, delivering work. The
remaining unburned mixture is consumed during the �ame termination with a
pressure decrease [24]. The combustion phases, the pressure evolution inside
the cylinder of a �red and a motoring cycle and the fuel burn fraction of a �red
cycle are shown in Figure 2.8.

There are several combustion chamber arrengements in direct injection
spark-ignited engines that are normally classi�ed into three categories
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Figure 2.8. Combustion phases in SI engines shown in: (a) pressure evolution with
CAD for a �red cycle compared to motoring cycle; (b) accumulative heat release rate.
Source: [25].

depending on the mechanism that govern the mixture formation: guided by
air, wall and spray. The three categories can be seen in Figure 2.9.

In the wall and air-guided con�gurations, the fuel injector is normally
directed to the spark position and in a far position to it, so the in-cylinder �ow
structures or the interaction with the piston control the mixture process. In
the case of spray-guided con�gurations, spark and the fuel injector are usually
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Figure 2.9. DISI arrengements of the combustion chamber. Source: [26].

placed very close to provide a good fuel preparation and ignition. In the �rst
stages of DI spark-ignited engines development, the wall-guided system was
predominant [27], but spray-guided has gained prominence in recent years due
to fuel economy improvements, lower hydrocarbon and soot emissions and the
possibility to operate in further strati�ed conditions [28�30].

2.2.2.1 Spark event and ignition lag

The combustion process on gasoline engines starts with an external energy
input that must be su�cient in intensity and duration to give rise to the start
of combustion. This fact imposes two clear demands on the fuel to be used
and the type of mixture. First, the fuel must be resistant to auto-ignition so
that spontaneous ignition does not occur, in order to ensure that the process
starts at the desired time. Second, there must be a premix of the air and fuel
to ensure homogeneity and the proper advance of the �ame front.

The spark ignition process has been deeply detailed [3, 31�35]. The
formation process of the spark is divided into several phases:

� Pre-breakdown: the gas in the gap between electrodes acts an electrical
insulator. When the electric potential reaches values of the order of 15
kV, electrons increase their energy and start moving towards the anode.
Current increases as other gas molecules ionize.

� Breakdown: in about 1-10 ns, the current is increased to around 200 A,
the voltage drops to around 50-100 V and the process is self-sustaining.
A narrow channel of about 40 µm is initially formed with high levels of
energy. A huge increase in temperature increases the pressure inside
the channel, causing a sudden expansion with shock waves. This energy
transfer to plasma is about 95% e�cient.
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� Arc discharge: lower voltage levels, around 50 V, are found for the
system to be able to maintain it. In this phase the thermal dissociation
of gas molecules dominates. The cathode acts as a hot spot and part of it
melts and vaporizes, causing deterioration. Temperatures in the channel
drop and the plasma expands and exothermic reactions begin to occur,
producing a �ame that spreads.

� Glow discharge: after this, current drops to levels of a around 100 mA.
Temperature in the channel drops to around 3000 K and the e�ciency
of energy transfer to gas decreases. Most energy stored in the system is
discharged in this phase.

2.2.2.2 Flame kernel formation

The kernel is the name given to a small spherical shaped volume inside
the unburned region of the combustion chamber where the reaction is
starting. These initial states of combustion are always developed under laminar
conditions, with a smooth advance of the �ame front. To ensure a stable
development of the combustion, this �ame kernel must have a minimum size,
normally related to that of the gap between electrodes, to overcome di�erent
sources of heat lossesas stated in [36]. Highly deformated surfaces and heat
losses a�ect negatively the consumption of all reactants, since the �ame front
may quench. In this sense, the strength of the vortex is a dominant factor
as explained by Xiong et al. [37] and Eichenberger et al. [38]. Many studies
have tried to visualize the �ame ignition and kernel development by di�erent
methods [39�43].

Many parameters could a�ect the development of the �ame kernel created
due to the ignition process, as well as its ability to �nally form a self-
sustaining �ame front capable of consuming all reactants. Local conditions of
temperature, heat losses, lambda and mixture homogeneity around the spark
plug are some of the main possible disturbances, together with turbulence.
Given that turbulence is a complex phenomenon with a strong random
component, conditions around the spark plug can vary notably between cycles
as show in Figure 2.11, leading to cyclical variations [44] that a�ect torque
and power stability, combustion, e�ciency and emissions [45, 46]. Other
parameters that can a�ect are the geometry and the ignition system.

2.2.2.3 Premixed turbulent combustion

The analysis of the turbulent combustion depends on a series of
dimensionless numbers, namely: Reynolds, Damköhler and Karlovitz. The
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Figure 2.10. Initial �ame kernel development visualization through Schlieren
technique for natural gas - hydrogen mixtures at several hydrogen fractions and
stoichiometric operation. Source: [42].

Reynolds number compares inertial and viscous forces. To better understand
the Damköhler and Karlovitz numbers, several parameters must be de�ned.
As there are two characteristic lengths of the turbulence, two characteristic
times are also de�ned: the mixing or di�usion time referred to the macroscale
(integral scale), τinte, and the mixing or di�usion time referred to the microscale
(Kolmogorov scale), τK . Both times can be compared to the characteristic
reaction time, τR. In this sense, the Damköhler number, Da, compares τint
with τR (Equation 2.4), whereas the Karlovitz number, Ka, compares τR with
τK (Equation 2.5).
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Figure 2.11. Turbulence conditions around the spark plug causing cyclical variations.
Source: Adapted from [3].

Da �
τinte
τR

�
Linte{I

δ{SL
(2.4)

Ka �
τR
τK

�
δ{SL

λK{I
(2.5)

where Lint refers to the characteristic length of the macroscale, I refers
to the turbulent intensity, δ is the thickness of the �ame front, SL is the
combustion speed in laminar conditions and λK is the spatial Kolmogorov
scale. Depending on this analysis, the �ame is in a determined regime [47, 48].
The Borghi diagram proposed in [49] and [50] is shown in Figure 2.12:

The most interesting area for spark ignition engines is between the
corrugated and thickened wrinkled �ames, being both regimes with Damköhler
numbers beyond the unit. The boundary between these regimes is placed, for
some authors [52], at Karlovitz number equal to one. For some others, it is
when λK equals δ. The di�erence between both regimes lies in the addition of
small sized �uctuations into the �ame front, forcing it to expand. In this way,
corrugated �amelets have a higher level of turbulence compared to wrinkled
�ames, promoting the formation of pockets. This pockets are small bags of
burned mass within the fresh mixture that are able to increase combustion rates
due to a bigger surface area of the �ame front. For greater turbulence levels,
λK is smaller than δ, there is a transition to thickened wrinkled �ames and
�uctuations enter the �ame front, making it larger. In this sense, combustion
speed is somehow related to turbulence intensity. However, the interaction
between these local turbulences that increase the �ame front and the charge
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Figure 2.12. Borghi diagram and typical position of a SI engine. Source: [51].

motion inside the cylinder is a very complicated process [53]. Large eddies
would disturb the �ame front and increase heat losses, quenching the �ame in
extreme cases. Besides, it has been demonstrated that the eddies generated
during the intake stroke do not last enough to enhance combustion, and are
dissipated during compression. It is the eddies generated during compression
from the breaking of the swirl and tumble motions that most a�ect the burn
rate.

The premixed turbulent combustion can be explained through a two-zone
entrainment model, as the one proposed by Keck et al. [54]. The rate of
unburned mass entrained but not yet burned, dmub, is shown in Equation 2.6:

dmub

dt
� ρub �Af � Ut �

dmub
Lt
SL

(2.6)

where Ut is the local turbulent �uctuation speed at which the �ame front
area, Af , advances and ρub refers to the unburned gases density. The entrained
gas is burned at a rate that depends on Lt, the length scale for turbulent
conditions. Hence, the burning rate, dmb, is the result of the sum of the
unburned mass and the laminar combustion, as shown in Equation 2.7:
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Figure 2.13. Di�erences between thickened �ame (left) and disorted �ame (right)
due to the size relationship between turbulence and the thickness of the �ame front.
Source: [51].

dmb

dt
� ρub �Af � SL �

dmub
Lt
SL

(2.7)

With Equations Equation 2.6 and Equation 2.7 and assuming quasi-steady
conditions, so the rate of unburned mass entrained is zero, the burn rate is
simpli�ed to Equation 2.8:

dmb

dt
� ρub �Af � pSL � Utq (2.8)

For quasi-steady combustion, the burning speed is the contribution of the
laminar speed and the speed of the local turbulent �uctuation, SL � Ut. For
very slow laminar �ames, the di�usion time, Lt

2{D, would be comparable or
larger than the burning time, Lt{SL, so this model would not be useful and
the �ames would be thickened like. Note that D is the mass di�usivity.

2.2.2.4 Flame termination

During the �rst phase of the expansion stroke, about 90 to 95% of the
mixture has been consumed and the �ame front reaches the nooks and crannies
of the chamber, near the geometric limits marked by the wall of the cylinder and
the piston. At this stage, the volume of the chamber is still very small. The last
portion of the mixture, also called end-gas, burns very slowly due to proximity
to walls. These metal walls can increase heat losses due to its temperature,
slowing down the reaction speed and the putting an end to combustion.
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The contribution of this end-gas to the amount of work delivered is very
little due to the moment in which the heat is released and the small fraction
of mixture that remains unburned. However, the end-gas has undergone a
compression process and high temperatures, so there is a risk of autoignition
and knock, that would not be a destructive phenomenon at �ame termination,
causing only slight pressure variations [24] and a�ecting smooth operation.

2.2.2.5 Autoignition: abnormal combustion

The autoignition of the mixture is a totally undesirable phenomenon in
gasoline engines that can lead to knock. This event can occur when the mixture
is at high pressure and temperature during a time that allow it to ignite, before
the spark event or the �ame front reaches that portion of the gas. It also
happens when the mixture �nds a hot spot acting as a second spark plug.
Naturally, the more unburned gas there is, the more dangerous it is. The
autoignition event normally occurs at the �nal stages of combustion, in the
end-gas.

When di�erent points of the combustion chamber autoignite, there is a
temperature and pressure increment in the cylinder, growing the burn rate,
as can be observed in the heat release rate (HRR), in a process that can be
highly destructive [55�57]. Besides, the higher temperature and pressure, and
the clash between the di�erent �ame fronts that would be generated can cause
pressure waves as shown in Figure 2.14 that propagate violently at the speed
of sound [58]. These oscillations in pressure, proportional to the amount of
autoignited gas, would break the thermal layer that protect the piston and
cylinder wall, with the corresponding damage on the surface made by the high
temperature. This e�ect can cause early deterioration and material melting.
Moreover, the pressure gradient can damage the mechanisms of the engine,
producing the characteristic noise [59] that gives its name to the phenomenon.
However, detecting the knock and its di�erent levels is not always an easy task
and many methods have been developed for this [60, 61].

When the mixture is under certain conditions of temperature and pressure,
several chain reactions begin and after a certain time, combustion occurs [63,
64]. This time is the autoignition delay time (τ).

The appearance of knock is greatly in�uenced by many parameters as fuel,
fuel-air ratio, oxygen concentration, intake pressure and temperature or engine
speed and load, among others. Normally, increasing the engine load, and
therefore the pressure and temperature, reduces the ignition delay, as well
as stoichiometric operation [65]. Reduced oxygen concentration would reduce
reactivity, increasing the delay time. Increased engine speed would reduce
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Figure 2.14. Pressure oscilations on the instantaneous in-cylinder pressure evolution
(red) and pressure amplitude variation (blue). Source: [62].

knock events, since there are reduced timescales. The fuel is characterized by
the octane number (ON), which greatly in�uences the capicity of the fuel to
resist autoignition.

In this sense, mapping of the ignition delay has been made for several fuels
and conditions of temperature and pressure, as the one shown in Figure 2.15,
normally in the RCM (Rapid Compression Machine). Certain experimental
correlations have also been investigated, using as input parameters both
conditions and the octane number of the fuel [62, 66�69].

2.2.2.6 Factors a�ecting combustion

There are many factors that can a�ect the development of combustion that
has been explained above. First, the design parameters like the location and
number of spark plugs, the geometry, or the number and area of the valves, as
well as the shape of the ducts, among others. In this section, a brief review of
several factors a�ecting combustion will be made.
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Figure 2.15. Autoignition delay time maps in function of pressure and temperature
for iso-octane (left upper graph), gasoline (right upper graph) and E40 (lower graph).
Source: [70].

Spark advance

The instant of ignition is, of course, a key part in the combustion process
[71] and the appearance and mitigation of knock. The spark advance can
change the amount of mixture burned before and after TDC, changing the work
developed during the cycle. Moreover, advancing or delaying the spark event
can change the peak pressure value and the IMEP (Indicated Mean E�ective
Pressure), thus changing e�ciency [72]. When advancing the spark event, more
and more mixture is burned before TDC, increasing the maximum temperature
and pressure. However, more heat transfer losses are observed. Naturally,
pressure and temperature do not rise inde�nitely with spark advance, observing
a fall from a certain value. Excesive spark advance would lead to mis�res or to a
early pressure rise, di�culting the movement of the piston during compression.
For small spark advances, the pressure rise occurs too late and the maximum
bene�t is not taken. Exhaust temperature is be a�ected by late spark timing.
Between the two extreme situation, none of them convenient, there is an
optimum value for e�ciency and torque output, as shown in Figure 2.16.
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However, combustion centering is not always possible, since knock can appear,
forcing the engine to work at a non-optimal combustion centering [73].
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Figure 2.16. Ignition timing e�ect on BMEP. Source: Adapted from [74].

Engine speed

For greater engine speeds, the CAD for the laminar phases of combustion
also increases, since at these combustion stages the �ame speed is almost
constant. This e�ect results in increased CAD needed to burn all the mixture,
despite the fact that the turbulence also scales with the regime, but not
necessarily linearly, depending on the design of the combustion chamber
and intake pipes. Therefore, the spark event needs to be advanced to keep
combustion centering. The spark advance with respect to the engine speed was
traditionally made by a centrifugal device, but nowadays it has been replaced
by electronic control. In addition, the probability of knock is usually decreased
with a shorter residence time.

Engine load

For SI engines, the RGF (Residual Gas Fraction) is normally increased at
low and partial loads compared to high loads. This is explained by the reduced
intake pressure and increased di�erence between exhaust and intake pressure,
which makes the scavenging process more di�cult. An excesive concentration
of RGF could reduce the overall combustion speed, therefore it is necessary
to increase the spark advance. Similar e�ects occur when the concentration
of RGF is not only due to IGR but also due to EGR [75]. For higher or full
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engine loads, RGF are reduced, and higher temperatures and pressures occur,
increasing the knock probability. All e�ects lead to decreasing spark advance.
However, very late sparks could increase exhaust temperature, which is also a
major limit in this area of the map [73].

Fuel-air ratio

Stoichiometric or slightly rich operation of the engine is the provide the best
possible combustion in SI engines, since the higher combustion temperatures
are expected. This is explained by the ease with which the �ame front �nds
favorable areas to continue spreading. For equivalence ratios greater than 1.2
and for lean operation, temperatures drop. However, lean operation is a hot
spot as under certain conditions it can allow better combustion centering. The
�ammability limits for both excess and under-fuel must also be taken into
account.

Ambient conditions

The ambient conditions that most a�ect combustion are temperature,
pressure and humidity. For lower ambient temperatures, a reduction in both
laminar and turbulent �ame speeds is expected. However, the e�ect is small.
A reduction in ambient pressure can signi�cantly change the combustion in
naturally aspirated engines by reducing the trapped mass. Proportionally,
heat losses would have a greater weight, reducing temperatures and therefore
the combustion rate. The e�ect of humidity is due to the increased presence
of inerts, reducing the reactivity and the temperature, thus the combustion
speed.

2.2.3 Pollutant emissions formation in SI engines

The gasoline normally used in SI engines is a product obtained by
distillation of petroleum, and it is a combination of hundreds of individual
hydrocarbon chains from C4, like butanes and butenes, to C11, like
methylnaphthalene, with a �nal H-C ratio of around 1.6-1.9. In a perfect
stoichiometric combustion with gasoline, all the oxygen contained in the
air would completely oxidize the fuel, leading to the formation of water
(H2O) and carbon dioxides. Nitrogen (N2) present predominantly in the air
would continue unchanged. However, di�erent intermediate products from
combustion appear sice it is not a perfect process but incomplete. The objective
of this section is to evaluate the main pollutants produced by SI engines that
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are regulated nowadays: carbon monoxide, unburned hydrocarbons, nitrogen
oxides and particulate matter. Note that carbon dioxide is not considered a
pollutant since it is a �nal product of combustion. In addition to explaining
its formation, it is intended to furnish knodledge about the e�ect that each
pollutant has on the human and environmental health, as well as the general
trends observed in these emissions when using exhaust recirculation.

2.2.3.1 Carbon dioxides

Carbon dioxide is generated as a �nal product of combustion and it is
known as one of the main contributors to greenhouse e�ect, as shown in
Figure 1.9. The GWP index is de�ned as the amount of heat that a greenhouse
gas can absorb in the atmosphere compared to CO2. Following this de�nition,
the GWP of carbon dioxide is set to 1, while the potential of other gases such
as nitrous oxide or methane are 296 and 21 respectively. However, the amount
of carbon dioxide produced and emitted is much higher in comparison.

The two factors that can a�ect the emission of carbon dioxides from an
engine are: e�ciency and fuel composition. Since carbon dioxide emission
is directly linked with fuel consumption, all strategies focused on increasing
e�ciency would also reduce CO2 emissions. Regarding fuel composition
and assuming a generic fuel molecule as HmCnOp, the H-C (m/n) and O-
C (p/n) ratios of the fuel molecule are key factors. Increasing these two
ratios is translated into lower carbon concentrations, thus lower CO2 formation
potential, as shown in Figure 2.17. Fuels like carbon monoxide, methane
or hydrogen could be good options to reduce carbon dioxides emissions.
Nontheless, traditional fuels are increasingly being combined with biofuels
[76, 77], that can be distinguished between �rst and second generation [3].

The addition of EGR to the fresh mixture would greatly a�ect the emission
of carbon dioxides. Exhaust recirculation is a strategy that, in addition to
reducing nitrogen dioxide, notably reduces heat losses within the cylinder as
well as the need for fuel enrichment and the knock probability at high loads in
SI engines. At partial loads, greater openings of the valves are needed so also
pumping losses are reduced. All this makes EGR a system capable of improving
e�ciency, thus reducing the fuel needed and consequently the carbon dioxide
emitted. However, for a given quantity of fuel, the higher concentration of CO2

means that more heat is released, linked to higher e�ciency, as explained in
Equation 2.10 and Equation 2.11. Carbon dioxide production is also in�uenced
by dissociation to carbon monoxide, normally presenting these two compounds
inverse trends [5].
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Figure 2.17. Impact of fuel formulation on the emission index of CO. Source: [51].

2.2.3.2 Carbon monoxides

Carbon monoxide is a compound formed in the intermediate steps of the
combustion reaction, prior to the complete the oxidation of carbon. The
mechanism is as explained in Equation 2.9:

RadH Ñ Rad Ñ RadO2 Ñ RadCHO Ñ RadCO Ñ CO (2.9)

where Rad represents a radical. Apart from incomplete combustion, CO is
also formed from CO2 dissociation when temperature rises beyond 2000 K.

CO �
1

2
O2 Ñ p1� βqCO2 � βCO �

β

2
O2 (2.10)

where β represents the fraction of CO2 that dissociates. For β � 1 , there
is no reaction thus no heat is released. For β � 0, maximum heat is released
so that temperature and pressure rise at their most [78]. Equation 2.11 shows
the complete oxidation of CO.

CO �
1

2
O2 Ñ CO2 � heat (2.11)

Carbon monoxide, apart from an undesirable pollutant, represents a loss of
energy that has not been used in the engine, since it is a fuel capable of releasing
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heat as shown in Equation 2.11. CO is mostly dependent on the equivalence
ratio, which is evident in Figure 2.19, obtaining maximum concentrations
when operating with a lack of oxygen under rich conditions. These makes
CO emissions more important in SI engines. Same conditions are found if
locally rich regions appear in the mixture. This is the case of heterogeneities
in the mixture, during load transient due to lambda control and engine start-
up, when intentionally lambda is set to rich. Another formation mechanism of
carbon monoxide is �ame quenching, when the �ame front reaches the piston
or cylinder wall, freezing the reaction. The concentration of carbon monoxide
is governed by the balance between the formation processes and the oxidation
reactions, these being much slower than the formation ones. In a gasoline
engine, the rapid drop in temperature normally freezes the reaction before
reaching equilibrium in the CO oxidation reactions.

This gas is odorless, colorless and poisonous due to its capacity to combine
with hemoglobin, replacing oxygen in the blood. Symptoms on humans
exposed to this gas include headache, chest pain and dizziness. Long exposure
periods or high concentrations can lead to unconsciousness, arrhythmias,
seizures or eventually death in extreme cases. Figure 2.18 shows the saturation
of hemoglobin in percentage with respect to the exposure time. Between 10 and
40%, severe headaches and reduced mental alertness are expected. Between 40
and 50%, vomiting and collapse. Beyond that, coma and death. Many deaths
have been reported in the past due to charcoal-burning and motor vehicle
exhaust in closed or poorly ventilated places, making clear the importance of
reducing this emission. Fortunately, today's emission levels have reduced this
type of incidents [79].

As aforexplained, CO production depends on the kinectics of the carbon
monoxide transformation to carbon dioxide almost at the end of combustion,
so these two compounds usually follow a trade-o�. When operating with
EGR, the oxygen concentration reduction would shift the equilibrium of the
reaction to more CO production, naturally. However, the reduced in-cylinder
temperature due to increased presence of inerts and higher ratio of speci�c
heat values would reduce the dissociation of CO2 to CO and the kinetics of
the oxidation reaction are reduced [5]. These two opposite e�ects have led
to di�erent conclusions about the e�ect of EGR on CO emissions, depending
on the speci�c characteristics of the experiment. Several studies have found
a potential to reduce this pollutant with exhaust recirculation [5], whereas
some others had the opposite conclusion [81, 82] or just found variations [83].
Changes on the spark timing [81, 83] or valve events can also vary CO
production. For greater EGR rates, combustion instabilities are expected [45],
increasing carbon monoxides.
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Figure 2.18. Saturation of hemoglobin in percentage with respect to the exposure
time to CO. Source: Adapted from [80].

2.2.3.3 Unburned hydrocarbons

Unburned hydrocarbons are the result of an imperfect combustion process,
therefore they are also considered a loss of energy due to heat that is not
released. Since unburned hydrocarbons are formed at di�erent stages of
combustion and in di�erent degrees of oxidation of the fuel, their composition is
highly variable. The engine operating condition, the geometry of the di�erent
parts involved and the fuel composition also play an important role on HC
formation.

The mechanisms that contribute the most to HC formation are:

� Fuel-air ratio: there is a strong dependency between HC emissions
and fuel-air ratio, which is evident in Figure 2.19. The lowest possible
HC emissions are achieved with slightly lean operation, allowing a good
mixture between oxygen and fuel. When the engine is running with
lambdas below one, there is a lack of oxygen to react with the fuel, thus
increasing the pollutants related with partial combustion, HC and CO.
Rich conditions can also be found during start-up and load transitions
due to lambda control.
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For lean operation, bad combustion could appear, also increasing HC
emissions. At the extremes the �ammability limits could be reached,
resulting in miss�re and and therefore the maximum hydrocarbon
emission.

� Incomplete combustion: despite running under stoichiometric
conditions, combustion is not perfect due to several factors. Poor mixing
between oxygen and fuel can cause certain fuel particles not to �nd the
oxygen necessary to burn.

Another factor of incomplete combustion is the well-known �ame
quenching. When the front gets to the limits of the combustion
chamber, the temperature drops and the reaction freezes due to lower
reactivity, thus leaving a small volume of mixture unburned. This same
phenomenon happens during the expansion stroke due to a temperature
and pressure reduction that slows down the combustion, �nally quenching
the �ame. High concentrations of residuals can increase the likelihood of
this happening, as well as the presence of EGR, which reduces oxygen
concentration and combustion temperature.

� Crevice volumes: small spaces in the chamber can be �lled with the
mixture during the compression stroke and early combustion stages, for
example, those volumes between the piston and cylinder. Typically, up to
3% of the mixture could be introduced into these gaps, but this strongly
depends on the chamber design, rings, piston and tolerances. The relative
position between the compression ring and the spark plug also plays a
role, since closer positions would translate into greater ease of burning the
mixture there. Note that piston rings are one of the main contributors
to crevice volumes, even more in cold conditions due to di�erences in
thermal expansion, being the responsible of up to 80% of these emissions.
The pressure drop experienced during the expansion stroke would allow
that part of the mixture housed in these volumes to return to the chamber
and burn, at least partially.

� Leakages: part of the mixture that is forced into the volumes
sorrounding the valves may leak through it as pressure in increased by
compression and combustion.

� Valve overlap: during the time both valves are open at the same time,
short-circuiting can occur, specially in PFI (Port Fuel Injection) engines.
Since the cylinder inlet and outlet are open, there is a possible path for
the mixture to follow which will end up with unburned hydrocarbons
in the exhaust line. This problem can be solved with a variable valve
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actuation system, to reduce or supress the valve overlap, or with a direct
injection system to inject after EVC. This is a much more important
factor on two-stroke engines, in which the scavenging process manages
the renewal of the load.

� Deposits: porous structures formed by depositis in the combustion
chamber can cause the absorption during the compression stroke of a
fraction of the hydrocarbons present in the mixture. When the pressure
drops, the absorbed hydrocarbons are released and expelled to the
exhaust. Boosted engines or with high compression ratio usually su�er
more from this problem. The chamber geometry and the use of fuel with
additives can reduce the formation of deposits, as well as enhanced �ow
motion.

� Oil: the continuous relative movement that exists between the piston
and the cylinder makes lubrication necessary to avoid friction and wear
of the components, as well as the fusion of the material. The presence of
an oil layer on the walls in order to lubricate can cause an e�ect similar
to that of fuel deposits previously explained. Engines using propane the
importance of this mechanism is reduced since propane is insoluble in
oils.

Furthermore, small droplets of oil can become part of the combustion,
an issue that can be aggravated by the wear caused by aging, increasing
the tolerances and the size of the oil layer. Oil is tipically a heavier
combination of hydrocarbons than fuel, so combustion speed decreases
as oil concentration increases, facilitating the appearance of unburned
hydrocarbons.

The main issue with hydrocarbon emissions is the reaction that may occur
in pressence of nitrogen oxides and sunlight when they are in contact in
the atmosphere. This reaction forms ozone at ground level, a component of
photochemical smog which is a widespread air pollutant in urban areas. Ozone
is a gas that can irritate eyes and damage the respiratory system. Moreover,
some hydrocarbons are toxic for humans and capable of causing several types
of tumors.

As with CO emissions, the reduction on oxygen concentration and
combustion temperature that is obtained with the use of EGR would decrease
the kinetics of the oxidation reactions of hydrocarbons, reducing combustion
speed and producing incomplete combustions, thus leading to increased HC
emissions as demonstrated by previous studies [84, 85]. The addition of EGR
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above a certain limit, as already explained, can cause instabilities [45] that also
increase this type of emissions.

2.2.3.4 Nitrogen oxides

Nitrogen oxides are a set of chemical compounds that come from the
interaction between oxygen and nitrogen, namely nitrogen monoxide (NO) and
nitrogen dioxide (NO2), the latter being produced to a lesser extent. Major
factors a�ecting NOx formation are described below:

� Combustion temperature: nitrogen oxides formation is directly
related to peak temperature during combustion [86], since high activation
energies are needed to dissociate oxygen and the bonds of nitrogen. As
the burning rate increases, so do the �ame temperatures, thus increasing
NOx formation. Also �ame quenching can in�uence the formation of
NOx, reducing this emission notably [87].

� Fuel-air ratio: the abundance of oxygen is a key factor to form nitrogen
oxides. For lean operation conditions, there is a fraction of oxygen that
would not react with the fuel, and if tempeature is high enough, nitrogen
oxides will formate. On the one hand, the e�ciency advantage of lean
operation is o�set by the penalty in NOx emissions [88]. On the other
hand, slightly rich operation will increase the combustion temperature in
a certain range, so the formation of NOx depends on the balance between
the increase in temperature and the shortage of oxygen, interfering with
H and OH radicals [89]. For further enrichment, both temperature and
oxygen concentration are reduced, decreasing nitrogen oxides formation.

These two e�ects are well sumarized by the simpli�ed Zeldovich mechanism
[90�92] in Equation 2.12, which assumes that NO formation is in equilibrium:

drNOs

dt
�

�
6 � 1016

T 0.5



� exp

�
�69096

T



� rO2se

0.5 � rN2se (2.12)

where rO2se and rN2se refer to the concentration of oxygen and
nitrogen respectively assuming chemical equillibrium, and rNOs denotes the
instantaneous molar concentration of nitric oxide. This mechanism also allows
a perfect understanding of the reduction in NOx that is obtained when using
EGR, which has been extensively proven [93�95]. Exhaust recirculation implies
a double reducing e�ect on NOx:
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1. Dilution: the higher amount of inert gases inside the cylinder is
translated into reduced oxygen concentration and reactivity.

2. Thermal: the addition of gases with greater heat capacities reduces the
temperature inside the combustion chamber.

In general, HC and NOx emissions follow opposite trends with most
engine parameters, following a trade-o� in which almost everything that favors
e�ciency (i.e. high pressures and temperatures, faster combustions, etc.) will
reduce HC and increase NOx. Exhaust gas recirculation, which at �rst was
used to reduce NOx in diesel engines, also increases HC. Figure 2.19 shows the
evolution of the three mean emissions with the fuel-air equivalence ratio.

Figure 2.19. Main exhaust emissions depending on the fuel-air equivalence ratio.
Source: [3].

Figure 2.20 presents soot and NOx formation in a gray diagram, where
darker means higher concentration of the species, with respect to the ratio of
fuel to air and temperature, con�rming that NOx emissions are increased with
higher temperatures, beyond 2200 K, and lean operation. These conditions are
easily found in CI and strati�ed GTDI engines. In the case of a traditional SI
engine, the position on this diagram would be almost �xed around equivalence
ratio equal to 1 and temperatures between 2400 and 2600 K. In the case of
strati�ed operation or CI engines, several conditions of this diagram will occur
due to the inhomogeneities present on the mixture.
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Figure 2.20. Soot and NOx formation depending on temperature and equivalence
ratio. Source: Adapted from [96].

The emission of NOx into the atmosphere has di�erent e�ects on the
environment. First, its e�ects on humans and animals include irritated
eyes and lungs, asthma, headaches and reduced resistance to diseases [97].
Seocond, it a�ects ozone, generating photochemical smog and increasing the
solar ultraviolet radiation that passes the ozone layer. Second, its combination
with the water present in clouds results in acid rain, polluting clear water,
corroding metals and damaging lands, trees and plants [98].

2.2.3.5 Particulate matter

Particulate matter emissions from RICE are normally divided into two
groups: volatile and solid. The volatile particles, typically nanoparticle size,
are formed by nucleation of several components, that normally include sulfuric
acid, with water. When it comes to solid particles, usually described as soot,
are mainly carbonaceous agglomerations. The di�erent particles form the well-
known accumulation and nucleation modes, depending on the number and size
distribution.
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Particulate matter emissions have historically been a problem in CI engines
[99], having been almost negligible in SI engines, since the conditions needed
to form particles are seldom found in PFI engines. However, the development
of GDI (Gasoline Direct Injection) engines has transferred this problem to SI
engines. Many studies have re�ected the increase in PM emissions in GDI
engines compared to PFI [100�105]. Given that this concern has arisen in
SI engines only in recent years, the knowledge of this type of emissions in
gasoline engines is much lower than in diesel. In this sense, the knowledge
acquired about particles during the development of CI engines over the years
is not fully applicable to GDI engines, since the latter normally produce less
and smaller engine-out particles [106�108].

Direct injection engines typically generate two e�ects that are linked to PM
emissions. First, the heterogeneity of the mixture, increasing the area in which
the local ratio of fuel and air is greater than the stoichiometric. In Figure 2.20
it can be seen how, e�ectively, the formation of soot occurs in mixtures or
regions with fuel-air equivalence ratio beyond 2. In this situation, the lack
of oxygen makes the formation of CO2 impossible, even CO, causing carbon
atoms to agglomerate in carbonaceous particles with HC and other traces of
absorbed components, with sizes from 10 to 80 nm [32]. The second e�ect
is the appearance of fuel deposits on the walls or the piston, which are also
considered heterogeneities. Cold start conditions are also a problem for PM
emissions, since rich operation is needed and temperatures are relatively low,
a�ecting combustion.

With the arrival and spread of direct injection systems in SI engines, the
use of wall spray guided chambers [109] has been reduced, since PM emissions
are di�cult to reduce with this con�guration to Euro VI levels. Wall wetting
[110] becomes a major problem with this con�guration, and the only possible
solution is to change the speci�cations of the injector.

Kayes et al. [111] coducted a study about the e�ects that di�erent engine
parameters have on the emission of PM, con�rming the strong dependence
of particle emissions with the ratio of fuel to air, as reported in Figure 2.20.
Mininum particle mass and number were obtained with fuel-air ratios within
10% of stoichiometric operation, increasing more than 3 times when moving a
30% or more away from stoichiometric. Changes on oil or coolant temperatures,
exhaust recirculation or spark timing also in�uences due to intake and in-
cylinder temperature variations, as well as the operating point.

Figure 2.21 shows a comparison in PM emissions between: two vehicles
with a spark ignition engine and traditional port fuel injection (PISI), two
compression ignition engine, one of them with a diesel particle �lter and a
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spark ignition engine with direct-injection (DISI). All vehicles underwent the
same driving cycle at di�erent ambient temperatures. Results demonstrate a
clear increase in the emission of particles from the DISI engine vehicle compared
to those with PFI. Moreover, the lowest possible emission is found with the
use of DPF, whereas the highest is found with a CI engine without DPF. A
clear trend to increase emissions with the reduction of ambient temperature is
also observed.

The e�ects of these emissions on the environment are mainly alterations in
the climate and visibility. On the health side, e�ects do not depend on a speci�c
component, but on the combination of them, together with the particle size
and concentration [112]. Kim et al. [113] stated the danger of small inhalable
particles, with longer residence times and increased acidity, which are able
to penetrate into lower airways. The exposure to this pollutant can cause
respiratory [113] and cardiovascular [114] problems, cancer [115] and increaed
death rates [112]. From a toxicological and epidemiological approach, PM
emissions are most likely to be responsible for carcinogenic problems, rather
than a selection of individual carcinogenic pollutants [116].

The use of EGR also in�uences the formation of particles, and adds the
problem of having particles circulating through the intake line, which can cause
damage to the compressor, for example. Alger et al. [117] studied the e�ect
of exhaust recirculation on particle emissions at high load. A substantial
reduction on PM number and mass was observed, since with EGR it was
possible to supress enrichment. Zhang et al. [118] observed similar trends,
with a reduction on the peak particle number and a shift in its distribution
towards smaller particles with EGR. The accumulation mode was increased
whereas the nucleation mode was reduced [119].
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Figure 2.21. Particle emission comparison for di�erent vehicle types for the IUFC15
driving cycle at di�erent ambient temperatures. Source: [107].



68 2. Literature Review

2.3 Technologies to improve e�ciency in SI engines

The growing concern about the shortage of fossil fuels and the need to give
concrete answers to address the problem of climate change [120], as well as
the large number of vehicles that circulate in urban areas today, which can
cause serious health problems due to their polluting emissions, has made that
emission regulations are increasingly strict [121].

During the last decades, vehicle manufacturers in Europe have complied
with consumption and emissions regulations through the majority sale of diesel
vehicles, whose greater e�ciency compared to gasoline engines translates into
lower fuel consumption. However, the new emission regulations, with more
realistic driving cycles [77], will require even more expensive and complex
aftertreatment systems for diesel engines [122]. Furthermore, the famous
dieselgate scandal has markedly damaged the image and reputation of diesel
engines. In this context, the e�ciency of SI engines is becoming one of the main
targets of engine development, owing to a lower pollutant emissions except for
carbon dioxide. For this reason, di�erent strategies [123] arise with the aim of
increasing e�ciency [124] and reducing the gap that exists in this regard with
respect to CI engines while keeping the emission level [125�127].

2.3.1 Direct injection

During the course of World War II, direct injection spark-ignited engines
were very common for war planes. However, it was not until the late 90s
that direct injection was applied to SI engines for automotive applications.
Japanese companies were pioneers in this regard, bringing electronic direct
injection systems to the market by the hand of Mitsubishi, Nissan and Toyota.

Injecting the fuel into the cylinder produces a charge cooling e�ect since
the fuel evaporates by absorbing part of the heat in the cylinder, as has been
reported in many studies [126, 128, 129]. This e�ect is much greater than in
port fuel injection engines, since the heat absorption in these engines takes
place at the intake manifold and ports.

The reduction of the in-cylinder temperature is translated into reduced
knock probability, allowing a better combustion centering. For high
load operation, a better combustion centering would also reduce exhaust
temperature, thus reducing or supressing enrichment [130�132]. Moreover,
reduced knock introduces the possibility to increase the compression ratio
(CR) [133], directly increasing e�ciency. Several brands, as Toyota and Mazda,
have increased the compression ratio of their atmospheric gasoline engines
mainly thanks to the e�ects of direct injection.
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Besides, the control of the fuel-air ratio can be more �exible with DI
systems, allowing strati�ed operation (explained in Section 2.3.2.2) and a
potential reduction of pumping losses is observed at partial loads [134]. Direct
injection can provide a better fuel e�ciency than similar PFI engines, especially
if downsizing and turbocharging are also used [135, 136]. Alkidas et al.
[137] made a comparison between the e�ciency of a DI engine and a PFI
engine by decoupling di�erent e�ects. Results are shown in Figure 2.25, with
positive contributions to fuel economy for DI engines coming from reduced heat
transfer losses (HT), better properties in the air and fuel mixture (PROP) and
the possibility to increase the compression ratio (CR). However, combustion
(COMB) and friction losses (FRICT) worsened with the direct injection
system. The sum of all contributors resulted in a 15% improvement of the
brake e�ciency in favor of direct injection.
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Figure 2.22. Fuel economy improvements from di�erent sources comparing DI and
PFI engines. Source: Adapted from [137].

The higher e�ciency achieved with DI engines clearly reduces the emission
of carbon dioxides [138�140], one of the major contributors to the greenhouse
e�ect. However, DI reduces the available mixing time with respect to PFIs,
and depending on the injection time it can be really short. This shortened time
causes a greater heterogeneity in the mixture, leading to a possible reduction in
the combustion e�ciency. The heterogeneities on the mixture would increase,
as explained in Section 2.2.3, the main pollutants a�ected by rich operation.
Carbon monoxides are normally increased with DI compared to typical PFI
engines, as reported by [141]. Many studies have shown increased particulate
emissions with the use of direct injection in comparison with port fuel injection
[118, 140, 142�149]. Even when fuel is injected during the �rst stages of the
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intake stroke, there can be evaporation and mixture problems, and impinging
of the fuel on the surfaces may occur, generating more solid particles than PFI
engines [102, 103, 150�152].

The clear increase in certain emissions with direct injection, especially PM,
has led to research on techniques to reduce them. The most outstanding
techniques nowadays are the use of multiple injections as in diesel engines,
increasing the temperature of the cooling system during cold starts or the
addition of a GPF to the aftertreatment system. Since the particles formed
by SI engines di�er from those of CI engines, there have also been numerous
studies on the impact of these emissions on health and the environment.

2.3.2 Alternative combustion concepts

2.3.2.1 Lean combustion

This strategy is based on moving away from stoichiometric operation and
developing combustion with an excess of air, as in CI engines. Lean operation
was used during the decade of the 70's and 80's in spark-ignited engines.
However, the appearance and hardening of emission regulations reduced the
impact of this strategy due to the need to use more complex after-treatment
systems. This is explained by the reduced e�ciency of TWC when the
mixture is not stoichiometric, as can be seen in Figure 2.19. When there
is an excess of oxygen in the exhaust, the e�ciency of NOx conversion is
decreased remarkably. In this way, it would be necessary to use an oxidizer
and a nitrogen oxides reduction system, losing the advantage in aftertreatment
price and simplicity over compression engines. This problem practically caused
the disappearance of this technique in gasoline engines until the arrival of direct
injection systems and strati�cation [128, 153].

Dilution through lean operation is a proven strategy to increase e�ciency
due to several reasons. Compared to stoichiometric operation, pumping work
can be less important, particularly at low and partial loads. Besides, the
reduction in the reactivity of the mixture causes a temperature drop that
improves heat losses and reduces knocking probability, allowing a better
centering of the combustion at high loads [154] and the possibility to operate
with higher CR. A high compression air diluted engine was used to complete
several driving cycles in [155], reducing fuel consumption between a 6 and
10% depending on the driving cycle. Nonetheless, excessive dilution could
lead to problems with combustion stability and �ammability limits, leading to
mis�ring and �ame quenching [156]. For this reason, most of the research on
this topic is focused on increasing the burning lean limit [157], for example
with enhaced �ow motion as in [158], where the e�ects of increased tumble to
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expand the combustion range of lean combustion were studied, resulting in a
5.7% fuel consumption improvement.

On the emissions side, hydrocarbons and carbon monoxides can be reduced
compared to stoichiometric operation due to the increased oxygen availability
[131]. In terms of nitrogen oxides, the greater availability of oxygen is a
factor that can increase the NOx emission, while the reduction in temperature
obtained with dilution tends to reduce them. However, despite being able to
achieve a reduction in engine-out emissions, aftertreatment systems are still
needed to comply with regulations, needing an speci�c aftertreatment system.

This dilution strategy has also been compared with EGR dilution by
di�erent authors. As explained, both dilution strategies can reduce exhaust
temperatures and autoignition problems with a di�erent impact in emissions
and e�ciency. Xie et al. [90] proposed a dilution coe�cient to compare both
techniques, showing that changes on combustion speed are lower with air
dilution than with EGR, so further dilution can be achieved. Air dilution
produced lower HC and CO concentrations and higher NOx emissions than
EGR. Both strategies increased e�ciency with a slight advantage for air
dilution.

2.3.2.2 Strati�cation

Strati�cation of the charge in SI engines is a way of operating with a lean
mixture but with a locally rich region nearby the spark plug that ensures the
ignition and propagation of the �ame [141, 159�161]. The concept is based
on direct injection systems and a wall-guided combustion in the past, and
a spray-guided in the latest applications since wall and piston wetting can
increase emissions. Injection occurs in the last stages of compression to ensure
the heterogeinity of the charge, and the spray is directed and concentrated in
the surroundings of the spark plug [162]. The major purpose of strati�cation
is to achieve a greater burning lean limit at low loads.

The �rst investigations on strati�cation are from the hand of Ricardo and
Hesselman in the decade of the 20's. Later, in the 70's, Honda released their
CVCC (Compound Vortex Controlled Combustion) engine, which had a good
market share for several years. Toyota developed and launched the D-4 engine
in 1996 [163], a strati�ed DISI engine, and the second generation in 1999
[164, 165]. Fuel economy improvements under the Japanese driving cycle were
excellent [166].

Nowadays, many brands of the automotive sector have launched their
own strati�ed charge spark-ignited engine. For example, BMW with the N55
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engine, Mercedes with the M256, Renault with the F5R and Volkswagen with
the fuel strati�ed injection (FSI) engines.

Research on this topic has shown the enormous importance of the injection
and spark timing on emissions production, stability and performance. Oh
et al. [153] tested a DISI engine under strati�ed lean combustion and
used visualization techniques. Stable combustion was found limited by the
injection timing due to mis�ring, and the smoke emissions were increased as
injection was retarded. The PLIF (Planar Laser-Induced Fluorescence) spray
visualization demonstrated the strati�cation of the mixture with a locally rich
region nearby the spark plug and both mixing and premixed combustion.

2.3.2.3 Pre-chamnber ignition

Another combustion concept that has been widely studied in the past few
years is the pre-chamber ignition system or also called turbulent jet ignition
[167]. The core of this concept is the division of the cylinder in two areas,
a pre-chamber and a main chamber, coupled by a set of ori�ces. The pre-
chamber normally represents approximately 2% of the cylinder volume at TDC
to achieve the best tradeo� between combustion performance and heat transfer
losses [168]. During the compression stroke, the gases will transfer from the
main chamber to the pre-chamber pushed by the action of the piston motion.
The �ow through the ori�ces creates a highly turbulent �ow �eld in this
pre-chamber at the moment of the spark activation, promoting the ignition
and initial �ame kernel propagation. As combustion develops, stagnation
pressure and temperature increase rapidly inside the pre-chamber, inducing
a high velocity discharge of the �ames and/or active components through the
connecting ori�ces [169]. Therefore, each of the jets produced by this discharge
act as an ignition point for the fair-fuel mixture inside the main chamber. In
this way, it is possible to develop high velocity and stable combustion even at
lean or ultra-lean conditions (equivalence ratio up to 0.3).

Two main con�gurations have been proposed for this concept. The most
simple one is the passive or homogeneous pre-chamber system. It operates
by creating a homogeneous fuel-air mixture in the manifold or the intake
stroke. Therefore, both pre-chamber and main chamber operate at the same
equivalence ratio, and the limit for lean operation is related to the ignition
inside the pre-chamber itself. Instead, in the active or strati�ed system, an
additional fuel injector (normally gaseous) is placed inside the pre-chamber and
allows to maintain stoichiometric conditions inside this volume regardless the
condition of the rest of the cylinder. This allows to work at leaner conditions
overall, but at the expense of higher cost and complexity of the combustion
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system. In any of the two systems, the design of the ori�ces connecting both
volumes is critical for the successful operation of the engine. In particular,
parameters such as the number and size of the ori�ces [170] or their orientation
[171, 172] have shown to have the highest impact in combustion performance.

2.3.3 Variable valve actuation

Valve events explained in Section 2.2.1.2, namely IVO, IVC, EVO and
EVC, have a direct impact on many parameters that a�ect engine performance,
behavior and exhaust emissions. Traditionally, these events were set constant
in timing and duration for all engine operating conditions. Since the perfect
timing and duration of these events can change depending on the engine
operating conditions, variable valve actuation systems were developed to allow
these parameters to be adjusted according to the engine speed and load. With
variable valve actuation systems, it is possible to change real duration of
both intake and exhaust strokes and so the scavenging process. Besides, it
is possible to change the volumetric e�ciency, thus being able to operate with
less throttling and reduce pumping losses among other bene�ts [173�178].

To obtain the best possible e�ciency, the settings of the variable valve
actuation should change as follow. For low and part loads, the settings
of the variable valve system are adjusted to minimize pumping losses while
obtaining a good indicated e�ciency from combustion, since this system can
change the concentration of residuals. Strategies as Atkinson and Miller cycles,
explained below, appear as good options to maximize engine performance. At
higher loads and low engine speeds, the trend could be to increase the valve
overlap, increasing volumetric e�ciency and reducing IGR thanks to a favored
scavenging process, with higher intake than exhaust pressures and an elongated
process. Knock probability can also be reduced with a delayed intake valve
thanks to a decreased dynamic compression of the charge. For high loads
and high engine speeds, the overlap is reduced to avoid any short-circuiting.
Since downsized engines are normally designed to provide a good response
at low speeds with small turbines, at higher engine speeds there is a high
exhaust pressure that can increase pumping. Note that the EVO can change
drastically the exhaust temperature at high loads, a�ecting fuel enrichment for
component protection, thus fuel economy. Besides, the valve timing strategy
can be di�erent during warm-up operation to optimize fuel consumption or to
achieve a faster activation of the aftertreatment system.

Over the last years, many technologies have been developed for variable
valve actuation. There are systems capable of changing the valve events timing,
as well as the maximum valve lift and pro�le [179�181]. That is the case of the
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Fiat Multiair system [182]. Other simpler systems include only some of these
functions. The cam switching system uses several pro�les for the valve lift,
normally two, and changes between them with an actuator at a given engine
speed, as it is in the Honda VTEC (Variable valve Timing and lift Electronic
Control) [183, 184]. The oscillating cam system use a oscillating motion in
a cam lobe to open an close the valves and by means of a kinematic chain
it is able to change the lift of the valve continuously. However, since it is a
kinematic chain, the lift depends on the duration of the event, so both cannot
be varied independently. Some of the systems based on this technology are
the valvematic from Toyota [185], the valvetronic system from BMW [186], the
MIVEC (Mitshubishi Innovative Valve Timing and Electronic Control System)
from Mitshubishi [187] and the VVEL (Variable Valve Event and Lift System)
from Nissan [188]. The eccentric cam drive system works by changing the
rotation speed of the cam lobe with an eccentric disc. In this sense, speeding
up the lobe during the opening means a shorter duration. This system provides
an independent control over lift pro�le and duration [189] but two eccentric
mechanism need to be added to the engine, making it more complex and
expensive. There are also systems that operate without a camshaft, so there is
a huge �exibility to adjust the valve events on timing and duration [190, 191].
Last but not least, the cam phasing system [192] work with a variator that
adjust continuously the position of the cam with respect to the piston position,
changing the valve timing. This is the case of the VVT-i (Variable Valve
Timing inteligence) from Toyota [166] and VANOS (Variable Nockenwellen
Steuerung) from BMW [193], as well as the engine tested in this PhD-Thesis.
More information on the di�erent variable valve actuation systems can be found
in [194].

2.3.3.1 Miller cycle

The Miller cycle [195, 196] consists of dividing the compression stroke into
two parts thanks to the use of the LIVC (Late Intake Valve Closing). At the
BDC, when the piston is about to start the compression stroke, the intake
valve is open. The �rst degrees of the compression stroke is made with the
intake valves open, expelling part of the air charge out of the cylinder through
the intake valves and creating a virtual �fth stroke. The loss of power that
this load expulsion supposes is compensated with an increase in the intake
pressure, either by opening the throttle or by boosting. The lower dependence
on throttle and higher intake pressure is normally translated into reduced
pumping losses. The reduced e�ective compression inside the cylinder would
increase the expansion to compression ratio, therefore a thermal e�ciency
increase may be obtained. The P-V diagram and the T-S diagram for the
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Miller cycle are shown in Figure 2.23. Note the increased area enclosed by the
cycle compared to Figure 1.2 thanks to the increased expansion to compression
ratio. Many studies also call Miller cycle the operation with early intake valve
closing (EIVC), since the intake stroke is divided into two parts, one with the
intake valve open and the other with the intake valve closed. Note that many
studies refer to the Miller cycle incorrectly, and it is usually confused with the
Atkison cycle. Both cycles share the same spirit, but it is usually referred to
Atkinson when the intake pressure is below atmospheric conditions.

Figure 2.23. Miller cycle representation: a) P-V diagram; b) T-S diagram. Source:
[197].

Miller cycle has been investigated in many studies with variable valve
actuation strategies in downsized gasoline engines in order to increase thermal
e�ciency. In practice, the Miller cycle shows enormous consumption reduction
potential both by 1D simulation [198] and experimentally. A higher BMEP
than the Otto cycle can be obtained with Miller cycle, even with a lower
compression ratio as stated by [199]. Between 7 and 11% fuel consumption
reduction has been reported at high loads by using LIVC and EIVC [200]. At
high loads, a bene�t from LIVC over EIVC strategy is reported due to reduced
knock probability and better pumping losses, whereas at low loads the trend is
reversed, and EIVC provides decreased pumping losses than LIVC. However,
combustion is slowed down with EIVC with lower temperatures at the end of
compression [201].

Cylinder deactivation also arises as a possibility of reducing the total
volume displaced by the engine as well as downsizing, reducing throttling thus
pumping losses to increase e�ciency [202, 203].
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2.3.3.2 Atkinson cycle

James Atkinson patented his idea of a cycle back in 1882. The genuine
design of the Atkinson cycle united the phases of a four-stroke engine in a
single turn of the crankshaft, as in a two-stroke engine. A complex mechanism,
as shown in Figure 2.24, allows the piston stroke to be changed alternately, so
the intake and compression strokes are shorter than the expansion and exhaust
strokes. In this sense, the expansion ratio is greater than the compression
ratio, so a great thermal e�ciency is achieved at the cost of a power loss.
However, this mechanism originally used in the Atkinson engine is not used in
real engines, and the application of the Atkinson cycle is made through valve
timing strategies, so that an increased expansion to compression ratio can be
obtained.

Figure 2.24. Patent drawing of the genuine Atkinson engine. Source: [204].

Many studies have explored the application of the Atkinson cycle to
gasoline engines with LIVC strategies, observing great improvements in
thermal e�ciencies [205, 206]. With LIVC, the e�ective compression of the
charge is reduced, and if the expasion stroke remains unchanged, e�ciency
may be improved. The basis of the Atkinson and the Miller cycles are very
similar, but in the Atkinson cycle the intake pressure is below atmospheric,
thus at low and part load operation. Numerous studies in the literature refer
to the Miller cycle when it is actually Atkinson's.

2.3.4 Variable compression ratio

For the ideal Otto cycle, the e�ciency, η, increases with the speci�c heats
ratio, γ, and with the compression ratio, r, as shown in Equation 2.13:
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η � 1�
1

rpγ�1q
(2.13)

For this reason, SI engines are normally designed with the highest possible
compression ratio, which is normally limited by knock and exhaust temperature
at high loads. However, as depicted in Figure 2.25, the compression ratio could
be increased for partial loads to further increase e�ciency. In this sense, the
variable compression ratio (VCR) systems are used to change this parameter
depending on the engine speed and load.

The �rst engine built and tested with a variable compression ratio dates
from 1920 and came from Ricardo. Reputable automotive brands such as
Peugeout, Porsche or Nissan have developed their own research on these
systems, but VCR systems have not spread signi�cantly to road cars to date.
There are three main ways to vary the CR of the engine [207]. First, there is
the possibility to change the height of the piston by changing the rod length,
as Porsche proposed. A second possibility is to vary the combustion chamber
volume, as Saab presented in the year 2000 with an inclinable cylinder head
and cylinder [208]. The third possibility is to change the crankshaft geometry.
New designs are also being studied as in [209].

Many studies have been conducted to analyze the potential of this system.
A variable compression ratio system was tested at several engine loads in [210],
showing that VCR bene�ts can be higher than those from cylinder deactivation
or GDI operation. Similar results were found by [211] under di�erent driving
cycles. A comparison of di�erent VCR systems was presented in [212] via
simulation, showing the potential of VCR technologies.

Variable compression ratio systems have the prospect to increase engine
e�ciency, and could synergize with other systems like variable valve timing,
direct injection, downsizing and EGR to take a major technological leap once
the technology is stablished.

2.3.5 Downsizing and boosting

Downsizing is an extended technique that aims for fuel consumption
reduction, thus carbon dioxide emission reduction, in gasoline engines [213�
215]. The technique consists of reducing the displaced volume by the engine,
either with less unit displacement or with fewer cylinders, so less throttling
is needed and the engine operates at higher loads, reducing pumping losses.
To compensate for the loss in torque and power that comes from a smaller
displacement, manufacturers are adding a boosting system to increase BMEP,
normally with a turbocharger. This strategy was born at the beginning of the



78 2. Literature Review

21st century with the 1.4 TFSI engine from Volkswagen that replaced 1.6 and
2.0 litre atmospheric engines.

Downsizing is not understood without the use of boosting, explained in
2.2.1.4, to increase BEMP and power to naturally-aspirated levels. Boosting
pressure and BEMP have evolved to higher values throughout history in
combustion engines, from around 12 bar of BMEP in the 60s to 20 in the
80s and to around 23 nowadays. This increase has been accompanied by
other evolutions that have resulted in better resistance to higher thermal and
mechanical levels, so engines can now withstand higher peak pressures and
temperatures.

Due to the regulation of the load in gasoline engines, increasing the load
and power means increasing the air mass �ow, 9mair, which depends on the
volumetric e�ciency, ηv, displaced volume, Vdisp, the density of the air, ρair,
the engine speed, n and the number of cycles per revolution, i.

For a downsized engine, Vt is reduced, so the most pretty straight forward
way to increase the air mass is through density. Following the ideal gases law,
the air density, ρair is de�ned by the air pressure, Pair, the air temperature
Tair and the constant of ideal gases Ru.

To increase the density, a compressor is placed in the intake line to rise
pressure. However, this process heats up the air charge, which represents a
potential loss of density. For this reason, in many applications an intercooler
is placed downstream the compressor to drop the temperature at an almost
constant pressure, thus increasing further the density. Break mean e�ective
pressure and power, Pe, which are related by the engine speed, both depend
on the air density. For GDI engines, a higher density can help the mixture
formation and the strati�ed operation.

The improvement in brake e�ciency achieved with downsizing depends
strongly on the amount of volume reduction that takes place, so conducted
studies have reported several degrees of improvement [216, 217]. Boretti et
al. [177] compared a low-tech 4L naturally-aspirated gasoline engine with a
downsized high-tech turbocharged gasoline engine, observing a 43% fuel savings
in a NEDC cycle. Similar trends were found by Lumsden et al. [218] with a
25% fuel consumption reduction when halving the engine displacement from
2.4 L to 1.2 L.

A problem with downsizing and boosting is that operation with higher loads
can lead to increased wear of di�erent elements, a�ect driveability, cycle to
cycle variations and increase fuel enrichment for exhaust temperature control.
Besides, higher load operation can lead to increased knock tendency [219], so
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a worse combustion phasing and less CR than naturally-aspirated engines are
used. Moreover, when downsizing is carried out without changing the number
of cylinders but only reducing the unitary displaced volume, a packaging
problem may occur due to the injectior, valves and bore sizes.

Figure 2.25. Main problems of downsizing in an engine map. Source: [4].

A huge e�ort is being made to address driveability problems as explained
in Section 2.2.1.4, with di�erent boosting strategies as the combination of
di�erent turbochargers in parallel or in series, combination of turbocharging
and supercharging, variable geometries and electric groups [220�223]. The
problem with knock, worse combustion phasing and higher temperatures in
the exhaust that increase fuel enrichment need to be addressed with other
strategies as direct injection, EGR or variable valve actuation systems, among
others. In this sense, a new stream of design is emerging, known as rightsizing
[196], that preserves the spirit of downsizing but without taking it to extreme
levels that pose a problem.

2.3.6 Exhaust gas recirculation

The exhaust gas recirculation strategy, also known as EGR, lays its basis
on reintroducing the exhaust gases in the intake line to mix them with fresh
air running towards the cylinders. This is a well-known and widely used
strategy in CI engines for NOx emissions reduction. The excess of air and high
temperatures due to the higher CR of this engines compared to SI engines, as
well as the presence of inhomogeneities in the mixture, are the main causes of
the higher NOx formation of these engines. In this way, the addition of inert
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gases to the mixture with the EGR strategy would reduce the temperature,
thus the formation of this pollutant.

When EGR began to be used in SI engines, in the decade of the 90's, it
was observed that the improvement potential of this strategy went beyond the
reduction of nitrogen oxides. Exhaust recycle was investigated in naturally-
aspirated engines at partial loads to increase e�ciency. At high loads, the
maximum power output was reduced since part of the fresh air was replaced
with exhaust gases [224].

The addition of inert gases implies an oxigen concentration reduction and
increases the heat capacity of the mixture and the ratio of speci�c heats
[83], so these gases are a heat sink, so the combustion temperatures are
reduced and so heat losses [225, 226], and achieving a higher ideal thermal
e�ciency [227�231]. Lower temperatures and oxygen concentration would
reduce the formation of NOx emissions as explained by the simpli�ed Zeldovich
mechanism in Equation 2.12. The lower temperatures achieved with a less
reactive mixture also reduces the exhaust temperature, allowing a reduction
or suppression of the enrichment needed at high loads [226, 232�234] for
turbine components protection. Operation at lower combustion temperatures
also implies a lower knock risk [73, 235�238], so a better combustion phasing
[72, 157] can be achieved or the compression ratio can be further increased [233],
both achieving higher e�ciencies [227, 239]. However, the lower reactivity of
the mixture would reduce the �ame speed and induce combustion instabilities
[240, 241], being able to reach a deterioration that would overcome the
bene�ts aforexplained [242]. In this sense, several studies have investigated
the possibility of reducing these instabilities by di�erent means. Oh et al.
[196] showed the synergy between high tumble and EGR with Miller cycle
in order to improve stability, achiving an increase in e�ciency of 10%. Yu
et al. [243] achieved a reduction in the total combustion and induction times
when increasing the ratio of ethanol in the mixture, reducing instabilities.

Some of the aforementioned bene�ts with exhaust gas recirculation can be
seen in Figure 2.26. As oxygen concentration is reduced with EGR, a better
combustion phasing can be achieved by optimizing the ignition timing and
reducing the brake speci�c fuel consumption (BSFC). Moreover, knock events
are delayed and a greater gross indicated work is obtained with lower pumping
work.

Besides, together with all the improvements from e�ciency perspective,
a higher intake pressure is needed to move the exhaust gases and the same
amount of air running towards the cylinders to keep the engine load, so at
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Figure 2.26. BMEP and BSFC with respect to ignition timing and P-V diagram for
di�erent oxygen concentrations. Source: [244].

partial load the throttled area of the engine map is reduced, thus pumping
losses [5, 245�247].

A diagram of the bene�ts produced by EGR dilution is shown in Figure 2.27
and in section 2.4, further details of the di�erent existing EGR strategies and
their implications are given.

From emissions perspective, the trends with HC and NOx are clear and
demonstrated by many studies [248, 249]. The reduction in combustion
temperatures and oxygen concentration result in a disminution of the nitrogen
oxides [93�95] and an increase of the unburned hydrocarbons [250], following
a slowed combustion [84, 85]. The conversion e�ciency of the TWC is near
99% for hydrocarbons at stoichiometric operation, downplaying the increase of
this pollutant with EGR. However, some studies have shown a potential drop
in e�ciency of the TWC at low loads for HC and CO with EGR due to lower
exhaust temperatures [108].
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Figure 2.27. Scheme of the e�ects of exhaust gas recirculation.

In terms of CO, the formation of carbon monoxide is dependent on the
kinetics of the carbon monoxide to carbon dioxide reaction [5]. Reduced
oxygen concentration with EGR would shift the thermal equilibrium to a higher
concentration of CO. However, lower combustion temperatures imply less CO2

dissociating to CO and a reduction in the reaction speed. For particulate
matter, a reduction in the peak particle number and �nner particle production
was found with EGR, increasing the accumulation mode and reducing the
nucleation mode [118, 119]. Besides, longer combustions with EGR can result
in late oxidation of accumulation mode particulates, reducing them [251].

At high loads, the suppression of enrichment with EGR has also an impact
on emissions, reducing notably HC, CO and particulate matter [83, 119, 252].
Besides, without enrichment, the maximum conversion e�ciency of the
TWC can be achieved with stoichiometric operation, reducing all emissions
downstream the aftertreatment [84, 253, 254].

In summary, the potential of the EGR strategy on reducing NOx, CO
and PM emissions while increasing HC emissions is demonstrated. [84, 117,
255, 256]. However, excessive EGR rates can critically a�ect the combustion
initiation and development, a�ecting combustion stability, producing large
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variations between cycles and changing the positive e�ects that EGR has on
e�ciency and emissions [45]. In most EGR-related studies, the maximum rate
achieved is below 30% [84, 257], needing increased in-cylinder air motion or
improved ignition systems to rise the EGR percentage beyond 35% within
acceptable operating conditions [117].

2.4 The EGR strategies

As detailed in subsection 2.3.6, the addition of exhaust gases to the fresh
mixture has several bene�ts both from e�ciency and emissions perspective,
as demonstrated by several studies. Besides, there is great �exibility when
implementing this system in the engine, since there are many di�erent
con�gurations. EGR systems can be classi�ed as follows:

� High-pressure, low-pressure or mixed: depending on the section
of the exhaust line in which the gases are extracted, if upstream or
downstream the turbine, and where they are reintroduced, upstream or
downstream the compressor.

� Cooled or hot: if the exhaust gases undergo a cooling process before
mixing with fresh air or not.

� Clean or dirty: if the exhaust gas is extracted upstream or downstream
the aftertreatment system, fact that can change the composition of the
gas.

The most commonly used con�gurations are cooled low-pressure with clean
gases and cooled high-pressure with dirty gases. This is explained by the
fact that in gasoline engines, the turbine is always located upstream the
aftertreatment, so that in the high-pressure loop the gases are extracted before
reaching the TWC. Besides, cooled EGR has become more widespread than hot
EGR given the highest e�ciency bene�t with increased volumetric e�ciency
[258], also reducing to a greater extent NOx but increasing HC and cyclic
variations compared to hot EGR [91]. The high and low pressure circuits have
also been compared by combining both, showing di�erences in turbocharger
operation given the di�erent levels of enthalpy available and the lower pressure
ratio that the HP-circuit needed, a�ecting recirculability and e�ciency [239].
In addition, the best strategy can be chosen based on the engine operating
conditions as shown in Figure 2.28.

The composition of the gas used is also a variable that has been
investigated. For example, Gong et al. [260] performed a study comparing
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Figure 2.28. EGR strategy depending on the engine operating conditions. Source:
[259].

di�erent EGR compositions, showing reduced variations of IMEP, soot, carbon
monoxides and hydrocarbon emissions when using only CO2 EGR, while NOx

emissions worsened compared to traditional EGR.

In addition, there are many studies in the literature that refer to a type
of EGR called dedicated. Dedicated EGR (D-EGR) is a concept in which the
exhaust gas coming from one or more cylinders of a multi-cylinder engine is
used to recirculate the exhaust gases [261], as depicted in Figure 2.29. In
this sense, the EGR rate only comes from the dedicated cylinders, which
are operated at rich conditions, around 1.3 to 1.4 equivalence ratio [262],
performing a reformation of the fuel to hydrogen (H2) and CO [263]. These
fuel traces are introduced in all cylinders with EGR, increasing combustion
speed, reducing knock probability and extending EGR recirculability thanks
to enhanced stability [264, 265]. Alger et al. [266] showed an improvement in
emissions and fuel consumption with D-EGR, as well as Robertson et al. [261],
who obtained a 10% fuel consumption reduction on US test cycles.

Another posibility to achieve dilution with inert gases is to use the internal
residual strategy or IGR. Eventhough it is not exactly exhaust recirculation,
its e�ects are very similar to those coming from EGR and it could be classi�ed
as a hot and dirty system. It is worth mentioning that all engines operate with
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Figure 2.29. Dedicated EGR scheme of a four cylinder engine. Source: [262].

some internal gas residual since the scavenging process is never perfect, and
when operating also with EGR, the sum of internal gas residual and EGR is
called residual gas fraction or RGF.

In this PhD-Thesis, the internal gas residual strategy is investigated
together with a cooled low-pressure loop and a cooled high-pressure loop.
Moreover, another low-pressure circuit is studied, the main di�erence with
the previous one being the extraction point of the EGR with respect to the
TWC.

2.4.1 Internal gas residual

The internal gas residual (IGR) strategy is based on the un-swept residuals,
also known as exhaust or internal residuals, from the previous cycle. Although
there is not purely a recirculation of gases, this strategy is included in the
framework of the EGR due to its similar e�ects [267]. The concentration
of internal residuals is very dependent on the operating conditions, mainly
intake and exhaust pressures. When the intake pressure is signi�cantly lower
than the exhaust pressure, the scavenging process becomes di�cult and even
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some back �ows through the intake valve may take place. For this reason,
internal residuals concentration can be very signi�cant at low loads, and almost
negligible at high loads.

The use of a VVT system opens the door to the possibility of modulating
the amount of residuals by changing the overlap duration [173]. Typically, for
low load operation where the exhaust pressure is considerably higher than the
intake pressure, the residual concentration increases with the valve overlap.
In the other hand, the residual concentration is reduced for higher loads with
increasing valve overlaps. Another technique based on VVT systems to control
the residual concentration is the NVO [268, 269]. With this strategy, there is no
overlap, which makes the scavenging process as di�cult as possible, increasing
the IGR concentration in the combustion chamber. The NVO strategy is
widely used in homogeneous charge compression ignition (HCCI) applications
[270�272].

Several studies have focused their research on the e�ects of residuals.
Szwaja et al. [273] showed the higher temperature of the internal residuals
compared to EGR and the di�erent composition that these have also imply
distinct e�ects on combustion and emissions. On the emissions side, reduced
NOx and increased CO and HC were obtained with higher residuals, whereas
both the induction and total combustion time were deteriorated with residuals,
with the former being much more a�ected. Malaquias et al. [274] performed a
study on di�erent compression ratios and high IGR concentrations, showing a
2% increase in e�ciency with reduced pumping. The higher concentration
of residuals also decreased combustion speed. On the emissions side, a
reduction of up to 40% was obtained for all species. Khoa et al. [275] tested
several operating conditions of engine speed and load, proving the combustion
temperature and NOx reduction with IGR. Besides, they showed that the best
possible control of residuals was obtained with EIVO and LEVC. Lanzanova et
al. [268] used the NVO strategy to increase the IGR concentration, improving
pumping and combustion centering at a low engine speed and load condition.

However, the concentration of residuals is a di�cult parameter to measure
experimentally, so a method to estimate it is required. In many studies, the
di�culty in estimating this parameter leads to it being directly ignored as
in [276]. The most common methods used to estimate the concentration of
residuals are: 1D modeling [277], the equation of state method, the Yun and
Mirsky method and the Fitzgerald method [244, 278�280]. In the case of this
PhD-Thesis, a 1D model was used to calculate and predict the behaviour of the
internal residuals in di�erent engine points depending on the VVT settings, as
shown by Galindo et al. [281].
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2.4.2 High-pressure system

The high pressure loop, also known as short route, is a very popular
con�guration that has been used in diesel engines during the last couple of
decades. In this con�guration, the exhaust gas is extracted before going
through the turbine, at high pressure and temperature, and it is introduced
downstream the compressor as in the scheme in Figure 2.30.

Figure 2.30. High-pressure EGR loop scheme.

The EGR �ow going from the exhaust to the intake line naturally depends
on the delta pressure between the extraction and the injection point. In this
sense, recirculating exhaust gases can be di�cult at some engine points where
the intake pressure is at the level or beyond the exhaust pressure, for example,
at high loads and particularly low engine speeds. Some con�gurations also
include a valve to slightly increase the exhaust pressure or to reduce the intake
pressure to ensure a su�cient and adequate EGR rate.

In this con�guration, the �ow through the turbine is reduced, penalizing
the turbine power and the low end torque of the engine. This fact would
be bene�cial at high engine loads, since pumping losses can be reduced via
decreased exhaust pressures as observed in [4]. Besides, the HP-EGR system
is the most compact design, which makes it easier for brands to integrate it
into the engine compartment and provides a faster response under transient
conditions.
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The high temperatures that can be found upstream the turbine cause the
need to use a cooling system before introducing the gases into the intake line
to avoid damages or melting of the materials in the intake side, which are
normally plastics or aluminum. Cooling is also needed to reduce the knock
phenomena in SI engines and to keep the volumetric e�ciency. The cooling
power required for this EGR system is very high since the temperature drop
in some cases goes from 1200 K to below 500 K.

Yu et al. [282] demonstrated the capability of a high-pressure loop on
reducing enrichment and knock probability at high and full load operating
conditions, obtaining a lower power output as shown by Galloni et al. [283]. A
comparison between cooled and hot high-pressure EGR was performed by Xie
et al. [90], showing that better combustion centering and improved stability is
obtained with cooled gases.

Zamboni et al. [284] compared the LP and the HP strategy, obtaining a
greater fuel consumption reduction with HP, mainly related to the pressure
gradient across the engine. However, the turbocharger operation was less
afected by the LP circuit, which also achieved lower NOx concentrations due
to reduced intake temperatures. In a similar way, Lujan et al. [285] performed
a study on the optimal strategy using both LP and HP-EGR, showing that the
high-pressure circuit is more suitable for the start of the cycle (cold conditions)
given the higher temperatures and fuel consumption bene�t obtained with the
HP circuit. The low-pressure circuit should be used later in the cycle for NOx

limits, despite the penalty on e�ciency.

2.4.3 Low-pressure system

The low-pressure loop consists of extracting the exhaust gases at lower
pressures, downstream the turbine and normally once the gases have gone
through the TWC, and the injection is upstream the compressor as in
Figure 2.31. This con�guration has been used recently in diesel engines and
may be the future con�guration to use widely in gasoline engines.

Since the extraction point is downstream the turbine, the exhaust gases
are at lower pressures than in a high-pressure loop, so the pressure di�erence
between the extraction and the injection points of the line is commonly lower
in comparison [91]. For this reason, a valve to reduce the intake line pressure
or to increase the exhaust line pressure is usually needed. However, at high
loads when the intake pressure is higher than the exhaust pressure, specially
at low engine speeds, this system is more �exible than the high-pressure route.
In transient conditions, the longer distance that the exhaust gas has to travel
from the extraction point to the cylinders in the low-pressure loop compared
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Figure 2.31. Low-pressure EGR loop scheme.

to the high-pressure loop would cause a slower engine response. In this sense,
the low-pressure system is also know as long route.

Naturally, the exhaust gases in the low-pressure loop are at lower
temperatures than in the high-pressure loop due to the expansion process that
takes place in the turbine. For this reason, the cooling power needed for this
EGR system is much lower. Besides, the exhaust gas and the air mix upstream
the intercooler, so the temperature of the mixture is controlled and the exhaust
gases are subjected to two cooling processes.

During WOT (Wide Open Throttle) operation, increased boosting is
needed to keep the air mass �ow and move the exhaust gases. This fact would
increse the work delivered by the turbine, increasing the expansion ratio and
a�ecting pumping losses. In the case of the high-pressure loop, less exhaust
gases would go though the turbine so the exhaust pressure is reduced together
with pumping losses.

Lujan et al. [84] performed a study with a LP-EGR circuit, achieving a fuel
consumption reduction at low loads due to pumping and better combustion
centering. An improvement in heat losses was also observed. Decreased
NOx and increased HC concentrations were obtained following the reduced
combustion temperatures. At high loads, an evident change in the operating
point of the turbocharger was observed. In a similar way, Reihaini et al. [286]
demonstrated the higher level of boosting needed for LP-EGR, damaging
pumping losses.

The catalyst performance with EGR was studied by Bermudez et al.
[108], showing a decreased conversion e�ciency for hydrocarbons and carbon
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monoxides due to the lower oxygen concentration and reduced exhaust
temperatures. The reduction in carbon monoxides that occurred at high load
was the only fact that compromised nitrogen oxides.

Franken et al. [287] studied the combination of cooled LP-EGR and water
injection, showing that both dilution techniques can mitigate knock, thus
improving fuel consumption, with a disadvantage for EGR in terms of soot
emissions. In the same way, Lattimore et al. [119] showed that at high load, the
fuel enrichment suppression that is obtained with EGR promotes a reduction
in particles, whereas the main driver at low loads is the ignition timing. For
this reason, soot particles can be reduced with moderate EGR rates due to
longer combustions, whereas at high EGR rates the dominant factor is the
lower temperature, increasing particles [251].

Following the dedicated EGR strategy, Zhao et al. [288] used fuel
enrichment with hydrogen and butanol blends in order to obtain more stable
conditions with EGR, achieving e�ciency and emissions improvements, as in
the case of Gainey et al. [289].

2.4.4 Mixed-pressure system

The mixed-pressure loop is a trade-o� between the high and the low-
pressure loops, since the exhaust gas extraction is done as in the high-
pressure system, upstream the turbine, and the injection point is upstream
the compressor, as in the low-pressure system. Therefore, advantages and
drawbacks from both systems are found. The scheme of a mixed-pressure
system is shown in Figure 2.32.

Figure 2.32. Mixed-pressure EGR loop scheme.



2.4. The EGR strategies 91

The lower energy in the turbine due to the extraction of gas limits the
operating range of the engine at conditions of high load and low speed, as
in the high-pressure loop. Therefore, the maximum power output is reduced
[231]. However, the problem of recirculating gases with HP at high engine
loads, specially at low engine speeds, disappears when the injection point is at
atmospheric pressure, upstream the compressor.

In the mixed-pressure loop, the cooling power needed is between the high
and the low-pressure loop. Since the gases are extracted at high temperatures
as in the short route, and the injection temperature has to be in the order of the
low pressure system, the cooling power is higher than in the low-pressure loop.
However, the cooling power needed is lower than in the high-pressure loop since
the exhaust gases undergo a second cooling process in the intercooler.

In terms of pumping losses, the same exhaust pressure reduction as in
the high-pressure system is observed due to the reduction in the �ow that
goes through the turbine [4]. Since the exhaust gas is extracted upstream the
TWC, the composition is the same as in the high-pressure system, having a
higher concentration of pollutants than in the low-pressure loop. In this way,
the mixed con�guration does not normally apply to diesel engines to prevent
that the mixture of hydrocarbons and soot end up clogging the ducts of the
compressor in the same way they are responsible of the EGR coolers fouling.
Besides, the length from the extraction point to the cylinders is similar to that
of the low-pressure system, so this loop has the same transient problems.

The choice of the EGR architecture to use is very dependent on the
application and the main objective. In this sense, the internal gas residual
strategy, two low-pressure and a high-pressure loop have been investigated
and compared in this PhD-Thesis.
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3.1 Introduction

This chapter provides a detailed description and explanation of all the
theoretical and experimental tools that have been used throughout this PhD-
Thesis. All these tools are strictly necessary for the satisfactory ful�llment of
the objectives set. The understanding of the peculiarities of the tools and their
limitations is crucial for scienti�c dissemination.

Two main sections are distinguished in this chapter. First, all the tools that
were used experimentally are explained, including the engine, the test bench
and the experimental set-up together with all the instrumentation employed.
Besides, a brief subsection about the climatic chamber is included since this
engine was tested in two di�erent benches. The second section is the theoretical
tools. In this section, tests processing is explained together with all the
calculations from the in-cylinder pressure: pumping mean e�ective pressure,
maximum amplitude of pressure oscillations (MAPO) and the combustion
analysis. Moreover, the di�erent thermodynamic calculations such as speci�c
heat values, mixing temperatures based on the conservation of enthalpy and
compressor e�ciency, are described.

3.2 Experimental tools

All the experimental tools that have been useful for the development of
this PhD-Thesis are explained in this section of the chapter. First, the tested
engine and the experimental set-up are detailed. Then, the test bench and
instrumentation used for the main studies carried out are explained in detail.
The last part of this section is dedicated to explaining the climate chamber, in
which a series of tests were carried out to study the condensation of LP-EGR.

3.2.1 The engine and experimental set-up

The engine under study in this PhD-Thesis is a 4-stroke, four cylinder in
line spark-ignited gasoline engine. The engine displacement is 1.3 liter and it
equips a turbocharger with a VGT and a direct injection system. There is
also a TWC and a GPF placed in the exhaust line, downstream the turbine, to
comply with emission standards. The main engine characteristics are described
in Table 3.1.

A VVT system based on cam phasing is used for both intake and exhaust
valves independently. The system allows the intake and exhaust valve events
to be varied linearly, maintaining lift and duration, from zero to forty, with
zero being the minimum overlap condition and forty the maximum overlap
condition.
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Table 3.1. Characteristics of the tested engine.

Magnitude Units Value

Typology [-] GTDI 4-stroke

Cylinders [-] 4

Valves [-] 4

Bore [mm] 72

Stroke [mm] 81.2

Displaced volume [cc] 1300

Compression ratio [-] 10.6:1

Turbocharger [-] VGT

Following the widespread enrichment strategy in gasoline engines, the
engine operates with lambda below one at high loads and several engine
speeds for exhaust temperature control and protection of the main exhaust
components, for example, the turbine. The lambda engine map is shown
in Figure 3.1, where it is possible to see that enrichment starts from 2500
revolutions per minute (rpm) to full speed and from about 80% of engine load,
achieving a bottom value of 0.86 at full load conditions.

Figure 3.1. Lambda engine map depending on speed and load.

Custom made LP-EGR and HP-EGR lines were installed in the production
engine, since these were not included. For the LP-EGR system, the exhaust
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gas is extracted right after the TWC and passes through a cooler with at
90�C and the EGR valve. Another con�guration of the LP-EGR was tested,
in which the exhaust gas was extracted upstream the TWC, changing the
composition of the gas to that expected from an HP system. This system will
be called LP-EGR PRE, in reference to the extraction point of the exhaust
gas upstream the TWC. The exhaust gas is then reintroduced with a T-joint
before the compressor inlet and a choke valve is placed upstream the joint in
order to cause further pressure di�erence and increase the recirculated rate,
specially at low engine speeds. The mixture of fresh air and exhaust gases
are compressed and cooled in a integrated WCAC, normally to 30�C. Note
that the main throttle valve is placed between the compressor outlet and the
WCAC inlet.

For the HP-EGR system, the exhaust gas is extracted with an elbow
at the exhaust manifold, which is integrated with the turbine housig, and
reintroduced at the WCAC outlet, pointing directly to the intake runners.
Due to the high temperatures that may be found at the exhaust manifold,
a cooled EGR valve is used followed by an EGR cooler. The nature of this
system makes it impossible to obtain a reliable measure of the EGR rate given
the di�culty of having a homogeneous mix and the little space available.

The engine set-up diagram is shown in Figure 3.2, with the WCAC, the
turbocharger and the three EGR lines: LP-EGR, LP-EGR PRE and HP-EGR.
Note that two water circuits for the WCAC were used, one that was fed from
the ordinary water deposit available and the other that was fed from a chiller, in
order to achieve lower intake temperatures at the WCAC outlet. The location
of all temperature and pressure measures are also included in the diagram.

In terms of cooling circuits, the main cooling circuit of the engine is a high-
temperature one, designed in order to keep the coolant temperature around
90�C at warmed-up conditions. This circuit is also used for the EGR coolers,
both the low and the high pressure circuits. Another cooling circuit is used for
the WCAC, since the high-temperature circuit would induce extremely high
intake temperatures, damaging the perfomance of the engine given the lower
density of the charge and the decreased knock resistance. This second circuit
only feeds the WCAC, so that the charge temperatures in the intake runnners
are at reasonable levels and below 50�C even at the higher load conditions.

All the experiments were carried out with a 98 octane gasoline, always
obtained from the same source. A summary of characteristics from a fuel
analysis is shown in Table 3.2.

In conclusion, the engine is framed in the current downsizing trend, with a
direct injection system, variable valve actuation and EGR, making it a suitable
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Figure 3.2. Engine set-up diagram.

Table 3.2. Fuel analysis.

Magnitude Units Value

Fuel [-] Gasoline

RON [-] 98

Carbon content [%] 85.98

Hydrogen content [%] 12.09

Nitrogen content [%] <0.01

Sulfur content [mg/kg] 7.83

Upper heating value [MJ/kg] 45.31

Lower heating value [MJ/kg] 42.82

aspirant to assess the impact of exhaust gases in gasoline engines. Besides, it
is a good option to be combined in the future with hybrid techonologies.
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3.2.2 Test bench and instrumentation

The test bench in CMT-Motores Térmicos consists basically on the engine
dynamometer and the di�erent auxiliar systems to feed and operate the engine,
as the cooling system, the fuel supply, the instrumentation, the acquisition
system and the ventilation of the room.

The dynamometric brake of the engine is an AVL-AFA 200/4-8EU which
is easily adaptable to many types of engines. The dynamometer is controlled
by a PUMA software that allows the engine speed and torque to be controlled
in di�erent modes and to accomplish steady and transient tests. Furthermore,
there is the possibility to impose engine speed, pedal or torque pro�les in
order to implement homologation cycles, among others. The PID's of the
dynamometric brake can be adjusted in order to control de dynamic response
depending on the application. Besides, it includes control over the fuel,
intercooler and engine coolant temperatures.

The variable valve timing system, the spark timing and the main throttle
position could be adjusted through a partially open electronic control unit
(ECU), which was operated and their variables saved via INCA v7.1. Besides,
a bypass was activated in order to control several ECU variables with an
external control system based on a National Instruments PXI software with
the LabVIEW environment, as the one described and used in [1]. The conexion
between PXI and the ECU was made with an ETAS ES910 con�gured with
the environment INTECRIO. The control of all the EGR valves as well as
the VGT was also made through this software, via DRIVVEN. Moreover, all
high-frequency variables as the instantaenous in-cylinder, intake and exhaust
manifold pressures or the pulse signal were recorded using PXI. In this way,
it was possible to carry out online estimations, as the apparent heat release
rate together with several CA's, the indicated mean e�ective pressure and its
coe�cient of variation (COV) and a knock calculation based on MAPO as
in [1].

In terms of instrumentation, the in-cylinder pressure was measured with
instrument spark-plugs AVL ZI33 and the instantaneous pressures at the
manifolds were measured with piezorresistive sensors, speci�cally the Kistler
4007. Since it is a relative measurement, the in-cylinder pressure is adjusted
with the instantaneous intake manifold pressure. The signal is then phased
with respect to TDC and �ltered. The treatment of the in-cylinder pressure
measurements together with calculation of the MAPO and the apparent heat
release rate will be explained in further sections. Many Kistler 4045A5
pressure sensors for mean measurements were also distributed along the lines
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together with type K thermocouples for temperature measurement as shown
in Figure 3.2.

A MICRO-EPSILON DS05 sensor was used to measure the turbocharger
speed and an AVL-optical encoder was used for crank angle reference. This
optical enconder could be changed to obtain with a resolution of 0.2 or 0.5
CAD. Besides, the air mass �ow was obtained with an AVL-FLOWSONIX
air �owmeter, and the fuel mass �ow was measured with a gavimetric balance
model AVL-733S. The mass �ow of fuel is basically measured by weighing with
a recipient and a capacitive displacement sensor. This recipient must be �lled
between tests, with a frequency that depends on its capacity. Otherwise, if the
measure is done while re�lling, it will not useful.

The speci�cations of the main sensors used are shown in Table 3.3:

Table 3.3. Speci�cations of the main sensors used.

Magnitude Sensor Linearity Range

In-cylinder pressure AVL-ZI33 � 0.3% 0 - 200 bar

Instantaneous pressure Kistler 4007 ¤ � 0.2% 0 - 5 bar

Mean pressure Kistler 4045A5 ¤ � 0.2% 0 - 5 bar

Charge Ampli�er Kistler 5018A <� 0.3% 2 - 2.2�106 pC

Mean temperature K Thermocouple � 0.35% 270 - 1260�C

Air mass �ow AVL-FLOWSONIX � 0.25% 0 - 1400 kg/h

Fuel mass �ow AVL-733S � 0.12% 0 - 150 kg/h

Turbocharger speed MICRO-EPSILON DS05 � 0.2% 2�102 -4�105 rpm

Torquemeter HBM T10F � 0.1% 0 - 10 kN·m

Optical encoder AVL-364 � 0.006% 2.5�10�2 - 2.8�104 rpm

On the emission side, an HORIBA MEXA-ONE was used in order to
measure regulated gaseous emissions: NOx, HC and CO. Note that this device
does also account for CO2, despite it is not considered a pollutant emission
as explained in subsection 2.2.3. Other components such as methane pCH4),
NMHC (Non-Methane Hydrocarbons), oxygen (O2), NO and NO2 were also
measured together with the air-to-fuel ratio and lambda. A summary of the
HORIBA MEXA-ONE is shown in Table 3.4.

The concentration of CO and CO2 was measured with a NDIR system
(Non Dispersive Infrared Detector). The exhaust gas is introduced into a
chamber where infrared light is passed at a given wavelength depending on the
component that is intended to measure. The component absorbs the light and
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Table 3.4. Speci�cations of the HORIBA MEXA-ONE.

Species Sensor & Principle Linearity Range

CO(L) AIA-11 - NDIR <� 1% 0-3000 ppm

CO(H) AIA-33 - NDIR <� 1% 0-10 vol%

CO2 AIA-33 - NDIR <� 1% 0-20 vol%

THC FIA-02O-ND - H.FID <� 1% 0-25 K ppmC

NMHC, CH4 FIA-02O-ND - H.FID+NMC <� 1% 0-25 K ppmC

NO, NO2, NOx CLA-02OV-3 -H.CLD <� 1% 0-5000 ppm

O2 MPA-01 - MPD <� 1% 0-25 vol%

this would decrease the intensity of the light that is leaving the chamber at the
other end. The di�erence between this intensity and a reference one is then
converted to concentration of the species. Note that there are two measures
for CO, L (for Low) and H (for High), and the di�erence between them is the
operation range. The total hydrocarbons (THC) concentration was measured
with a FID system (Flame Ionization Detector). The measurement consists of
passing a sample of the gas though a hydrogen �ame. An ionization current is
produced, which is proportional to the amount of carbons in the sample. In a
very similar way, NMHC and CH4 were measured with a FID system, in which
there are two colums to separate methane. The �rst column retains the non-
methane hydrocarbons, allowing oxygen and methane to go through a second
column in which only the oxygen will be held, and the methane will go to an
ionization �ame. For NO, NO2 and NOx, a CLD system (Chemiluminescence
Detector) was used. A photo-diode is used to observe the amount of photons
emitted in the reaction between NO and ozone, which will be proportional to
the amount of NO. For NOx, there is a route to dissociate NOx to NO in order
to use the same principle. Lastly, the oxygen concentration was measured with
a MPD (Magnetopneumatic Detector). In the end, all species are recorded in
ppm as chosen by the operator in the HORIBA.

The HORIBA MEXA-ONE is connected at the turbine outlet, upstream
the TWC in order to gauge raw engine-out emissions. At some point, several
tests were made with the connection at the TWC outlet to assess the conversion
e�ciency of the aftertreatment system. Another measurement tap is connected
to the WCAC inlet, shown in purple, in order to measure intake carbon dioxide
concentration to calculate the EGR rate [2�5] as in Equation 3.1:



120 3. Experimental and theoretical tools

EGRrate �
rCO2sint � rCO2satm
rCO2sexh � rCO2satm

� 100 (3.1)

where rCO2s is the concentration of carbon dioxide and the subscripts int,
exh and atm represent intake, exhaust and atmospheric conditions, which is set
to 400 ppm at the analyzer. To obtain the most accurate EGR rate possible,
the carbon dioxide concentration at the exhaust should be monitored at the
TWC outlet for the low-pressure EGR loop in order to account for the little
amount of carbon dioxide that is formed from the conversion of hydrocarbons
and carbon monoxides. In practice, this amount is negligible and the location
of the measurement tap remains for simplicity. For the HP-EGR circuit and
the LP-EGR PRE, the carbon dioxide concentration is exact since gases are
extracted upstream the TWC. However, the EGR rate measurement for the
HP circuit is not completely reliable since the mixture with air starts at the
intake runners and other methods are used, as already explained in section 2.4.

To operate the engine, the same warm-up procedure was followed each
testing day. Once �red-up, the engine was set to a low torque condition,
speci�cally 1500 rpm and a 10% of pedal. This situation was stablished and
maintained until the engine oil and coolant temperature reached and stabilized
at approximately 90�C. When the engine reached an optimal condition for
testing, some cheks were done in the test cell in order to ensure that no leakages
or defects had appeared.

Some reference tests were regularly repeated in order to check and compare
between days and con�rm the correct functioning of the installation. The
chosen checkpoints were at 1500 rpm at 6 bar BMEP without EGR and with a
10% rate. To achieve the desired conditions, slow ramps were introduced in the
PUMA test bench control. The main cheked variables were the engine speed
and torque, the brake speci�c fuel consumption, the spark timing, lambda, the
variable valve timing, the position of the EGR valves and the mean intake and
exhaust temperatures and pressures.

Once all the starting procedure was completed, the engine was set to the
desired conditions of engine speed and torque (or any other parameter to
control the load as the throttle, pedal or VGT position). The engine speed
was again set with PUMA, and the load condition depended on the control
that was implemented. Normally, the steady-state tests were done at constant
torque condition, so the position of the throttle valve and the VGT position
were adjusted via bypass with LabVIEW. The EGR rate was set by changing
the position of the EGR valves with LabVIEW and the VVT system could
be adjusted with INCA or via bypass, as well as the spark advance. Other
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parameters as the WCAC temperature set point or lambda were also changed
if needed. Once the engine was at the desired condition in all variables, a
brief stabilization period was needed before the acquisition began. After the
engine stabilized, the three acquisition systems, PUMA, INCA and LabVIEW
start recording for 60 seconds and 300 cycles in the case of LabVIEW. The
acquisition frequency of the PUMA variables is 0.1 seconds, whereas in the
case of INCA it depends on each variable. The high-frequency variables were
recorded in LabVIEW each 0.2 or 0.5 crank angle degree, depending on the
engine point, and other variables were recorded with a one-per-cycle value.

3.2.3 Climatic chamber

During the course of this PhD-Thesis, the engine was also mounted in a
climatic chamber in order to better control the temperature conditions for
the condensation tests. The main di�erence of this room with respect to the
previous one is the possibility to control the air, fuel and coolant temperatures
easily, as explained in [6].

The only noticeable di�erence in terms of instrumentation is the use of an
HORIBA 7100 D EGR instead of the MEXA-ONE for emissions measurement.
The HORIBA 7100 D EGR, which speci�cations are shown in Table 3.5, is one
of the predecessor of the MEXA-ONE and the main di�erences between them
are due to the simplicity when operating with it and its e�ciency in the use
of consumables.

Table 3.5. Speci�cations of the HORIBA 7100 D EGR.

Species Sensor & Principle Linearity Range

CO(L) AIA-721 - NDIR <� 1% 50-2500 ppm

CO(H) AIA-722 - NDIR <� 1% 0.5-10 vol%

CO2 AIA-722 - NDIR <� 1% 0.5-20 vol%

THC FIA-720 - FID <� 1% 10-20 K ppmC

NMHC, CH4 GFA-720 - FID <� 1% 5-2500 ppm

NO, NO2, NOx CLA-720 - CLD <� 1% 10-10K ppm

O2 MPA-720 - MPD <� 1% 1-25 vol%
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3.3 Data processing

All the data processing is explained in detail in this section. First, all
the test processing is explained together with the calculations from the in-
cylinder pressure signal: the IMEP, its coe�cient of variation, the PMEP
(Pumping Mean E�ective Pressure), the knock indicator through MAPO and
the combustion analysis. It must be noted that, since all tests analysed in this
document are stationary, an average of the variables is done with a veri�cation
that there are no anomalous data. Second, the thermodynamic calculations
to estimate the speci�c heat values, mixing temperature and the compressor
e�ciency are described.

3.3.1 In-cylinder pressure analysis and data processing

Since the in-cylinder pressure is measured with high frequency with respect
to time and in relative values, some treatment to the signal has to be made
in order to extract valuable information. First of all, the signal is �ltered
with two di�erent criteria, one for knocking and another for all the cycle
estimations. Depending on the operating condition, the enconder was set to a
resolution of 0.2 or 0.5 CAD, giving 3600 and 1440 in-cylinder pressure values
respectively per cycle. An example of raw in-cylinder pressure measurement
for each cylinder is shown in Figure 3.3 with a resolution of 0.2 CAD. Note
that the intake stroke is at negative conditions in cylinders 2 and 3, almost at
zero bar in cylinder 1 and around 10 bars in cylinder 4.
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Figure 3.3. Raw in-cylinder pressure measurement example.
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It is necessary to �nd the TDC of each cylinder with respect to the temporal
measurement. To do this, there are several methods in the literature [7]. In
this PhD-Thesis, the TDC was determined from motoring cycles in di�erent
conditions. It is worth mentioning that in order to phase the in-cylinder
pressure with respect to its own TDC, some peculiarities must be taken into
account. In the case of the cylinders 1 and 2 in Figure 3.3, the intake stroke
that is plotted (values around 3600 and 2700 respectively) belong to the next
cycle. A similar thing occurs with the exhaust stroke for cylinders 3 and 4
(values around 0 and 900 respectively). In this sense, the �rst and last cycles
of the measurement for each cylinder are incomplete and need to be removed,
losing in practice only one cycle. For this reason, at least 201 cycles were
recorded in order to obtain 200. The result of the phasing process is shown in
Figure 3.4.
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Figure 3.4. Phased in-cylinder pressure example.

The phasing of the in-cylinder pressure does also take into account possible
missplacements of the recording signal thanks to the pulse signal. Note that
the di�erences in the y-axis between cylinders in Figure 3.4 remain as in
Figure 3.3. Any di�erence with respect to the x-axis could now be induced
by cyclic dispersion. The process for referring the in-cylinder pressure to the
intake pressure is called pegging [8]. The two processes explained, the phasing
and the pegging of the in-cylinder pressure, are of vital importance, so that
any little error can signi�cantly change subsequent calculations. Once both are
completed, the four curves should coincide in one if not for the small variations
that may exist due to repeatability and cyclical dispersion. Due to the nature
of a high-frequency experimental measure, it is mandatory to �lter the signal.
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In this case, the signal is �ltered with two di�erent criteria: with a band pass
�lter from 4-20 kHz for knock estimation and a low-pass �lter with a cutting
frequency of 4.5 kHz for the cycle calculations. The �nal result, with a phased,
referenced and �ltered in-cylinder pressure signal is showed in Figure 3.5
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Figure 3.5. Filtered in-cylinder pressure example.

The displaced volume is calculated based on the connecting rod-crank
mechanism, the diameter, stroke, compression ratio and radius of the
crankshaft and connecting rod, assuming that there are no mechanical
deformations.

The IMEP of each engine cycle is computed based on Equation 3.2.

IMEP �
1

Vdisp
�

¾
Pcyl � dV (3.2)

With discrete data, the integral shown in Equation 3.2 becomes the sum of
each in-cylinder pressure value multiplied by each delta volume. The coe�cient
of variation of the IMEP is then computed as the standard deviation of 200
cycles divided by the mean as in Equation 3.3:

COVIMEP �
stdpIMEP q

meanpIMEP q
� 100 (3.3)

The COV calculation is of vital importance since it gives an idea of the
cyclic dispersion and several limits are set depending on the engine speed and
load to ensure driveability and stability. For this PhD-Thesis, the COV limits
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were set based on the BMEP: 3.33% for 6 bar or lower and 2% for higher
loads except for the 19 bar BMEP cases. No tests were performed below 6
bar BMEP because the engine is designed to work in a hybrid con�guration
and it is assumed that this low-e�ciency area is covered by the electric motor.
Moreover, the IMEP and COV are displayed online during testing together
with the knock indicator and the apparent heat release rate, which will be
explained in following sections, in order to check the condition of the engine
and the test in question.

Other calculations of great importance that are carried out in the processing
are for example the e�ective, indicated and mechanical e�ciency, the e�ective
and indicated power and fuel consumption. Once the pumping losses are
computed, all these parameters can be calculated with respect to the gross
part of the cycle, so only compression, combustion and expansion a�ect.

3.3.1.1 Pumping mean e�ective pressure estimation

In order to decouple the e�ects coming from combustion side and from the
air renewal process, the calculation of the pumping work is essential. Many
studies include the calculation of the PMEP by taking into account the crank
angle degrees at which intake and exhaust occur. However, the estimation of
the PMEP in this PhD-Thesis is based on the P-V diagram to calculate the
area enclosed by the intake and exhaust pressures.

During the course of this PhD-Thesis, three empirical-analytical methods
to estimate the pumping losses have been used, obtaining very little di�erences
between them. A fourth method, the use of a 1D engine model, has been used
as a veri�cation.

The �rst method used is the polynomial �t. Based on the P-V diagram, a
part of the compression, expansion and exhaust strokes are identi�ed in volume,
speci�cally in the intersection area. Two polynomials are �tted, one for the
compression stroke and the other for the expansion-exhaust part. The goal is
to �nd the point in which both curves collide and give way to the negative part
of the cycle. The solution of the system is a value of pressure and volume in
which the pumping part of the cycle starts. Note the di�culty of the method
since the code needs to be suitable for a wide range of operating conditions
and the solver needs a square in which the solution is framed, so this square
was changed often depending on the operating point.

For this reason, a second method was implemented. Once the the
compression, expansion and exhaust strokes were identi�ed in volume, two
in-cylinder pressure vectors were obtained, one for the compression stroke and
the other for the expansion and exhaust part. With these two vectors, it
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is possible to �nd the smallest di�erence in pressure between them, so the
intersection point is obtained. Note that since the in-cylinder pressure is a
discrete variable, seldom is the intersection point actually going to be found in
these vectors. When computing the di�erence in pressure between the vectors,
there will be an aproach from the left and one from the right to the intersection
point. The smallest of both di�erences in absolute value is chosen and the �nal
result is the mean of the pressure values that have resulted in the smallest
di�erence and the volume at which it is placed. Figure 3.6 shows an example
of the PMEP calculation with this method with P-V diagrams. On the left
hand side, the pumping area of a P-V diagram is depicted together with the full
P-V diagram as an inset. In orange, there is a circle showing the calculation
of the intersection point. On the right hand side, there is a zoom on the
intersection area in which it is possible to appreciate that the circle is placed
between the two pressure values which are the closest to the real intersection.
Note that the accuracy of the method reaches the fourth decimal.
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Figure 3.6. P-V diagram and calculated intersection point for PMEP estimation
with method 2.

A third method is implemented as a mix of the previous two. When the
smallest pressure di�erences are found on both sides of the intersection, left
and right, a box is de�ned by the four P-V points inside which the intersection
is framed. A �rst degree equation can be �tted for each reduced pressure
vector resulting in a simple linear equation system with two variables and two
equations. Figure 3.7 depicts the same information as in Figure 3.6 but with the
third method, showing an improved accuracy. Despite this, the improvement
in the �nal calculation of the PMEP is almost negligible. Once the intersection
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point is estimated with any method, the PMEP is computed as in Equation 3.2
but only with the values that enclose the negative cycle.
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Figure 3.7. P-V diagram and calculated intersection point for PMEP estimation
with method 3.

3.3.1.2 Knock indicator

One of the major restrictions on the e�ciency of gasoline engines
is the appearance of abnormal combustion or knock, as explained in
subsubsection 2.2.2.5. In this sense, detecting this phenomenon is vital to
be able to operate the engine safely and e�ciently.

Many methods have been developed to detect knocking cycles in gasoline
engines, divided into direct and indirect methods. The direct methods are
based on the measurement and treatment of the in-cylinder pressure signal,
whereas the indirect methods normally use external sensors to identify knock
as in the case of engine block vibration sensors. These sensors are widely used
today in gasoline engines due to its practicality, despite being highly a�ected
by noise [9].

However, direct methods are the most accurate and trustworthy, thus the
most used in engine testing and investigation [10]. The most employed direct
methods to detect knock are based on �ltering the in-cylinder pressure signal
to detect pressure oscillations with a high or band-pass �lter as the MAPO or
the IMPO (Integral of Modulus of Pressure Oscillations). MAPO calculates
the maximum value of the pressure oscillation for each cycle. Apart from in-
cylinder pressure oscillations, knock can also be detected from the heat release
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rate due to the increased burning speed that it induces, or from the cylinder
resonance [1].

In the case of this PhD-Thesis, MAPO was computed online in the engine
test bench for each cylinder ir order to adjust the parameters for safe and
e�cient operation. Di�erent MAPO limits were set depending on the engine
speed. Besides, an automatic control over the spark-timing was set in order to
delay it if knock was over a certain limit.

3.3.1.3 Combustion analysis

The in-cylinder pressure signal and the displaced volumen along the engine
cycle are very useful for the combustion diagnosis both online in the test
bench and for postprocessing. The models used for combustion diagnosis from
experimental data usually assume a homogeneous �uid �eld both in fuel and
air distribution and in temperature, so the e�ect of air entrainment, oil or fuel
droplets are not taken into account.

In this PhD-Thesis, a global combustion analysis is made directly linked
to the pressure evolution, thus the energy released when the fuel is burned
inside the chamber. A single-zone 0D combustion model as the one explained
in [11, 12] is used to compute the apparent heat release rate with Equation 3.4.
As stated by [13], the wall heat transfer is usually despised for simpleness, so
the HRR computed is the net instead of the gross, achieving a typically lower
value of around a 15%.

HRR �
γ

γ � 1
� Pcyl � dV �

1

γ � 1
� V � dPcyl (3.4)

where γ is the constant pressure to constant volume ratio of speci�c heats.
The choice of this model instead of a complex multi-zone one is justi�ed for
simplicity and calculation e�ciency, with a little penalty in accuracy. The
model used in this PhD-Thesis does not account for spatial variations, so
a uniform temperature and composition is assumed and it is expected that
temperatures would be underestimated.

The mass fraction burnt (MFB) can be estimated for each crank angle
degree as the cumulative sum of the HRR divided by its maximum. In this
way, the mass fraction burn is in a range between zero and one. From the
MFB pro�le, the following parameters can be estimated:

� CA10, CA50 and CA90: the crank angle degree at which the 10,
50 and 90% of the heat is released respecively. Note that the CA50 is
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considered of vital importance for combustion centering since it is the
center of gravity, and its value plays a fundamental role on e�ciency as
explained by [14]. In fact, any CA can be computed.

� Induction time: de�ned as the crank angle degrees from the spark
event to the CA10. It represents the initial stages and the �rts laminar
phase of combustion.

� TOC: the time of combustion de�ned by the di�erence between CA90
and CA10.

An example of both the HRR (left) and MFB (right) is shown in Figure 3.8
for several engine cycles. Note that the crank angle degree for reference
in the x-axis is in the range between negative and positive 360�, so zero is
the combustion TDC. In this sense, negative CA values mean that a part of
combustion is developed before TDC.
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Figure 3.8. HRR (left) and MFB (right) example for several engine cycles.

This method was used online during the tests for monitoring of the CA50.
During the course of the analysis, the combustion analysis performed based
on Equation 3.4 were validated with a thermodynamic model for combustion
diagnosis as the one used in [15].

3.3.2 Thermodynamic calculations

In this subsection, some of the thermodynamic based calculations are
presented. This calculations were necessary to complete the analysis of the
di�erent studies in this PhD-Thesis. Among these calculations stand out: the
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speci�c heat values and ratio of speci�c heats, the perfect mixing temperature
between fresh air and EGR and the compressor e�ciency.

The speci�c heat value at constant pressure, cp, can be estimated for several
species i with the NIST polynomials [16] as in Equation 3.5.

cp,i � A�B � t� C � t2 �D � t3 � E � t2 (3.5)

where t is the temperature in K divided by one thousand, and the
coe�cients A-E vary depending on the species and the temperature. Table 3.6
shows the values of the coe�cients for carbon dioxide, water, oxygen and
nitrogen.

Table 3.6. Coe�cients for thermodynamic properties calculation for several species.

Species Temperature A B C D E

r�s rKs r�s r�s r�s r�s r�s

CO2
T<1200 24.99735 55.18696 -33.69137 7.948387 -0.136638

T>1200 58.16639 2.720074 -0.492289 0.038844 -6.447293

H2O
T<1700 30.092 6.832514 6.793435 -2.53448 0.082139

T>1700 41.96426 8.622053 -1.49978 0.098119 -11.15764

O2

T<700 31.32234 -20.23531 57.86644 -36.50624 -0.007374

700¤T<2000 30.03235 8.772972 -3.988133 0.788313 -0.741599

T>2000 20.91111 10.72071 -2.020498 0.146449 9.245722

N2

T<500 28.98641 1.853978 -9.647459 16.63537 0.000117

500¤T<2000 19.50583 19.88705 -8.598535 1.369784 0.527601

T>2000 35.51872 1.128728 -0.196103 0.014662 -4.553760

The speci�c heat value of the �uid in question is calculated based on its
composition and the speci�c heats of each species at the �uid temperature.
For the air, a composition of 21% of oxygen and 79% of nitrogen is assumed
and for the exhaust gas the composition is that of a one step stoichiometric
oxidation reaction. Of course, the calculation for the air-EGR mixture will
depend strongly on the EGR rate.

To estimate the speci�c heat value at constant volume, cv, the Mayer
relationship between speci�c heats and the universal gas constant Ru for ideal
gases is used, and the ratio of speci�c heats, γ, is calculated.
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For some studies in this PhD-Thesis, the compressor inlet temperature,
T1, has been computed as a perfect mixture between the fresh air and the
EGR mass �ow by enthalpy conservation as in Equation 3.6. This calculation
was necessary since the mixture between air and EGR was very close to the
compressor inlet and the measure was not completely reliable.

T1 �
cp,amb � Tamb � 9mair � cp,EGR � TEGR � 9mEGR

cp,1 � p 9mair � 9mEGRq
(3.6)

where the subscripts amb, air and EGR refer to ambient, air and EGR
conditions respectively, T is the temperature of the gas, 9m is the air mass �ow
and cp is the speci�c heat capacity at constant pressure computed depending
on the composition and temperature from Equation 3.5. This is an iterative
process since cp,1 and T1 are unknown and depend on each other. To initialize
the calculation, the experimental measure of T1 is used. For these studies, the
apparent compressor e�ciency, ηc, was estimated with Equation 3.7 and using
the estimation of T1.

ηc �
Wisen

Wreal
� 100 �

9m � pcp,2isen � T2isen � cp,1 � T1q

9m � pcp,2 � T2 � cp,1 � T1q
� 100 (3.7)

where Wisen and Wreal are the isentropic and real compressor work
respectively, 9mT is the total mass �ow going through the compressor (sum
of air and exhaust gases) and the subscripts 1 and 2 refer to the conditions
upstream and downstrem the compressor. T2isen is the isentropic temperature
after compression and it is calculated with the isentropic equation.

In addition, for the LP-EGR condensation model explained in subsec-
tion 3.4.2, estimations of saturation pressures and temperatures have been
used, as well as gas-vapor partial pressures and relative and speci�c humidities.
Equation 3.8 was used to calculate the saturation pressure at a given
temperature, T .

Psat � 104.6543�
1435.264

T�273.15�64.848 (3.8)

From this equation, the saturation temperature at vapor pressure can also
be estimated. The partial pressure of vapor at a given pressure, P , was
estimated with Equation 3.9.

Pvap �
P

1� 1000 �
MWH2O

w�MWdry,air

(3.9)
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where w is the speci�c humidity of the �ow, MWH2O is the molecular
weight of water and MWdry,air is the molecular weight of dry air. The relative
humidity is obtained with Equation 3.10.

RH �
Pvap

Psat
� 100 (3.10)

3.4 Modelling tools

In this section, the two modelling tools used for the analysis in this PhD-
Thesis are described. First, the 1D engine model used mainly to estimate
IGR and the HP-EGR rate is detailed. Second, the model used to assess the
problem of sudden dilution due to water condensation is explained.

3.4.1 1D engine model

An engine model has been built and calibrated in the commercial software
GT-Power, from Gamma Technologies, in order to predict the behaviour and
performance of the engine in several conditions. For this PhD-Thesis, the
greatest utility of this model has been to estimate di�erent parameters that
are experimentally di�cult to obtain, such as the IGR concentration and the
HP-EGR rate, as well as to validate and understand di�erent experimental
results.

The model is built as closely as possible to the real engine, taking into
account the particularities of the systems that it includes, like the EGR
lines and VVT system, and respecting the characteristic lengths, diameters
and volumes. The compressor and turbine maps are included, particularly
the manufacturers maps and the extrapolated and adiabatized ones with the
methodology detailed in [17].

Based on the calibration process explained in detail in [18], the model has
been used in two di�erent ways, which will be named from now on as �tting and
�tted. The �tting model is used in the �rst steps of calibration. In this model,
several parts of the engine are decoupled, the compressor and turbine are
unlinked, and the boundary conditions in terms of pressure and temperature
are imposed or achieved with PI controllers in the dominant parameter of each.
In this way, a faster procedure is obtained and there is no error communication
between parts.

The strategy followed with the �tting model can be summarized in six
bulletpoints:
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� The valve timings are impossed as in the experimental test with the ECU
values.

� Pressure at the compressor outlet and exhaust manifold (P2 and P3)
are impossed independently and the turbocharger is decoupled. The
intake manifold pressure (P2') is controlled by the main engine throttle.
With this procedure, all pressures controlling the air renewal process and
the trapping ratio are matched. Besides, the pressure downstream the
turbine, P4, is re�ned with a discharge coe�cient.

� The overall heat transfer multiplier inside the cylinder, also known
as overall convection multiplier (OCM), is used to re�ne the �nal air
mass �ow through the engine. The same procedure is followed with
temperatures and pressures by adjusting the heat transfer multipliers
(HTM) and friction multipliers (FM) respectively. Lastly, the FMEP
(Friction Mean E�ective Pressure) from the experimental side is needed
to obtain the engine torque. The FMEP is computed from the IMEP
and the BMEP.

� The LP-EGR rate of the test is obtained by changing the position of the
main EGR valve and the one located at the intake for choking.

� The fuel injected is computed through the lambda measurement and the
air mass �ow.

� A Wiebe function [19] reproduces the combustion process by using the
spark advance value, the angle at which the 50% of the heat release and
the time of combustion, already de�ned with the CA90 and CA10. These
combustion timings are obtained as aforexplained from the in-cylinder
pressure recording and the apparent heat release rate calculation with
Equation 3.4.

When using the high-pressure EGR, the line is added to the model as in the
test bench, with an EGR valve and cooler. Since the injection of the HP-EGR
�ow is carried out at the WCAC outlet, there is not such a distance that allows
a homogeneous mixture and therefore a reliable measure of the rate. For this
reason, when there is HP-EGR, the model is adapted so that the position of
the HP-EGR valve is set to match the air mass �ow, and so the HP-EGR rate
is obtained.

All results obtained with the �tting model need to be validated with the
experimental test that is reproduced, mainly on air mass �ow, intake, exhaust
and in-cylinder pressures. A validation of the �tting model is shown in [18].
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With the calibration outputs from the �tting model (FM, HTM, OCM,
discharge coe�cient and FMEP) correlations capable of predicting the
dependent variables under di�erent operating conditions are built. For
combustion prediction, two strategies have been followed throughout this PhD-
Thesis. The �rst one is the implementation of an arti�cial neural network
(ANN) trained with the �tting tests and introduced in the �tted model. The
second is the use of the Wiebe function as in the �tting model but fed with
experimental data similar to those that are intended to simulate. Naturally,
the accuracy of the �tted model at a given engine point will depend strongly
on the points that have been calculated with the �tting model.

Compared to the validation process of the �tting model, the �tted model
does not need to be validated for each simulated point, since a general
validation is made for several operating conditions. In this sense, a validation of
the �tted model is performed in [20] and [21] and shown in Figure 3.9 for the air
mass �ow (AMF) at the left hand side and IMEP at the right hand side. In this
validation, 25 experimental tests were simulated in order to compare the AMF
and IMEP for each engine operating condition. A 5% error threshold was set
as the maximum acceptable. In Figure 3.9, di�erent errors are considered: the
mean percentage error (MPE), the mean absolute percentage error (MAPE)
and the maximum error (EMAX).
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Figure 3.9. AMF (left) and IMEP (right) �tted model validation. Source: Adapted
from [21].

The �tting model is probably the best option to obtain information
from experimental tests that have already been performed, since it ensures
the obtaining of the parameters in the di�erent parts of the engine and
therefore represents the test in a faithful way. For this reason, and the lower
computational cost, this model has been used to obtain the IGR concentration
and the HP-EGR rate from the steady-state experimental tests. In the case
of the �tted model, it is very interesting to predict the behavior of di�erent
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parameters when changes are introduced, prior to engine testing. For this
reason, in this PhD-Thesis the �tted model was used to predict the pumping
losses and IGR concentration depending on the VVT system for several steady-
state engine speed and load conditions.

3.4.2 Condensation model

In this section, the psychrometric model developed and validated by
Galindo et al. in [22] and [23] is explained, as it will be used to evaluate
the problem of dilution induced by water droplets from LP-EGR (section 4.3).
This model computes the condensation coming from three di�erent sources in a
LP-EGR setup: EGR cooler, EGR mixing with fresh air and the charge cooler,
in this case, the WCAC. This worst-case scenario model takes into account an
in�nite residence time, so it predicts a condensation normally greater than the
real one and allows to operate on the safe side. The model can be used to
represent real tests or to perform parametric studies, giving a range of values
to di�erent variables such as ambient conditions, cooling temperatures, lambda
or EGR rates, among others.

To assess condensation, the model computes the speci�c humidity of
ambient conditions in the �rst place. Then, taking into account the fuel
formulation and the fuel to air ratio, the amount of water present in the
exhaust gases and the speci�c humidity of the EGR are calculated taking
into account the water present in the air and the one produced during the
combustion process. Having these two di�erent streams, the initial conditions
of each cooling process are computed. In the case of the EGR cooler, only the
exhaust gas coming from combustion is considered. For the mixture of air and
EGR, both streams are mixed, taking into account the conditions at the outlet
of the EGR cooler previously calculated. In the same way, the result obtained
after mixing both �ows is taken into account at the WCAC inlet.

From that point on, condensation is computed based on the change of
the speci�c humidity in the di�erent cooling processes. The speci�c humidity
changes depending on the ratio of vapor to gas partial pressures, while the
relative humidity depends on the ratio of vapor partial pressure to saturation
pressure.

For the EGR cooler, the partial pressure of vapor and the saturation
temperature at that conditions are estimated. The saturation temperature is
compared to the temperature at the EGR cooler outlet, leading to condensation
if the outlet temperature is lower. In general terms, the saturation temperature
is around 50�C for normal operating conditions, so condensation does not
appear since the EGR cooler is fed by the main engine cooling circuit, at about
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90�C, keeping the relative humidity constant. In the event that the outlet
temperature is lower, the saturation pressure is obtained at this temperature
together with the vapor and gas pressures, taking into account that the total
pressure is kept constant. In this way, the relative humidity is reduced due to
condensation. The total �ow of EGR is reduced since part of the vapor has
condensed, while the gas side remains constant. From the change in speci�c
humidity and the EGR gas �ow, the amount of condensed water is calculated
with Equation 3.11:

9mcond,cooler � 9mdry,EGR �
win,cooler � wout,cooler

1000
(3.11)

where 9mdry,EGR is the amount of dry mass �ow in the exhaust gas and
win,cooler and wout,cooler are the speci�c humidities at the inlet and outlet of
the EGR cooler respectively.

After the EGR cooler, the two �ows are mixed upstream the compressor
and condensation can occur by mixing. Considering the composition of the
EGR downstream the cooler, the composition of the mixture between both
�ows is calculated taking into account the gas and vapor parts of each. In the
same way, the speci�c humidity of the mixture is calculated with the proportion
of mass �ow and humidity of air and EGR. The temperature and enthalpy of
mixture are also calculated. From this point, the saturation pressure at the
mixture temperature and the relative humidity are estimated. If the relative
humidity is 100% or higher, saturation occurs.

If the water vapor present in the mixture condenses, heat is released,
changing the temperature of the mixture and therefore a�ecting the
condensation process itself. For this reason, the speci�c humidity of the
mixture, wmix, is calculated with an iterative process taking into account that
the enthalpy of the mixture remains constant. In this way, the amount of
condensed water due to mixing is computed with Equation 3.12:

9mcond,mix �
9mdry,EGR � wout,cooler � 9mdry,air � wair � 9mdry,mix � wmix

1000
(3.12)

where the subscript EGR refers to exhaust gas, air to air and mix to
mixture. Note that 9mdry,mix is the sum of the dry mass �ow of EGR and air.

In the case of the WCAC, the problem is approached very similarly to
the EGR cooler. It is assumed that all the water condensed �rst in the EGR
cooler and then by mixing has evaporated due to the compression process that
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the mixture undergoes in the compressor. Then, the speci�c humidity of the
mixture at the WCAC inlet is estimated taking into account the relationship
between partial pressures of vapor and gas. Then, the saturation pressure
and temperature are estimated and the latter is compared with the outlet
temperature of the WCAC, so that if the WCAC outlet temperature is lower
than the saturation limit, there is condensation.

If there is condensation, the saturation and partial pressures are calculated
at the outlet temperature of the WCAC to obtain the speci�c humidity. The
amount of condensed water is determined with Equation 3.13:

9mcond,WCAC � 9mdry,WCAC �
win,WCAC � wout,WCAC

1000
(3.13)
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In the present chapter, the e�ects of a cooled low-pressure EGR system
on engine operation is studied. First, the tolerance to EGR addition and the
in�uence of calibration of di�erent parameters is assessed in section 4.1. Two
di�erent operating conditions are studied in depth to analyse the e�ect of EGR
on emissions and catalyst operation. In a second step, the e�ects of LP-EGR
and IGR on emissions and e�ciency are decoupled in section 4.2, with special
attention to emissions, pumping work, combustion and heat transfer losses.
Lastly, the problem of water condensation is studied in section 4.3. The water
content in recirculated exhaust gases can condense when these gases undergo
a cooling process, either in the EGR cooler, when mixed with fresh air or in
the intercooler, in this case a WCAC. This condensation can cause a sudden
dilution inside the cylinder which can result in combustion instability, altering
emissions, e�ciency and drivability.

4.1 EGR tolerance and in�uence of calibration

The main goal of this experimental campaign is to assess the impact and
e�ects of EGR addition on a direct injection spark-ignition engine, its tolerance
and in�uence on the optimal calibration depending on the operating conditions.
To perform this analysis, a design of experiments for the spark timing, intake
and exhaust VVT system was implemented experimentally at several levels
of EGR in the search for the optimal calibrations for fuel consumption. The
air-to-fuel ratio was kept constant for every test at stoichiometic conditions
according to probe upstream of the aftertreatment, previously calibrated in
the ECU for operation without EGR. Several steady-state points were tested,
de�ned by the engine speed and BMEP. The results of this study were useful
to understand the interaction between EGR and IGR, the tolerance to EGR
inclusion and the in�uence of the calibration of the VVT system and the spark
timing.

Besides, the results of this study in terms of emissions are also included
in subsection 4.1.2 in order to assess the direct impact of exhaust recycle on
emissions and oxygen concentration in the exhaust. Given the composition of
the gases that result from combustion with EGR addition, with lower NOx and
O2 concentrations and higher hydrocarbons compared to no EGR operation,
the capability of the aftertreatment system to oxidize hydrocarbons and carbon
monoxide is studied in subsection 4.1.3.

The engine operation in this DoE methodology is not only a�ected by
exhaust recirculation, but by the VVT settings, a�ecting the air renewal
process and pumping work but also changing the concentration of IGR,
even more at low loads, and by the spark activation, due to the in-cylinder
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temperature and combustion speed. Due to the number of parameters of
the DoE, a high number of tests is needed in order to have su�cient and
representative combinations of the parameters and to develop a meaningful
appraisal. Figure 4.1 shows the tested points for 1500 rpm at 6 bar BMEP as
an example of the DoE.

Figure 4.1. Example of 1500 rpm at 6 bar BMEP DoE combination of parameters.

This DoE is performed at several operating conditions, from 6 to 15 bar
BMEP and from 1500 to 3000 rpm. With this DoE, the optimal calibration
for fuel consumption of the aforementioned parameters is obtained for several
EGR rates, from zero to maximum recirculating rate possible. In order to
perform the DoE, the boundaries for each parameter need to be set both in
the high and the low limit. For the VVT system, the boundaries are set for
safety reasons, avoiding contact between piston and valves. The limits for the
EGR and the spark timings are based on previous experience. At low loads,
high EGR rates and low spark advance are excluded to avoid mis�res and
excessive instabilities. For high load operation, low recirculation rates and
great spark advances were avoided for knock. From a functional approach, the
throttle and VGT positions were changed individually for each test in order
to keep the given load with the other parameters already set. Table 4.1 shows
the upper and lower boundaries tested in the DoE for each engine condition.
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Table 4.1. De�nition of the DoE parameters for each engine point.

Engine Point VVT Intake & Exhaust Spark Advance EGR rate

rpm - bar [º] [º bTDC] [%]

1500 - 6 0 - 40 10 - 35 0 - 28

1500 - 12 0 - 40 0 - 20 0 - 33

2000 - 6 0 - 40 5 - 35 0 - 28

2000 - 15 0 - 40 -5 - 25 0 - 32

2500 - 14 0 - 40 0 - 35 0 - 35

3000 - 12 0 - 40 3 - 32 0 - 25

When the tests are completed and data processed as explained in
subsection 3.3.1, if a test does not comply with both the stability and
knock criteria, it is removed from the study. The stability criterion depends
on the COV of the IMEP computed with Equation 3.3 with 200 cycles
for each cylinder, with limit values depending on the engine BMEP. A
limit of 3.33% was set for 6 bar BMEP tests and 2% for any higher load.
For knock assessment, the MAPO parameter is computed as explained in
subsubsection 3.3.1.2. With 200 cycles acquired for each cylinder, the limit
was set at a maximum of 3% of the cycles over a 0.5 bar limit, based on
previous tests for knock characterization.

With the DoE performed, surface response models are built in order to
analyse the e�ect of the VVT settings, the spark timing and the EGR rate
on e�ciency. In this way, the best calibrations with the models are obtained
and reduced DoEs in the areas of interest are performed, following the same
methodology. At this stage, the optimization is done considering only the
speci�c fuel consumption, since regulated emissions are assumed to be abatable
by the aftertreatment system.

The 1-D model explained in subsection 3.4.1 in its �tting con�guration
was used in order to represent the tests and compute the IGR rate in the
low load tests due to its higher concentration, thus interaction with EGR and
importance for the analysis.

A deep analysis of the results is performed for two keypoints in terms
of engine operation which are also representative of medium and low load
operation. This selection is also made due to the di�erent behaviour in terms
of IGR and turbocharging. For this engine, and in general terms since it greatly



146 4. Cooled low-pressure EGR system impact on engine operation

depends on the engine speed, the throttling area is up to approximately 10 bar
BMEP. In this area, the variation of IGR with the VVT system is notably
higher than that from the turbocharger area, beyond 10 bar BMEP. The two
conditions need to be analysed separately due to the di�erent implication of
EGR and IGR on emissions and calibration as well as EGR tolerance.

4.1.1 Optimal calibration analysis

The optimal calibration for each EGR rate in terms of VVT settings and
spark timing is depicted in Figure 4.2 for a medium load condition, 3000 rpm at
12 bar BMEP. As previously stated, 0-0 values on the VVT settings represent
the minimum possible overlap for security. This con�guration is the optimal
found for operation without EGR. However, for greater EGR rates, the exhaust
setting is �xed at zero, but an anticipation in the intake valve is observed.
Besides, the spark timing is, as expected, advanced signi�cantly with EGR
in order to compensate the lower combustion speed and with the increased
margin as the knock probability is reduced.

Figure 4.2. Optimal calibration for fuel consumption achieved with DoE methodology
for 3000 rpm at 12 bar BMEP.

The recirculability limits at this engine speed and load are around a 30%.
This rate is in the range of the expected since there is still margin from boosting
side and the main limits are found on the peak pressures inside the cylinder and
the combustion stability. The BSFC and pumping losses for this EGR sweep
are depicted in Figure 4.3 as a variation with respect to no EGR operation.
Results show a reduction in both parameters with the limit of stable operation
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for BSFC and the greater VGT settings needed from 15% EGR, increasing
PMEP.
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Figure 4.3. ∆BSFC (left axis) and ∆PMEP (right axis) evolution with EGR for
3000 rpm at 12 bar BMEP.

The condition of 1500 rpm at 6 bar BMEP is also studied in this section.
For this conditions, the load is fully controlled by the main throttle position.
For this reason, if the DoE methodology is followed, the results tend to produce
calibrations with high overlap and the VVT settings at 40. This is explained
by the fact that greater overlaps lead to lower volumetric e�ciencies, which
are desired at low loads to operate with higher intake pressures, thus higher
throttle openings to reduce pumping work. Despite the higher intake pressure
and the similar level of exhaust pressure, the longer period of opened cycle is
translated into higher IGR rates due to the huge pressure di�erential at this
load. This condition is observed in Figure 4.4, where the IGR concentration
computed with the 1-D model is shown for 0 and 20% EGR.

The maximum IGR concentration, up to 25% is achieved at this condition,
with great overlaps, compared to values of 5% for minimum overlap. For
greater EGR percentages, the trend with the VVT system is maintained but
achieving lower concentrations since a higher intake pressure is needed for the
same load, and a lower pressure di�erential across the intake and exhaust valves
is obtained, which can promote a more e�cient scavenging process. This great
variation of the residuals with the VVT is not observed in the case of 3000
rpm, where also lower residuals are obtained given the higher engine load.

The lower IGR concentration found with lower overlap, at 0-0 condition
of the VVT, is translated into the chance to recirculate greater EGR rates
compared to a great overlap condition. This is explained by the fact that
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Figure 4.4. IGR concentration depending on the VVT settings for 1500 rpm at 6
bar BMEP for 0% (left) and 20% EGR (right).

combustion stability is mostly a�ected by the total concentration of residuals,
or the RGF, computed as the sum of IGR and EGR. In this sense, there could
be an interest to increase the EGR rate by reducing the IGR to keep the RGF,
observing a gross indicated e�ciency increase due to lower heat transfer losses
compared to more IGR concentration. This is shown in Figure 4.5, where an
EGR sweep at minimum overlap (orange) and another at maximum overlap
(blue) are displayed. Note that the pumping losses are represented taking as
reference the value at 0% of EGR with maximum overlap.

Indeed, results show the higher EGR rate achieved with low overlap
compared to high overlap. This is translated into higher gross indicated
e�ciencies despite pumping work is deteriorated with lower throttle openings.
Again, the maximum recirculable rate is around 30% as explained for
medium load conditions, but in this case it is highly dependent on the IGR
concentration and the VVT system for stability reasons. The BSFC evolution
with EGR for both con�gurations is shown in Figure 4.6, showing that the
higher IGR concentration brings dilution bene�ts for the greatest overlap
condition at low EGR rates. Besides, as EGR is introduced and the total
RGF equalizes between settings, fuel e�ciency reach similar levels.

Table 4.2 shows the best VVT settings found for each operating condition,
together with the maximum amount of EGR achieved and the main limit to
increase the rate. Note that, out of the seven conditions tested, three were
limited by combustion instabilities (COV). Another condition was limited by
boosting, being unable to maintain the engine load if more EGR was introduced
(VGT) and another condition was limited by the delta pressure between the
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Figure 4.5. EGR sweep with minimum (orange) and maximum (blue) overlap for
1500 rpm at 6 bar BMEP.
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Figure 4.6. ∆BSFC evolution with EGR for minimum (orange) and maximum
(blue) overlap for 1500 rpm at 6 bar BMEP.

ends of the circuit (∆P).The in-cylinder pressure limit was only reached in one
operating condition (P MAX) and the maximum power output condition was
limited by the increase in the compressor outlet temperature (T2).
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Table 4.2. LP-EGR VVT settings and recirculability limits for each operating
condition.

Engine VVT LP-EGR

Point Int - Exh Max EGR rate Limit

rpm - bar [º] [%] [-]

1500 - 6 0 - 0 30 COV

1500 - 12 14 - 3 30 VGT

2000 - 6 0 - 0 26 COV

2000 - 15 17 - 8 29 P MAX

2500 - 14 29 - 2 29 COV

3000 - 12 18 - 2 25.5 ∆P

4500 - 19 40 - 0 19 T2

4.1.2 EGR e�ects on engine-out emissions

Following the methodology and the study presented in section 4.1, this
section includes the emission analysis from the corresponding tests, and it is
divided following the same structure. The main objective of the study was
to analyse the EGR recirculability limits and the in�uence on the optimal
calibration for fuel economy. However, a deep analysis of the emissions with
EGR was also carried out in order to understand the impact of EGR on gaseous
emissions.

4.1.2.1 Medium load operation

The results of the optimal EGR sweep in emissions is shown in Figure 4.7
in variation respect with the calibration without EGR, so that values for 0%
EGR is always 0. The most obvious result is, as expected, the evolution of
NOx emissions on the top left part of the �gure. The lower concentration of
oxygen together with the lower temperatures obtained due to the increased heat
capacity of the mix between fresh air and EGR are the main factors on reducing
NOx formation as stated by the Zeldovich mechanism in Equation 2.12. For
hydrocarbon emissions, shown in the bottom left of the �gure with solid line,
the results are mainly a�ected by quenching and the lower temperatures inside
the cylinder, following the opposite trend to NOx. For higher EGR rates, the
�ame speed is decreased, mainly in the laminar section, as can be observed
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in the graph with the induction time, in dashed lines in the right axis. The
induction time is the time that elapses between the spark timing and the
release of 10% of the cumulative heat. This part of the process is mainly
the initial kernel formation and development, which is very in�uenced by
laminar conditions and the �ow structure around the spark plug [1]. For the
oxygen content, on the top right side of the �gure with solid line, the oxygen
concentration is mainly in�uenced by quenching, since operation is always
around lambda equal to one. In this sense, for higher quenching distance,
higher oxygen levels should be obtained since there is a higher volume of the
mixture unburned going through the exhaust valves. However, the oxygen
concentration is naturally reduced with the EGR rate, which is the main result
obtained being this the dominant factor. The COV is also displayed in this
�gure with dashed lines in the right axis, showing a general trend to increase
with EGR, as expected.
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Figure 4.7. Main exhaust emissions evolution with EGR rate for 3000 rpm at 12
bar BMEP.

For carbon monoxides, in the bottom right part of the �gure, the evolution
is more complex and a�ected by several opposing factors. The concentration
of carbon monoxides is mainly dependent on the oxidation reaction of carbon
monoxide to carbon dioxides and its kinetics, as re�ected by the opposite
trends of both species in the �gure. As the EGR rate increases and the
oxygen concentration is reduced, the equilibrium of the oxidation reaction
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would change to a greater carbon monoxide concentration due to the lack
of oxygen to fully oxidize carbon. Nonetheless, two factors are contrary
to this one. The dissociation of carbon dioxides is reduced with reduced
combustion temperatures, thus greater EGR rates promote that the CO2

formed remains unchanged. Moreover, the kinetics of the oxidation reaction are
also reduced with lower temperatures. These two e�ects, oxygen concentration
and temperature, are reduced with EGR and govern the �nal concentration
of CO with opposite results. However, it must be taken into account that
the interaction of these e�ects with the temperature evolution due to the
combustion development has also an impact on CO formation, so that spark
timing and VVT variations may also a�ect.

4.1.2.2 Low load operation

For the lower load and engine speed, the EGR sweep with the highest
possible overlap is studied and the emissions are shown in Figure 4.8 with the
same structure as in Figure 4.7.
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Figure 4.8. Main exhaust emissions evolution with EGR rate for 1500 rpm at 6 bar
BMEP and maximum overlap.

As expected, NOx emissions are linked to the in-cylinder temperature
evolution and the oxygen available in the unburned zone. With the reduction
of both with the EGR, the nitrogen oxides are monotonously reduced.
Hydrocarbon concentration is again the result of the impact of EGR on
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reducing �ame propagation speed and increasing quenching, lengthening the
time needed to develop the �ame kernel as seen on the induction time and
increasing HC emissions. For the oxygen content, di�erent trends can be
observed at several ranges of exhaust recycle. For low to mid EGR rates, the
oxygen concentration is almost constant and does not depend on the exhaust
recycle. This trend is opposite to that observed at medium load in the �gure
Figure 4.7. The explanation for this is the huge e�ect of IGR at low load,
which was almost negligible at medium load. As already explained and seen
in Figure 4.4, IGR concentration is reduced at a constant VVT setting when
the rate of exhaust recycle is increased due to a higher intake pressure and the
reduced pressure di�erential between intake and exhaust, so the oxygen content
trend is compensated. For EGR rates beyond 10%, the oxygen concentration is
reduced. Moreover, the combustion stability is highly a�ected by the amount
of residuals inside the chamber for greater EGR rates, leading to a higher
increase in the COV than the one seen at medium load and increasing the
oxygen content due to incomplete combustion. All this changes highly a�ect
the equilibrium of carbon monoxide to carbon dioxides, as aforexplained.

The fact that IGR concentration is a dominant factor in emissions for
maximum overlap, it is interesting to study the opposite con�guration,
minimum overlap and a lower concentration of IGR. The minimum overlap
EGR sweep is shown in solid lines and compared to the previous one in dashed
lines in Figure 4.9. The 0% EGR test of the maximum overlap is the one used
as the datum for all data shown in percentage.

The �rst di�erence between both EGR sweeps that draws attention is
the amount of EGR that is recirculated with an stable condition. With a
lower IGR concentration in the minimum overlap sweep, the EGR rate can be
increased to 25% within stability limits, whereas the interaction with residuals
in the maximum overlap sweep shows stability problems around 15%. This
is observed in the COV of the IMEP. For NOx emissions, a clear increase is
observed as the IGR concentration is reduced with minimum overlap due to
the lower amount of total residuals. This trend is reversed when the EGR rate
reaches 25%, so that the amount of EGR and IGR is similar to that of 20%
EGR with maximum overlap. This explanation �ts with the IGR prediction in
Figure 4.4. For HC concentration, the lower IGR concentration is translated
into a faster propagation of the �ame kernel, thus a faster combustion and
lower emissions. However, as EGR is introduced, the emissions are increased
for both sweeps with a similar growth and the same level is �nally achieved
when the RGF reaches its maximum. Besides, the lower IGR concentration
leads to a CO reduction and the increase of CO2 with EGR, whereas lower
levels of of both are obtained in the end. These results conclude that the
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Figure 4.9. Main exhaust emissions evolution with EGR rate for 1500 rpm at 6 bar
BMEP. Solid line: minimum overlap; Dashed line: maximum overlap.

emissions obtained with exhaust recycle are much a�ected by the IGR rate
and the total RGF than the operating point.

4.1.2.3 Other operating conditions

In this section, other operating conditions apart from the low and medium
load are assessed in terms of emissions following the methodology and study
explained in section 4.1. Table 4.3 summarizes the impact of EGR addition
on NOx, HC and CO emissions by comparing operation without EGR and
with the maximum rate obtained for all operating conditions tested in the
study. Note that for low load operation at 1500 rpm, the two sweeps studied
in subsubsection 4.1.2.2 are included.
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Table 4.3. Comparison of emissions for di�erent operating conditions with 0% and
maximum EGR.

Engine Point EGR NOx HC CO

rpm - bar r%s [ppm] [ppm] [ppm]

1500 - 6 bar (max. overlap)
0 401 2306 5938

19.9 80 3023 5895

1500 - 6 bar (min. overlap)
0 2777 1982 7442

28.0 116 2965 5087

2000 - 6 bar
0 1006 1926 6988

27.7 155 2687 5171

1500 - 12 bar
0 2645 1366 6306

24.6 392 1987 5162

2000 - 15 bar
0 2764 1230 8158

27.4 185 1700 7592

2500 - 14 bar
0 3359 1138 5271

28.8 187 1821 5200

3000 - 12 bar
0 3240 1196 6310

26.3 218 1902 5358

The three engine points at the top of Table 4.3 are the low engine and load
points tested. For the 2000 rpm tests, the optimization process achieved the
optimal calibration at a high overlap condition for without exhaust recycle,
whereas the overlap was reduced for the maximum EGR rate, as expected due
to the similarity with the 1500 rpm studied in the previous section. This also
explains the maximum EGR rate achieved with minimum overlap for both
engine points. With this conditions, the IGR rate maintains NOx emissions at
a low level without EGR, and this emission is further reduce with the addition
of external EGR owing to lower temperatures at combustion start and during
the cycle. The increase of hydrocarbons and the reduction of carbon monoxides
with EGR is similar to that explained for 1500 rpm.

The remaining four rows are higher loads, 12 bar for 1500 and 3000 rpm, 14
bar for 2500 rpm and 15 bar for 2000 rpm. The IGR concentration is directly
reduced as the load increases, and there is less sensitivity to control them with
the VVT settings. For this reason, the results shown are similar to those from
minimum overlap in the low bar of BMEP cases. The e�ect of EGR on NOx

is more important, achieving a signi�cant rate of emission reduction around
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one order of magnitude. Moreover, EGR addition is also capable of reducing
carbon monoxides in a lower to a lesser degree than nitrogen oxides and to
increase the hydrocarbons formation.

4.1.3 Impact on catalyst performance

Based on the results obtained in subsubsection 4.1.2.2 and subsubsec-
tion 4.1.2.1, there is a growing need to study the remaining potential of the
catalyst to ful�l its function of almost completely oxidizing hydrocarbons and
carbon monoxides due to the change in the composition of the exhaust gases
caused by EGR addition. These exhaust gases have a lower concentration of
nitrogen oxides and pure oxygen together with lower temperatures compared
to the normal exhaust gas expected from a gasoline engine due to the e�ects
previously studied, di�culting the oxidation process.

With this aim, the theoretical capability of the catalyst to oxidize carbon
monoxides and hydrocarbons under these new conditions of NOx, O2 and
temperature reduction was assessed with an stoichiometric calculation of the
required oxygen mass �ow in Equation 4.1.

9mO2,req �

�
1

2

9mCO

MWCO
�
�
n�

m

4

	
9mHC

MWHC
�

1

2

9mNO

MWNO

�
MWO2 (4.1)

In Equation 4.1, 9mO2,req is the oxygen mass �ow needed to completely
oxidize carbon monoxides and hydrocarbons. The main assumption is that
all NO is converted into NO2 and then reduced to pure nitrogen during the
oxidation of hydrocarbons and carbon monoxides. Following with the equation,
9mi is the mass �ow rate andMWi is the molecular weight respectively of species
i. The composition of the unburned hydrocarbons is determined by n and m,
being these the number of atoms of carbon and hydrogen respectively. For
the study, it is assumed that hydrocarbons are dimethylbutadiene based on
previous studies, so that the composition is C6H10.

As stated, the lower concentration of NOx and O2 together with the
lower temperatures at the exhaust achieved with EGR and the increased
hydrocarbons could suppose a great di�culty for the catalyst to ful�ll its
function. Moreover, computing the conversion e�ciency of the catalyst would
not be realistic since its principles of operation are changed and a new catalyst,
more focused or similar to a DOC should be implemented.

Figure 4.10 shows the analysis of the catalyst performance on the 3000
rpm at 12 bar BMEP EGR sweep in subsubsection 4.1.2.1. In this �gure,
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the oxygen mass accumulated during 60 seconds in the test (dashed line) is
compared to the oxygen mass �ow needed in order to fully oxidize hydrocarbons
and carbon monoxides (solid line) computed with Equation 4.1. Besides, the
lambda measured experimentally is included in green.
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Figure 4.10. Catalyst performance for 3000 rpm at 12 bar BMEP EGR sweep.

For lower EGR rates, the di�erence between the oxygen available and the
needed is very high, so that there should be no problem at all in the catalyst.
As the EGR rate is increased, the di�erence is notably reduced due to the
increase in hydrocarbons and the reduced NOx emissions, so a reduced margin
is obtained. The reduction of carbon monoxides that is observed up to this
point is also playing an important role since it is a compensating factor for the
lack of oxygen in the exhaust, so full oxidation is still possible. When EGR
reaches its maximum and carbon monoxides increase, the oxygen required and
available are almost equal. This is translated into the recommendation to have
a slightly lean operation for high EGR rates, even more if the huge reduction
in nitrogen oxides with EGR is considered. It must be said that the small
margin found in the maximum EGR rate may be also in�uenced by the slight
rich lambda found in this test.

The same study repeated for the 1500 rpm at 6 bar BMEP EGR sweeps in
subsubsection 4.1.2.2. Following the structure in Figure 4.10, Figure 4.11 shows
the oxygen available, the oxygen required for full oxidation of hydrocarbons
and carbon monoxides and the lambda value for maximum (left) and minimum
(right) valve overlap.



158 4. Cooled low-pressure EGR system impact on engine operation

(a)

0 5 10 15 20 25 30

EGR [%]

3000

4000

5000

6000

7000

8000

9000

C
u

m
u

la
te

d
 O

2
 [

g
]

1

1.002

1.004

1.006

1.008

1.01

L
a

m
b

d
a

 [
-]

O
2,req

O
2,exp

Lambda

(b)

Figure 4.11. Catalyst performance for 1500 rpm at 6 bar BMEP EGR sweep for:
a) maximum overlap; b) minimum overlap.

The available oxygen is enough to oxidize carbonaceous emissions for both
EGR sweeps, despite the margin is reduced with EGR. This same trend was
observed in Figure 4.10. However, in this two EGR sweeps a slight lean
condition is found due to ECU control, whereas in the case of 3000 rpm the
control at the highest EGR rate was a bit rich.

4.2 Decoupling of IGR and LP-EGR e�ects

In the previous study, it was found that there is a great in�uence on the
concentration of IGR with the VVT at low loads, and this translates into
di�erent e�ects, especially when adding EGR. To further decouple the e�ects
coming from IGR and EGR individually and delve into the interaction between
both systems in greater detail, a methodology is developed to identify the
impact of each on engine operation, combustion, emissions and e�ciency.

4.2.1 Methodology

In order to select the exact operating conditions at which to perform the
study, the IGR concentration of the tests on the DoE methodology explained
in section 4.1 and other conditions were computed with the 1D engine model
in its �tting con�guration. The results are displayed in Figure 4.12.

As depicted in Figure 4.12, minimum variations of IGR are found for
most tested conditions. For turbocharged tests, with BMEP beyond 10 bar,
the pressure di�erential across the engine is reduced compared to throtlling
operation. Moreover, at high engine load and low speed, several combinations
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Figure 4.12. IGR concentrations computed with a 1D model for several engine
conditions based on the DoE methodology. Blue: minimum; Orange: maximum.

of VVT are limited by scavenging and can a�ect lambda control. Since the
intention of the study was to decouple the e�ects of IGR and EGR, conditions
of maximum sensitivity of internal residuals with VVT were required, so the
tests at 1500 rpm at 6 bar BMEP in section 4.1 with the DoE methodology
were chosen.

From the DoE tests, three di�erent levels of RGF, the sum of EGR rate
and IGR, are searched with an equal separation between them, in this case 13,
20 and 27 % of RGF. Note that the IGR concentration is computed through
the �tting model explained in subsection 3.4.1. A visual scheme of the RGF
concentration sought is shown in Figure 4.13.

Figure 4.13. Scheme of the RGF levels (green) sought inside the cylinder.

For each of the RGF levels presented above, four combinations of VVT and
EGR are used so that the RGF is achieved with di�erent EGR and IGR rates
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in order to decouple temperature and composition e�ects. The combinations
of EGR-IGR for the three RGF levels are shown in Figure 4.14, achieving a
total of 12 tests. Note that the combination of 100% of EGR and 0% of IGR
is unreachable at this engine load for the three RGF levels.

Figure 4.14. Scheme of the EGR (yellow) and IGR (orange) combinations for each
RGF level.

If there is no combination of VVT and EGR in the DoE to meet an
speci�c distribution of EGR, IGR and RGF, the 1D model in its �tted
con�guration is used in order to be predictive. For a given EGR rate, the
model operates to search for the VVT combination that ful�ls the desired IGR
and RGF concentration. Once the model �nds the combination, the test is
reproduced experimentally and reprocessed in the �tting con�guration of the
model following the methodology already explained.

Table 4.4 is a summary of the experiments used for the study, with its VVT
combinations at intake and exhaust, the RGF, EGR rate and concentration of
internal residuals. The IGR and EGR is also shown in brackets as a percentage
of the RGF. Note that the combinations of EGR and IGR sought in principle
are approximated due to the complexity of obtaining exact values.
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Table 4.4. De�nition of testing parameters.

RGF Point Int - Exh VVT EGR [% in RGF] IGR [% in RGF]

r%s r�s r�s r%s r%s

13

1 1 - 0 9 [65] 5 [35]

2 9 - 10 6 [47] 7 [53]

3 20 - 10 3 [25] 9 [75]

4 0 - 35 0 [0] 13 [100]

20

1 18 - 9 15 [71] 6 [29]

2 15 - 21 10 [53] 9 [47]

3 16 - 33 5 [25] 15 [75]

4 24 - 29 0 [0] 19 [100]

27

1 30 - 2 22 [78] 6 [22]

2 24 - 32 13 [48] 14 [52]

3 37 - 33 5 [20] 20 [80]

4 37 - 33 0 [0] 23 [100]

Spark actuation is a key point in the study since if a constant timing was
set, there would be two factors at play. First, higher temperatures would be
expected at combustion start with higher IGR concentrations, achieving faster
combustions especially at laminar stages. However, the composition of the
exhaust gases has an important impact on combustion since the gases have
already been treated at the aftertreatment system. For this reason, three
strategies are de�ned for the spark timing. First of all, the same spark is set
for each RGF levels. This tests are named as Isospark. In a second approach,
the spark timing is adjusted so that the temperature at combustion start is
almost constant. In this Isotemperature tests, the e�ect of temperature can
be better understood. For this purpose, late spark tests are carried out in
order to analyse the temperature evolution without combustion impact with
the 1D model. Then, a temperature of 760 K is targeted and the crank
angle at which it is achieved, thus the spark timing, is obtained for each test.
Lastly, the spark activation is adjusted in order to achieve the highest possible
e�ciency (Optimal spark) so that both systems can be compared under design
conditions. The criterion for maximum e�ciency is centering the combustion
with the parameter of CA50 between 7 and 10 degrees aTDC, as explained



162 4. Cooled low-pressure EGR system impact on engine operation

Table 4.5. Spark timing calibration strategies.

RGF
IGR Spark Advance

Value [% in RGF] Isospark Isotemperature Optimal

r%s r%s r�bTDCs r�bTDCs r�bTDCs

13

5 [35] 6 9 11

7 [53] 6 14 11

9 [75] 6 18 10

13 [100] 6 17 11

20

6 [29] 10 15 16

9 [47] 10 18 15

15 [75] 10 20 14

19 [100] 10 22 13

27

6 [22] 15 17 21

14 [52] 15 20.5 19.5

20 [80] 15 24.5 19

23 [100] 15 24.2 17

in [2]. The spark timings used for each batch of tests are summarized in
Table 4.5.

In the Isospark tests, greater spark advance are needed as the RGF
increases in order to obtain stable conditions due to reduced oxygen
concentrations. In the case of Isotemperature tests, the spark is advanced
with the IGR and RGF concentration, meaning that the target temperature
is achieved earlier as expected with IGR. In the Optimal tests, the spark is
notably advanced with respect to Isospark tests, around 5 CAD. This reveals
the need to advance spark for e�ciency in order to center combustion. In terms
of IGR concentration, the optimal spark is almost constant for low RGF levels
and there is a delaying trend for higher RGF. This is seen as a positive e�ect
of IGR compared to EGR in the �rst stages of combustion development since
less CAD are needed to reach the same CA50.

With the �nal tests carried out experimentally, a total of 36 since there
are 3 RGF levels with 4 combinations of EGR-IGR and 3 spark strategies, the
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Table 4.6. Main engine throttle position used for each test.

RGF
IGR Main Engine Throttle

Value [% in RGF] Isospark Isotemperature Optimal

r%s r%s r�s r�s r�s

13

5 [35] 12.2 12.3 12.2

7 [53] 11.8 11.8 11.8

9 [75] 11.6 11.8 11.6

13 [100] 11.2 11.7 11.1

20

6 [29] 13.3 13.2 13.0

9 [47] 12.5 12.8 12.5

15 [75] 12.1 12.7 12.0

19 [100] 11.4 12.1 11.4

27

6 [22] 14.9 14.8 14.4

14 [52] 13.8 14.0 13.7

20 [80] 13.6 14.2 13.6

23 [100] 12.8 13.6 12.8

model is used again to simulate them in order to ensure that the conditions in
the initial tests of the DoE and those computed with the �tted model remain
within a deviation of 0.5% between batches. The 6 bar of engine load in the
tests was kept with the main throttle, which was adjusted individually due
to the changes in volumetric e�ciency with EGR and VVT to control IGR.
Table 4.6 shows the throttle values needed for each case in order to maintain
the load. Moreover, the injection parameter was set at 82 crank angle degree
after the beginning of the intake phase.

4.2.2 Model validation

All �nal tests used in this study followed a validation process as the
one presented in this section for the Optimal spark batch. As explained in
subsection 3.4.1, tests simulated with the �tting model need to be validated in
order to corroborate its trustworthiness.
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Figure 4.15. Evolution of the intake manifold pressure for point 2 of 13% RGF (a)
and point 4 of 27% RGF (b). Blue: experimental; Black: simulated.
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Figure 4.16. Evolution of the intake manifold pressure for point 2 of 13% RGF (a)
and point 4 of 27% RGF (b). Red: experimental; Black: simulated.

To validate the results of the model in terms of instantaneous pressures at
the intake and exhaust manifolds, these are compared with the experimental
evolution for two di�erent settings of the VVT, in this case, point 2 of 13% RGF
and point 4 of 27% RGF. This is shown for the intake manifold in Figure 4.15
and for the exhaust manifold in Figure 4.16.

4.2.3 Decoupling temperature and composition

First of all, a comparison between the Isotemperature and the constant
spark tests is done so that the e�ects of composition and temperature can be
better identi�ed. In this sense, a comparison of the temperature at the spark
event between both batches of tests is shown in Figure 4.17 with respect to
IGR concentration in RGF. Note that the remaining residuals are achieved
with EGR, so that a 0% IGR would mean a complementary 100% EGR. From
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this point, the RGF level is identi�ed with the colour of the line and the symbol
(green squares for 27%, blue diamonds for 20% and orange circles for 13%).
Besides, in this section the Isospark tests and the Isotemperature tests are
represented by solid and dashed lines respectively.
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Figure 4.17. Temperature at spark event with respect to IGR concentration in RGF
for Isospark (solid lines) and Isotemperature (dashed lines) tests.

As observed, the temperature goal was achieved for the Isotemperature
tests with a deviation within 10 K, whereas a general increase in temperature
with IGR concentration is observed for the Isospark tests, as expected.
However, the variation with the RGF level is not signi�cant despite a di�erent
total amount of IGR is found because there is a more advanced spark timing
with RGF.

For combustion analysis, the induction time and the time of combustion
are shown in Figure 4.18 and Figure 4.19 for 13% and 27% RGF. Note that the
induction time is de�ned as the di�erence in crank angle degrees between the
10% of heat release and the spark activation, whereas the time of combustion
is the crank angle degree elapsed between the 90% and the 10% of the heat
released.

For the Isospark analysis, the more advanced spark that is used for higher
RGF levels results in shorter CA10 than the Isotemperature tests. This is
explained by the in�uence of temperature e�ect on laminar combustion speed
in Equation 4.2.

SLpϕ, Tu, puq � SL0

�
Tu

T0


α�pu
p0


β

(4.2)
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Figure 4.18. Induction time with respect to IGR concentration in RGF comparison
between Isospark (solid lines) and Isotemperature (dashed lines) tests.

Equation 4.2 is used for laminar �ame speed prediction, and it is de�ned
by SL0, the standard laminar speed (at p0 � 0.1MPa and T0 � 298K), pu and
Tu, the conditions of pressure and temperature respectively in the unburned
area. α and β are the coe�cients of dependence on pressure and temperature.
These coe�cients are very dependent on the fuel, composition and lambda. At
stoichiometric conditions and without residuals, α 1.69 and β -0.278 are the
values found in the literature [3]. For the Isospark tests, the same pressure is
expected at combustion start for each RGF level, so the factors that most a�ect
combustion development are temperature and residuals. Given the conditions
of temperature observed in Figure 4.17, a maximum increase of around 11% can
be awaited in the laminar �ame speed when increasing IGR due to temperature
e�ects. This would be translated into shorter times of induction around 1.5
CAD and 2.3 CAD for 13% and 27% RGF levels when comparing maximum
to minimum IGR concentration.

For 13% RGF level, if this result is compared with the values in Figure 4.18,
the variation in induction time can be completely explained by the change
in temperature at combustion start a�ecting laminar development. For
the Isotemperature tests, the trend is reversed at 13% RGF level and a
deterioration is found for greater concentrations of IGR. This can be partially
explained by changes in the conditions of the spark plug surroundings as stated
in [1]. For the 27% RGF level, the variation observed in the Isospark tests
is around 4 CAD, notably higher than the expected 2.3 CAD. Therefore,
an e�ect from composition is observed, increasing laminar �ame speed with
IGR concentration since EGR has a lower reactivity induced by the lower
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concentration of unburned compounds. In fact, for the Isotemperature tests,
lower sensitivity with IGR is found, around 3 CAD. This is closer to the
prediction with Equation 4.2.

With the same structure, a TOC comparison between these tests is depicted
in Figure 4.19.

Figure 4.19. Time of combustion with respect to IGR concentration in RGF
comparison between Isospark (solid lines) and Isotemperature (dashed lines) tests.

For the 13% RGF level, very little sensitivity is found with di�erent
compositions of the total residuals, so an almost �at trend is obtained for
both conditions. This clearly demonstrates that the composition of residuals
has no e�ect when its concentration is relatively low. However, for the 27%
RGF level, a clear decrease in the total time of combustion is obtained as the
IGR concentration increases with both conditions. Besides, when the IGR
concentration is low and the RGF level is obtained with cooled EGR, longer
combustions are obtained when comparing 27% to 13% RGF. This is explained
by the higher dilution obtained with higher RGF levels. However, as the share
of IGR concentration is increased, this e�ect diminishes, from what can be
deduced that addition of IGR could compenste the negative e�ects of EGR on
combustion.

Table 4.7 shows the variability analysis of the combustion parameters shown
in Figure 4.18 and Figure 4.19. A reduction of standard deviation is observed
as IGR concentration increases, especially for high RGF levels, so for higher
total amount of IGR. This is explained by the greater temperature at the spark
event and the residence of unburned from the previous cycle that help the �ame
development.
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Table 4.7. Variability analysis of the combustion parameters for the Isospark and
Isotemperature tests.

RGF
IGR Std Induction Time - Std TOC

Value [% in RGF] Isospark Isotemperature

r%s r%s r�s r�s

13

5 [35] 1.96 - 2.74 1.86 - 2.32

7 [53] 1.83 - 3.08 1.43 - 1.47

9 [75] 1.41 - 2.53 1.24 - 0.83

13 [100] 1.84 - 2.97 1.20 - 0.83

20

6 [29] 2.17 - 4.42 1.26 - 2.79

9 [47] 1.96 - 3.63 1.72 - 2.12

15 [75] 1.92 - 3.42 1.24 - 0.95

19 [100] 1.73 - 2.59 1.20 - 1.00

27

6 [22] 2.87 - 6.48 2.55 - 4.97

14 [52] 2.44 - 5.09 2.20 - 3.35

20 [80] 2.19 - 3.56 1.66 - 1.40

23 [100] 2.19 - 3.02 1.59 - 1.06

4.2.4 Empirical correlations

The results presented up to this point have demonstrated the direct
impact of composition, merely the share of internal and external residuals,
on combustion development. The information depicted can be used in order to
build empirical correlations that could predict the behaviour and results of a
given test and account for the di�erent e�ects coming from both composition
and temperature, decoupling IGR and EGR. Note that this correlations would
be useful for the engine under study due to its characteristics as well as the
fuel used, but the methodology is extensible to others.

In this sense, the value of the coe�cients would shed light on the weight
and relative impact of IGR and EGR respectively in combustion. Moreover,
1D engine models based on �uid-dynamics as the one used along the study use
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Table 4.8. Induction time empirical correlation.

Parameter
w/ IGR w/o IGR

Value Interval 95% Value Interval 95%

a 1.98 [1.5, 2.4] 0.94 [0.6, 1.3]

b 0.12 [0.08, 0.16] 0.23 [0.09, 0.37]

c -0.15 [-0.19, -0.11] - -

d 0.3 [0.24, 0.36] 0.23 [0.13,0.33]

R2 92.15 77.3

R2 � adj 90.97 75.2

empirical correlations for combustion predictions due to the lack of a predictive
model. A proper correlation that include these efects individually is mandatory
for predictive purposes. The Equation 4.3 is proposed for the induction time
correlation.

τind rCADs � pa �RGF b � IGRc � τdSparkq

�
TSpark

T0


�1.67�pSpark
p0


0.278

(4.3)

where tSpark is the spark setting in crank angle degrees before top dead
center (bTDC), whereas pSpark and TSpark are the conditions of pressure and
temperature at the spark activation. These are obtained with the GT-Power
model. The coe�ciencts a � d are the ones to adjust in the correlation.
Naturally, the exponents for the pressure and temperature ratios are the ones
found for gasoline in the literature [3] and the ones used in Equation 4.2 but
with the opposite sign since a faster development means shorter times. The
inclusion of the spark timing is justi�ed due to the inclusion of turbulence
e�ects around the spark plug depending on the position of the piston.

Two di�erent con�gurations of the correlations are �tted, depending on the
inclusion of the IGR concentration. The goal of developing two correlations was
to assess the need to di�erentiate between EGR and IGR. The main coe�cients
and parameters of the statistical analysis are shown in Table 4.8.
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As can be observed, the correlation is capable of reproducing the data to
a greater extent if the IGR concentration is considered, with 15% increased
R-squared value. This is a clear indicator of the importance to decouple IGR
and EGR.

A comparison between both correlations is shown in Figure 4.20, with blue
dots for the correlation with IGR and orange diamonds for the correlation
without IGR. For the correlation with IGR, all predictions fall within �1 CAD
and a deviation of 0.6 CAD is obtained. On the other hand, a higher mean
and maximum deviation of 1.1 and 3 CAD respectively is obtained for the
correlation without IGR.
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Figure 4.20. Correlations prediction vs experimental induction time with and
without the e�ect of IGR concentration.

For the combustion duration, Equation 4.2.4 is adjusted.

TOC rCADs � a � τ bind � τ
c
Spark (4.4)

where τind is the induction time and τSpark is again the spark timing.
Coe�cients a � c are the ones to adjust for the correlation. The inclusion of
the induction time is to include all the e�ects from laminar �ame development
together with composition and temperature. However, it has to be stated
that the great dependence of combustion development on turbulent kinetic
energy and �uid �ow might not be fully re�ected with this correlation, so
a more detailed one should be implemented for future works to account for
this e�ect. Nonetheless, results with a high correlation are obtained with this
approximation as can be seen in Table 4.9 and Figure 4.21.
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Table 4.9. Results of the empirical correlations for the combustion duration.

Parameter Value Interval 95%

a 0.63 [0.46, 0.80]

b 1.48 [1.22, 1.73]

c -0.35 [-0.44, -0.26]

R2 86.85

R2 � adj 85.60
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Figure 4.21. Experimental vs. predicted combustion duration.

A general increased deviation and a lower R-squared value is obtained
compared to the induction time correlation, around a 6%. This is an expected
result due to the dependence between these. However, the maximum deviation
is 1.66 CAD and the average is 0.7, so an acceptable and adequate prediction
is obtained for 1-D simulation.

Results show the possibility to predict induction and combustion time as
already de�ned taking into account IGR and EGR concentrations. However,
the prediction capability of these correlations is severely deteriorated when
these two are not decoupled and just the total RGF is taken into account.
This is seen as a powerful argument to consider composition when developing
semiempirical models in this �eld.
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4.2.5 Optimal spark timing

After setting the spark at a constant value for each RGF level (Isospark
tests) and to obtain 760 K at the spark event (Isotemperature tests), the
spark was set in order to obtain maximum e�ciency, thus the minimum fuel
consumption, within stability and knock limits already de�ned. To do so, the
spark was set based on the CA50 value seen online on the test bench, trying
to set this value between 7 and 10 CAD aTDC as stated in [2].

The induction time for the Optimal spark calibration is displayed in
Figure 4.22. As in the previous graphs, the colour and symbol are used to
di�erentiate the RGF level. In this sense, orange circles are used for 13%, blue
diamonds for 20% and green squares for the 27% RGF level. Moreover, solid
lines are used to show the experimental values and the dashed lines are used
for predictions with the correlations previously presented in subsection 4.2.4.
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Figure 4.22. Induction time comparison between experimental (solid line) and
correlation prediction (dashed line) for Optimal spark tests with respect to IGR
concentration in RGF.

A longer induction time is obtained as the RGF level increases as previously
discussed. However, as the share of IGR increases, a faster initial stage of
combustion is achieved owing to a higher level of reactivity in the mixture
compared to EGR addition. The trends are well predicted in general with the
correlation, with a slight overprediction for all cases except the highest RGF
level and lowest IGR share. With a similar structure, Figure 4.23 displays the
combustion duration.

The same trends as in the induction time are obtained for the combustion
duration, with an increasing trend with the RGF level and decreasing
with IGR concentration due to higher temperatures and mixture reactivity.
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Figure 4.23. Time of combustion comparison between experimental (solid line)
and correlation prediction (dashed line) for Optimal spark tests with respect to IGR
concentration in RGF.

In comparison with the prediction from the correlation, again a slight
overprediction is found for almost all cases, with a maximum di�erence of
around 1 CAD.

The direct in�uence of the residuals is thus demonstrated, which when
increasing in the absence of EGR cause an elongation of the combustion
process. This fact can be observed in both graphs, with a bigger e�ect on
the induction time as demonstrated in [4]. This e�ect of internal residuals was
studied in depth in [5], showing a 5 CAD increase in TOC with higher IGR
concentrations.

The variability analysis of the combustion parameters for the Optimal spark
tests is shown in Table 4.10.

Following the trends observed in the Isospark and Isotemperature
comparison, the variability analysis for the Optimal spark tests shows in
general lower deviations for both combustion parameters when the share of
IGR increases. Moreover, higher deviations are obtained with greater RGF
levels as expected.

With the optimal spark set for each RGF level, a fair comparison between
the IGR trapped with the VVT system and LP-EGR can be performed in
terms of e�ciency and emissions so that the interaction between systems can
be better understood. To do so, the energy balance of each test is computed
with the 1D model, namely the indicated e�ciency (IND), the in-cylinder heat
transfer losses (HT) and the exhaust enthalpy (EXH). The heat transfer losses
are calculated with an adapted Woschni model, which coe�cients were tuned
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Table 4.10. Variability analysis of the combustion parameters for the Optimal spark
tests.

RGF
IGR Std Induction Time Std TOC

Value [% in RGF]

r%s r%s r�s r�s

13

5 [35] 1.73 1.91

7 [53] 1.70 2.32

9 [75] 1.48 2.16

13 [100] 1.66 2.09

20

6 [29] 2.01 3.07

9 [47] 1.85 2.58

15 [75] 1.76 2.51

19 [100] 1.68 2.29

27

6 [22] 2.27 3.80

14 [52] 2.32 3.22

20 [80] 2.21 2.75

23 [100] 2.14 2.61

based on motoring conditions under di�erent conditions of engine speed and
intake pressure, thus air mass �ow. Values of 3.24 and 1.91 for constants C1 and
C2 were used. The �nal analysis of the energy balance is shown in Figure 4.24,
with the x-axis representing the IGR concentration in RGF (orange for 13% and
green for 27%), and the color transparency is used determines the contributor
to the energy balance. The darker color is used for the indicated e�ciency, the
intermediate is for losses coming from in-cylinder heat transfer and the lighter
for the exhaust enthalpy.

The indicated e�ciency is almost constant with IGR with a clear advantage
with higher RGF levels, whereas the higher temperature that is obtained with
greater IGR concentrations during intake and compression is increasing heat
transfer losses. This, together with the lower exhaust temperatures derived
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Figure 4.24. Thermal balance comparison between 13% (orange) and 27% (green)
RGF level for Optimal spark tests with respect to IGR concentration in RGF.

from shorter combustions is the main responsible for the reduced exhaust
enthalpy with higher IGR.

Since the thermal balance includes the gross indicated e�ciency computed
during the 720 CAD of the cycle, a part of the indicated cycle that is not
displayed: the mechanical and pumping losses. Given the similarity of the
operating conditions, very little discrepancies are expected in terms of friction
and mechanical losses, being the main impact the di�erences in pumping losses
induced by the LP-EGR and VVT settings. This information is shown in
Figure 4.25, taking as a reference the value of 27% RGF without EGR.

When increasing the RGF level, pumping losses are always reduced,
whereas the only clear trend with the IGR concentration is found for 27%
RGF. When the RGF is obtained only through IGR, increasing the RGF level
is translated into reduced pumping losses. These results are in agreement with
those found by [5], with a reduction between 14 to 10% in pumping losses when
increasing residuals.

As with the pumping losses, the BSFC variation with respect to 27% RGF
level without EGR is displayed in Figure 4.26.

An important fuel economy bene�t is found as the RGF level is increased.
For the low and medium RGF levels, an improvement in BSFC is found for
high EGR rates. This may be explained due to the e�ect of heat transfer losses,
whereas the pumping losses achieved with only IGR at 27% RGF compensates
this e�ect, so the trend with IGR is merely �at.
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Figure 4.25. Pumping losses comparison between RGF levels for Optimal spark tests
with respect to IGR concentration in RGF.
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Figure 4.26. BSFC comparison between RGF levels for Optimal spark tests with
respect to IGR concentration in RGF.

For the emissions analysis, Figure 4.27 shows the reduction trend of
hydrocarbons when increasing the share of IGR. Besides, the amount of
hydrocarbons increase for the highest RGF level, as expected. It seems
interesting, however, the fact that 13% and 20% RGF levels are almost
overlapped even though combustion speed was reduced when increasing the
RGF level as shown in Figure 4.22 and Figure 4.23. This could be explained
by di�erent conditions of temperature in the walls of the combustion chamber.

For spark-ignited engines, the main sources of hydrocarbon emissions are
two [6]: the �ame termination as it reaches small volumes, the spark or
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Figure 4.27. HC mass �ow comparison between RGF levels for Optimal spark tests
with respect to IGR concentration in RGF.

valve seats, among others, and the �ame quenching when the front reaches
the surface of the wall in di�erent parts of the engine. The both sources
of hydrocarbon formation are dominated by heat transfer and are normally
important with low speed �ames [7].

The NOx mass �ow is displayed with respect to the peak combustion
temperature in Figure 4.28, since it is the main contributor to NOx formation
together with oxygen concentration [8, 9]. As it could be expected, the peak
temperature and oxygen concentration reduction obtained with greater RGF
levels results in less NOx formated.

Figure 4.28. NOx mass �ow comparison between RGF levels for Optimal spark tests
with respect to peak combustion temperature.
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For the CO formation, it is mainly dependent on the oxidation reaction to
carbon dioxide. As the oxygen concentration is reduced with higher RGF levels,
the thermal equilibrium of the reaction is shifted to higher CO2 production.
Nonetheless, as the combustion temperature is reduced, a slower dissociation
of carbon dioxide to monoxide is obtained. The result of these two opposite
e�ects is a general trend to reduce carbon monoxides with RGF as displayed
in Figure 4.29.

Figure 4.29. CO mass �ow comparison between RGF levels for Optimal spark tests
with respect to IGR concentration in RGF.

When the engine is running only with IGR, the emission of NOx is
reduced together with carbon monoxides and hydrocarbons are increased with
increasing RGF levels. This is in line with what was reported by [4] except
for carbon monoxides, which is very variant. Around a 30 to 40% of NOx and
carbon monoxides reduction was also found by [5], together with an increase
in hydrocarbons.

4.3 Combustion instability induced by condensation

The water content present in the exhaust gases of a low-pressure EGR
system is susceptible to condensation from various sources when the gases
undergo a cooling process or at cold starts [10]. This is explained by
the high concentration of water and speci�c humidity of the exhaust gases.
Condensation and its negative impact on components life is a well-known
and studied problem, especially in the case of water droplets that reach the
compressor and erode it [11, 12]. The damage produced to the compressor
wheel can be controlled in 3 main ways, all of them normally impairing the
e�ciency. The �rst one is with a proper design of the junction between
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fresh air and EGR gases [13, 14]. The second would be suppressing EGR
operation during cold starts or warm-ups [12]. The last one is the introduction
of water separators, directly preventing contact between water droplets and
the compressor [15].

Moreover, di�erent elements of the engine can be a�ected by corrosion due
to acidic compositions. Garcia [16] established the risk of disintegration of
components on account of sour solutions and demonstrated the opposition to
corrosion of various materials, allowing a good disintegration prognosis. In the
case of SI engines with TWC, secondary reactions in the aftertreatment can
produce ammonia, resulting in a very di�erent acidity compared to diesel or
non-TWC SI engines [17], with a more neutral to alkaline gases (pH-values
from 7 to 9) [18�21].

Despite there is a vast knowledge about condensation in EGR circuits, most
studies have been performed on compression engines, with much lower speci�c
humidities than SI engines due to lean operation. In the case of spark ignition
engines, water represents a 10% in weight or a 14% molar fraction concentration
in the exhaust gases for stoichiometric operation. In this way, the problem
of water condensation can be more signi�cant in SI engines, even more with
fuels that are currently being investigated for decarbonization as ammonia
[22], methanol [23], natural gas [24, 25] or hydrogen [26]. Besides, previous
condensation studies base their analysis on corrosion, compressor damage and
icing, but do not account for the e�ect of the water droplets reaching the intake
runners and the cylinders spontaneously, being this problem yet to be deeply
understood.

Condensation of water suddenly reaching the cylinders is a di�erent
problem than the dilution by water injection, since the latter is a well controlled
and intentional dilution technique that has proven its potential on increasing
e�ciency in several studies [27�29]. However, the similarity between both
phenomena is undeniable, so the knowledge acquired about this dilution
technique is applicable to the condensation problem. Vaudrey [30] stated that
when water is injected and evaporates, it blends with the air, absorbing the
enthalpy of vaporisation and thus cooling the charge. The drop in temperature
has several consequences from an operational point of view:

� Reduced autoignition and combustion temperatures, thus reduced knock
tendency and a potential bene�t in centering combustion and increasing
compression ratio.

� Increased air density, increasing the volumetric e�ciency and so the
amount of air aspirated.
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� Reduced mechanichal work needed to compress, given the lower
temperature at the start. Some water may remain liquid and evaporate
later, adding some cooling e�ect.

� Better expansion work due to increased amount of gas in the process.

The same increase in volumetric e�ciency that is obtained with water
injection is observed when the condensed water in the WCAC accumulates
and is released into the cylinders. However, in the case of the condensation
problem, it is a sudden, uncontrollable and undesired phenomenon.

In this study, several engine conditions of speed and load are tested in
a climatic chamber with high LP-EGR rates under conditions conductive to
water condensation in the WCAC, and the e�ects of water condensation on
combustion, emissions and e�ciency are assessed. The three main sources of
condensation found in the current experimental set-up are: the EGR cooler,
the mixing of EGR and fresh air upstream the compressor and the WCAC.
Given that the �rst two sources could a�ect the compressor wheel operation, a
psychrometric analysis is performed with a validated 0D condensation model,
explained in subsection 3.4.2, in order to avoid condensation in the EGR
cooler nor the mixing with fresh air by selecting the ambient and WCAC
coolant temperature (both set equal). In this sense, all water condensation
in this study is located in the WCAC. Three di�erent engine operating
points are chosen, 1500 rpm at 6 and 12 bar BMEP, and 3000 rpm at 12
bar BMEP. Each condition is tested under high EGR rates and condensing
conditions in the WCAC, acquiring during 20 minutes so that the e�ect
of accumulation of water in the WCAC can be studied. The combustion
process and the cyclic dispersion are discussed based on the in-cylinder pressure
acquisition, and the fuel consumption and emissions are analysed. To conclude,
a preliminary evaluation of the condensation problem with di�erent fuels that
are being investigated with a view to decarbonization is carried out. With the
aforementioned psychrometric model, the limit temperature for the appearance
of condensates is studied for ammonia, methanol, natural gas and hydrogen.

4.3.1 Methodology

Any cooling process that exhaust gases undergo is prone to condensation
of water from the EGR. In this way, three condensation sources are found in
the current engine set-up:

� EGR cooler: the exhaust gases extracted for recirculation are cooled
in a heat exchanger before being reintroduced. The low temperature of
the coolant during the engine warm-up can lead to condesation.
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� Mix with fresh air: in the joint upstream the turbocharger due to low
ambient temperatures.

� Charge cooler: either air o water coolers. In this case, a WCAC
is implemented with a separate coolant circuit as in transportation
applications.

In this experimental campaign, two di�erent cooling circuits are used. The
main high-temperature cooling circuit is used for the engine and its coolant
temperature is set to 90�C in order to operate at warm conditions. The second
one is a low-temperature circuit used for the WCAC, designed to operate
below 50�C, since using the main cooling circuit would induce extremely high
temperatures at the intake, with signi�cant damage to performance due to
reduced densities and higher knock tendency. Given that the main objective in
this research is to evaluate the e�ects of sudden dilution through water droplets
on combustion, the experimental campaign is designed in order to obtain
condensation only and exclusively in the WCAC. Any condensation upstream
the compressor is prevented for security and to avoid compressor wheel damage.
In this sense, condensation in the LP-EGR cooler is avoided by connecting it
to the main high-temperature cooling circuit, since saturation temperatures
at the EGR cooler are around 50�C in these conditions. Then, the ambient
and WCAC coolant temperature are chosen with the model explained in
subsection 3.4.2, taking into account that it must be high enough to avoid
condensation from mixing EGR with fresh air, but allowing the coolant to
reach the WCAC at a temperature that can induce condensation in the charge
cooler. Since the WCAC coolant and ambient temperatures can be very similar
in real conditions, both are always considered the same for simpli�cation in
the model. Experimentally, both are controlled to be the same in the climatic
chamber.

In order to obtain a WCAC coolant and ambient temperature that can
promote this situation, the psychrometric model explained in subsection 3.4.2,
developed and validated in [13, 31] is used, performing a sweep of both
temperatures from -15 at 30�C for the engine operating conditions to be
experimentally tested. These conditions are 1500 rpm with two engine loads,
6 and 12 bar BMEP, and 3000 rpm at 12 bar BMEP. In this model, the
condensation of water in the mixture between EGR and fresh air and in the
WCAC are estimated. The results of the model are depicted in Figure 4.30,
with dashed lines for the T-joint and solid lines for the WCAC, and di�erent
colors for each operating conditions. Note that the temperature in the x-axis
are both the ambient and WCAC coolant temperatures.
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Figure 4.30. Modeled condensation in the T-joint (dashed lines) and in the WCAC
(solid lines) for several operating conditions.

The information extracted from the model shows that condensation due
to mixture between EGR and fresh air occur for ambient temperatures below
10�C, whereas condensation in the WCAC can occur from 30�C. This restricts
the area in which only condensation in the WCAC is obtained to a range
between 10 and 30�C of ambient and coolant temperature. For this reason,
and to ensure a considerable condensation condition, 15�C is chosen as the
WCAC coolant and the room temperature in the climatic chamber.

The three engine points aforementioned are calibrated in terms of VVT,
throttle, VGT, spark and EGR following the methodology explained in [32],
achieving the Optimal settings for fuel economy with combustion stability and
knock limits. Table 4.11 shows a summary of the calibration used for each
engine condition tested.

Table 4.11. Main engine parameters for condensation tests.

Speed BMEP Int - Exh VVT LP EGR Spark Timing Throttle VGT

rrpms rbars r�s r%s r�bTDCs r�s r%s

1500 6 0 - 0 25 32 16.4 0

1500 12 14 - 3 25 17 WOT 84

3000 12 18 - 2 22 24 WOT 36
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The calibration presented for each engine point serves as a starting point
for the two experimental procedures that are proposed. In a �rst step, the
engine is tested with the calibration at lambda equal to one, acquiring every
5 minutes and for as long as 20 minutes, starting at time 0. The main goal of
this procedure is to assess the build-up e�ect of condensation with time. The
second procedure consists of a lambda sweep at an equivalent time 0, for which
the EGR valves are closed between tests and the WCAC coolant temperature
increased to 40�C so that all condensed water is consumed, maintaining these
conditions during 3 minutes. The lambda sweeps are performed in order to
compare the dilution level induced by condensation with that of di�erent air
to fuel ratios.

4.3.2 Results

In this section, both testing procedures are discuted and analysed in terms
of combustion, stability, emissions and e�ciency. From this point on, the color
scheme is kept constant, with orange used for 1500 rpm at 6 bar BMEP, blue
for the same regime at 12 bar BMEP and green for 3000 rpm at 12 bar BMEP.

First of all, in order to con�rm the results predicted with the model and
to ensure that there is an accumulation e�ect, an endoscope is placed at the
WCAC outlet and some images are extracted for 0, 10, 15 and 20 minutes as
shown in Figure 4.31.

The images con�rm the results of the model, showing an evolution from
the start at time 0, without any remarkable drop, to 10 and 15 minutes time,
with some drops appearing and growing at the left side of the image. For
10 minutes, a red circle is used to highlight the location of the drop that
subsequently grows. At 20 minutes, the entire image is distorted due to the
growth of the drop, which has occupied completely the width of the lens.

Once condensation and water accumulation has been con�rmed through
the endoscope, two di�erent analysis are proposed: one from combustion and
stability and other from e�ciency and emissions analysis.

The combustion stability is analysed through the combustion timings from
the apparent heat release rate computed from the 800 in-cylinder pressure
recordings per test. The di�erence between CA90 and CA10, from this point on
called time of combustion or TOC, and the CA50 are the parameters considered
for the analysis. An statistical analysis is performed on these two combustion
parameters, TOC and CA50, dividing the individual values of each cycle into
two groups depending on the dispersion level: normal (in black) and abnormal
(in red) dispersion. The �rst group is made up of the values that are within
10% of the reference IMEP of the test, representing approximately the standard
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(a) 0 minutes (b) 10 minutes

(c) 15 minutes (d) 20 minutes

Figure 4.31. Images acquired with the endoscope at the WCAC for di�erent
accumulation times.

instabilities induced by EGR operation without condensation. Those cycles
with IMEP below this threshold are grouped in abnormal dispersion, excluding
those with IMEP below 1 bar. This exclusion is made since these cycles are
considered mis�res or non-representative combustion. The horizontal lines are
included to show the maximum and minimum values of each dispersion group.
The mean value of the cycles in normal dispersion is shown with a solid line
in the colour chosen for the engine operating condition. Besides, a second
stability analysis is performed to further assess the e�ect of condensation in
combustion. This second analysis is made through the coe�cient of variation of
the IMEP, as typically done in combustion engines, along with the percentage
distribution of cycles based on the CA50 value.

The global e�ect of condensation on engine operation is assessed through
fuel economy and emissions. For pollutant emissions, data is represented as
a percentual variation with respect to the best engine point found without
EGR. In this sense, the viability of the EGR is called into question due to
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condensation. In the charts, delta positive mean that operation without EGR
is the better strategy due to the negative e�ects of EGR condensation.

Finally, a preliminary analysis of condensation in di�erent fuels is
performed with the model with a view to the new fuels that are being
investigated for decarbonization. The lower content of carbon in these fuels
result in a increased speci�c humidity in the exhaust compared to a typical
gasoline. In this sense, the limit temperature at which condensation occurs is
higher, showing that the condensation problem may be even greater.

4.3.2.1 Combustion and stability

The in-cylinder pressure evolution is displayed in Figure 4.32 for two
accumulation times, 0 minutes in the left hand side and 20 minutes in the
right hand side. The grey colour is used to plot all recorded cycles and the
orange color is used for the mean cycle at 1500 rpm at 6 bar BMEP. The
comparison of both situations re�ects a clear decrease in mean pressure with
time, which is explained by the dispersion produced by water dilution. With
similar peak pressures for the una�ected cycles, there are more low power or
mis�ring cycles at 20 minutes.

From combustion perspective, CA50 (left) and TOC (right) are displayed
in Figure 4.33 together with the two dispersion criteria aforexplained. Normal
dispersion, in black, shows those cycle with an IMEP within a 10% of the
reference value, whereas abnormal dispersion, in red, is for those cycles below
this threshold excluding cycles below 1 bar IMEP.

At this operating condition, combustion can be phased with the spark
timing without any concern about knock, so normally a combustion close to
TDC is desired, even more with EGR in order to improve �ame development
and maintain stable conditions. At the beginning of the test, a mean value
of 2 CAD aTDC is observed for the combustion centering, whereas very short
combustion durations are obtained for all cycles, below 25 CAD. These mean
values are obtained from the cycles in normal dispersion. As this condition
is maintained with time and condensed water accumulates, the combustion
process is deteriorated with increased CA50 and TOC. Moreover, the number
of cycles in abnormal dispersion and the magnitude of these cycles is also
increased with time, from no representation at 0 minutes to a huge increase at
10 minutes on, also re�ecting combustion deterioration.

This deterioration is mainly re�ected by abnormal dispersion, since the
increase in the mean value computed from the �rst dispersion criteria is very
slight. This behaviour could be explained by the hypothesis of sudden dilution.
The water condensed at the WCAC reaches the cylinder suddenly as a result
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(a) 0 minutes

(b) 20 minutes

Figure 4.32. Recorded in-cylinder pressure for 1500 rpm at 6 bar BMEP: a) 0
minutes; b) 20 minutes. All cycles in grey, mean cycle in orange.

of the accumulation and the release of water drops, as already observed with
the endoscope. The evaporation of water droplets inside the cylinder promotes
a cooling e�ect that increases volumetric e�ciency for that particular cycle,
diluting the mixture given the fact that fuel injection is constant according
to the average engine operation. The lean condition achieved together with
high EGR rates slows down combustion, specially at initial stages, elongating
combustion and a�ecting stability.

The same analysis is performed for 1500 rpm at 12 bar BMEP in Figure 4.34
and for 3000 rpm at 12 bar BMEP in Figure 4.35. Very similar trends are
observed for the new operating conditions. At time 0, all cycles are within
the limits of a 10% IMEP. However, several cycles with longer combustions
and lower mean pressures start appearing as time elapses, specially from 10
minutes on, when almost equilibrium is reached.
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(a) CA50

(b) TOC

Figure 4.33. Combustion analysis evolution with time for 1500 rpm at 6 bar BMEP:
a) CA50; b) TOC. Normal (black) and abnormal (red) dispersion criteria.

When comparing the e�ect of dilution in the di�erent operating conditions,
it is noticeable that the 1500 rpm at 12 bar BMEP is the least a�ected point in
terms of cyclic variability. The greater stability when facing the sudden dilution
promoted by water condensation is explained by the higher engine load for the
regime and the lower spark advance level, resulting in a comparatively higher
combustion start temperature. Higher engine loads mean higher in-cylinder
temperatures and faster combustions, thus more stable conditions despite the
higher pressure that exists in the WCAC, lowering the dew point, increasing
the rate of condensates.

For 3000 rpm, the same bene�t from stability perspective seen in 1500 rpm
at 12 bar BMEP is observed due to a higher load operation compared to 6 bar
BMEP conditions. However, as seen in Figure 4.30, greater condensation rates
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(a) CA50

(b) TOC

Figure 4.34. Combustion analysis evolution with time for 1500 rpm at 12 bar
BMEP: a) CA50; b) TOC. Normal (black) and abnormal (red) dispersion criteria.

are expected for this regime, deteriorating combustion more than in the case
of 1500 rpm, partially overcoming these bene�ts.

A more detailed analysis of the cyclic variability is done by classifying
individually the 800 cycles recorded per test at each time slot in di�erent
groups depending on the computed CA50. The di�erent CA50 groups are
de�ned depending on the engine load, with di�erent levels for 6 and 12 bar
BMEP. Besides, the coe�cient of variation of the IMEP is displayed in black
in the right y-axis. The COV limits stand for stability and driveability and are
set at 3.33% and 2% for 6 and 12 bar BMEP respectively, based on previous
experience.

The evolution over time of the distribution of cycles in each CA50 group
is shown as a percentage for 1500 rpm at 6 bar BMEP in Figure 4.36. As time
elapses, the share of cycles with higher CA50 is clearly increased, representing
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(a) CA50

(b) TOC

Figure 4.35. Combustion analysis evolution with time for 3000 rpm at 12 bar
BMEP: a) CA50; b) TOC. Normal (black) and abnormal (red) dispersion criteria.

longer combustions due to water accumulation and dilution e�ects. After 5
minutes, the test is not acceptable from stability perspective following the
COV indicator.

In order to assess the dilution level achieved with water condensation, a
lambda sweep is performed from reach to lean conditions at an equivalent time
0. To do so, EGR valves are closed between tests so that all water condensation
is consumed and suppressed. The analysis on CA50 groups is also performed
for the lambda sweep and the last time condition, in this case 20 minutes, is
included. Figure 4.37 shows the distribution of cycles in each CA50 group as
a percentage with lambda for 1500 rpm at 6 bar BMEP.

It is clear that with fuel enrichment, with lambdas 0.94 and 0.96, there
are no cycles with CA50 beyond 10 CAD. This trend con�rms that the poor
combustion performance found with water condensation can be explained by
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Figure 4.36. Evolution with time of the distribution of cycles in each CA50 group
and the IMEP COV for 1500 rpm at 6 bar BMEP.
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Figure 4.37. Evolution with lambda of the distribution of cycles in each CA50 group
and the IMEP COV for 1500 rpm at 6 bar BMEP.

overleaning, which in these cases is grossly compensated for all cycles with
more fuel. Since the problem of condensation is presented suddenly and
unpredictably for individual cycles, an overall enrichment strategy cannot
be chosen given the e�ciency and hydrocarbon emissions penalty. The
deterioration with time is again evident when comparing both stoichiometric
conditions, since the cycles distribution achieved at 20 minutes time is
comparable to that of lambda 1.06, being a clear indicator of the similar
dilution levels.
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For 12 bar BMEP, the analysis is performed with di�erent CA50 groups for
1500 rpm in Figure 4.38 and Figure 4.39, and for 3000 rpm in Figure 4.40 and
Figure 4.41. The evolution of COV with time is very similar for all conditions
tested, clearly increasing between 5 and 10 minutes. Something similar occurs
with the share of cycles within each group, increasing the number of cycles that
have longer combustions with time. In the case of 1500 rpm, the COV of the
IMEP limit is only reached at 20 minutes, con�rming a more stable condition
due to higher load operation as observed in Figure 4.34. In terms of dilution
level, the 20 minutes condition seems to �t with a dilution between lambda 1
and 1.04, which is a noticeably lower lean condition than at 6 bar BMEP.
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Figure 4.38. Evolution with time of the distribution of cycles in each CA50 group
and the IMEP COV for 1500 rpm at 12 bar BMEP.

For 3000 rpm, the same trends are obtained with time and the results of
IMEP COV lead to the same conclusions, despite not exceeding the limit set
for this operating point due to greater stability conditions. When assessing
the level of dilution reached at 20 minutes, the conclusion is that the situation
is comparable to that reached with lambdas between 1.03 and 1.07. This
is in accordance with what was expected compared to the other operating
conditions, since it is a lower dilution level than at 6 bar but higher than 1500
rpm at the same engine load.

4.3.2.2 Fuel economy and emissions

This section focuses on discussing the impact of EGR water condensation
on fuel economy and emissions measured upstream the aftertreatment. The
data in the charts is presented as a percentage variation with respect to the
same engine operating conditions but without EGR. The reference point is
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Figure 4.39. Evolution with lambda of the distribution of cycles in each CA50 group
and the IMEP COV for 1500 rpm at 12 bar BMEP.
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Figure 4.40. Evolution with time of the distribution of cycles in each CA50 group
and the IMEP COV for 3000 rpm at 12 bar BMEP.

the best one obtained in previous studies in terms of calibration from fuel
consumption perspective. In this way, all positive values mean a negative
e�ect for EGR operation due to the e�ect of water condensation.

The BSFC evolution with time is shown in Figure 4.42. A clear increase
with time is found for all operating conditions, following the combustion
analysis. In addition, the 6 bar BMEP operating condition is the only one that
reported a negative e�ect of the EGR operation due to water condensation,
obtaining worse consumption than in the case of the same engine point without
EGR. In this sense, EGR would not be bene�cial in this low load condition.
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Figure 4.41. Evolution with lambda of the distribution of cycles in each CA50 group
and the IMEP COV for 3000 rpm at 12 bar BMEP.

For higher loads, the EGR strategy is still better than operation without
exhaust recycle even though the deterioration found with time due to water
accumulation. The better combustion centering obtained with EGR due to
knock mitigation at this engine load could be the biggest responsible for this
trend.
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Figure 4.42. E�ect of condensation accumulation on percentual BSFC with respect
to no EGR operation.

For NOx emissions, depicted in Figure 4.43, reduced nitrogen oxides are
found with time due to reduced in-cylinder temperatures promoted by the
sudden dilution e�ect. This e�ect is combined with the one from EGR
operation, with lower temperatures during the combustion process, so all cases
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produce lower NOx emissions, achieving a reduction close to 90% for the high
load cases.
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Figure 4.43. E�ect of condensation accumulation on percentual NOx with respect
to no EGR operation.

Following the opposite trend to NOx, total hydrocarbons are generally
increased as the water condensation e�ect builds up over time, as shown in
Figure 4.44. Longer combustions and reduced temperatures leading to an
increase in quenching e�ects, together with mis�ring at several cycles are
translated into increased HC emissions. When comparing with the reference
point, EGR dilution promotes a higher level of hydrocarbons per se, except
for the high load 1500 rpm case at 0 minutes, which curiously experiences a
reduction of about 5%, probably due to repetitiveness.

4.3.2.3 Preliminary assessment of condensation with di�erent fuels

The instability induced by water dilucion from condensation and its e�ects
on combustion, e�ciency and emissions have been explained in the previous
sections for a typical gasoline engine. In order to obtain condensing conditions,
the ambient and WCAC coolant temperature had to be relatively low, around
15�C. The limit temperature at which condensation occurs is calculated with
the psychrometric model and depends largely on the speci�c humidity in the
exhaust, which in turn depends directly on the fuel formulation, in particular
the hydrogen content.

In this section, the psychrometric model explained in subsection 3.4.2 is
used as a preliminary approach to assess the impact of fuel formulation on
condensation. With a view to decarbonization, �ve di�erent fuels have been
simulated with the model, being four of these low-carbon fuels with a potential
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Figure 4.44. E�ect of condensation accumulation on percentual THC with respect
to no EGR operation.
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Figure 4.45. Critical temperature for condensation formation as a function of the
intake pressure and fuel formulation.

application in SI engines in the future. The fuels in question are: gasoline (same
fuel as the rest of the study), methane, methanol, hydrogen and ammonia. A
constant EGR rate of 25% is set for all simulations and fuels, and the intake
manifold pressure is changed from 0.75 to 1.5 bar in order to represent a wide
range of conditions at stoichiometric operation. Then, the limit ambient and
WCAC coolant temperature at which condensation occurs in the WCAC is
obtained and depicted in Figure 4.45.
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As observed, condensation in the WCAC is induced between 20 to 40�C
with a traditional gasoline used in the tests. This result is in line with what
has been analysed so far, with 15�C as the temperature chosen for the activity.
As the ratio of hydrogen to carbon is increased with methane and methanol,
the limit temperature increases 5 to 10�C at a given intake pressure and
the same EGR level. This means that to avoid condensation, the WCAC
coolant and ambient temperatures must be increased, so there is a greater
limitation with these fuels. For zero-carbon fuels as ammonia and hydrogen,
the limit temperatures are above 40�C in the best case of the study at low
intake pressures, reaching values between 60 and 70�C in the worst cases. In
the case of these fuels, water condensation would occur even at temperatures
much higher than normal ambient temperatures, promoting condensation also
in the EGR cooler and by mixing with air. This would force the WCAC to
operate at outlet temperatures much higher than usual nowadays, limiting the
power output of the engine given the reduced amount of charge introduced at
the same volumetric e�ciency. The results obtained for the limit temperature
are justi�ed by the speci�c humidity in the exhaust gases of each fuel, from
81.9 grams of water per kilogram of dry air in gasoline, to 140.9 and 177.6
grams of water per kilogram of dry air for methane and methanol respectively
and 339.5 and 458.7 grams of water per kilogram of dry air for hydrogen and
ammonia respectively.

However, the direct e�ect of condensation on combustion, e�ciency and
emissions due to sudden dilution could be very di�erent for each fuel. Moreover,
the current study was performed at stoichiometric conditions, which for these
fuels, especially hydrogen and ammonia, may not be fully representative given
the reactivity, knock resistance, variability and the concern of each fuel with
emissions [26, 33�35]. For this reason, a second study is performed with the
model for these fuels at a constant intake pressure of 1 bar in order to see
the e�ect of lambda, since leaner operation than with gasoline is expected.
Figure 4.46 shows the evolution of the limit temperature for condensation with
lambda from 1 to 1.5.

As lambda increases, less water is produced in the combustion process,
reducing the speci�c humidity at the exhaust and the critical temperature for
condensation. However, there is only a few degrees reduction, around 5 and
7�C for ammonia and hydrogen respectively. The critical temperature level is
still above typical ambient values, beyond 40�C, so high intake temperatures
should be induced in order to avoid this problem, reducing the engine power
output and knock resistance.
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Figure 4.46. Critical temperature for condensation formation as a function of
lambda and fuel formulation.

In order to completely assess the phenomenon, speci�c studies on EGR
water condensation with di�erent fuels would be required in order to quantify
the possible e�ect of sudden dilution on stability, e�ciency and emissions.
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4.4 Summary and �ndings

This chapter has presented a deep analysis of a cooled low-pressure EGR
system in a gasoline engine from several points of view. The in�uence of the
engine calibration and the tolerance to EGR inclusion was studied in section 4.1
with a view to the e�ect on emissions and catalyst operation. A methodology
to deocuple the e�ects coming from IGR and EGR was presented in section 4.2
from emissions, combustion and e�ciency perspective. Finally, the problem of
water condensation of a low-pressure EGR circuit was assessed in section 4.3,
analysing the sudden dilution that can occur when water droplets appear in the
WCAC and enter the cylinders, resulting in combustion instabilities, altered
emissions and e�ciency. Moreover, a preliminary analysis of this problem was
performed for several fuels that are being implemented nowadays with a view
to decarbonization.

An experimental campaign based on a design of experiments was performed
in section 4.1, in order to assess the impact of EGR addition and in�uence on
optimal calibration in a gasoline engine. The main variables of the DoE were
the spark advance, the VVT at intake and exhaust and the LP-EGR rate. The
following conclusions were extracted from the study:

� EGR addition has an impact on the optimal calibration of the spark
timing, advancing it as dilution increases due to improved knock
resistance and lower �ame speed. Similarly, the VVT settings need to be
adjusted, especially at low loads, the interaction with internal residuals
being crucial.

� A linear decay of NOx is obtained with EGR addition, together with
an increase in HC, as expected given the lower in-cylinder temperatures
and oxygen concentration. Carbon monoxides are generally reduced with
EGR, but the trend is almost �at with great concentrations of internal
residuals given the nearly constant amount of total residuals as EGR is
introduced.

� The ideal catalyst operation can be a�ected by the change in composition
of the exhaust gases, reducing the di�erence between oxygen available
and required for HC and CO abatement. This could imply the need to
operate at slightly lean conditions for high EGR rates.

In section 4.2, a methodology was developed in order to further decouple
the e�ects coming from EGR and IGR at a low load condition, given the
higher sensitivity of IGR with VVT. From the DoE tests and with the �tting
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model, three equally spaced levels of RGF were obtained, with di�erent shares
of EGR-IGR at each.

First, two spark strategies are de�ned in order to decouple temperature
and composition e�ects. The spark is set constant for each RGF level in
the Isospark strategy, whereas the spark is adjusted in order to achieve the
same temperature at combustion start in the Isotemperature strategy. The
conclusions from this part were:

� In general, the induction time and the time of combustion are both
increased with RGF, being reduced as the share of IGR increases
probably due to higher temperatures compared to EGR.

� For the Isospark tests, a maximum decrease in induction time with IGR
of 1.5 CAD for 13% and 2.3 CAD for 27% could be expected from the
laminar �ame speed rate correlation. This prediction is suitable for 13%,
but falls short for 27%, with a reduction of 4 CAD. This is a clear
indicator of the composition e�ect.

� Similarly, in the case of Isotemperature tests, the induction time is also
reduced with IGR at 27% RGF despite the same temperature at the start
is forced, con�rming the composition e�ect.

Finally, the spark is optimized in the Optimal strategy, obtaining the
following �ndings:

� Increased induction times and TOC are obtained with RGF and EGR
compared to IGR, with �atter trends for low RGF levels. The correlations
for both combustion parameters slightly overpredict the experimental
value, at most 1 CAD.

� Greater RGF levels would reduce both PMEP and BSFC, with an
advantage for EGR in terms of e�ciency given the lower heat transfer
losses. The exception is found at 27%, where greater IGR concentrations
result in better BSFC driven by the PMEP improvement due to the high
overlap condition.

� In terms of emissions, hydrocarbons are increased both with RGF and
EGR. For nitrogen oxides, the opposite trend is observed, being increased
with IGR given the higher temperatures.
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The problem of sudden dilution induced by LP-EGR condensation has been
explained in section 4.3, basing the analysis on the publication by Galindo
et al. [36]. The problem of EGR condensation has been deeply studied for
compression ignition engines, specially from corrosion, compressor damage and
icing. However, this problem can be more severe for spark-ignited engines
given the higher speci�c humidities in the exhaust, even more in the case
of alternative fuels in the search for decarbonization as hydrogen, ammonia,
natural gas or methanol. Besides, the problem of water droplets reaching the
cylinders is yet to be completely studied.

In this sense, the analysis presented in section 4.3 focuses on the sudden
dilution induced by water droplets evaporating in the cylinder, increasing the
air density and the volumetric e�ciency. This phenomenon, very similar to the
principle of operation of the water injection technique, is unwanted because,
unlike this technique, it cannot be controlled as it appears suddenly.

Three di�erent condensation sources can be found in the experimental set-
up: the LP-EGR cooler, mixing EGR gases with fresh air at low ambient
temperatures and the WCAC. Since the intention of the study was to explore
the e�ect of water droplets inside the cylinder, the �rst two condensation
sources are supressed in order to protect the compressor wheel. Condensation
in the LP-EGR cooler is prevented by connecting it to a high-temperature
cooling circuit at 90�C, whereas mixing condensation is prevented by using
the psychrometric model explained in subsection 3.4.2 in order to choose an
ambient and WCAC coolant temperature (set equal) that allow condensation
only to occur in the WCAC. Finally, the temperature for the activity was 15�C.

Condensing conditions, con�rmed via endoscope, were tested during 20
minutes at 1500 rpm at two load conditions, 6 and 12 bar BMEP, and at
3000 rpm at 12 bar BMEP. Besides, a lambda sweep was performed at each
operating condition in order to compare dilution levels. The analysis was
performed based on combustion stability, e�ciency and emissions compared
to optimal strategies without EGR. Finally, a prelimanry assessment of this
problem was performed with the condensation model for new fuels with a view
to decarbonization. The main conclusions extracted from this study were the
following:

� At the beginning of the test, all cases fell within an acceptable
variation of IMEP. As time elapsed, water droplets accumulated and
released, deteriorating combustion in speci�c cycles and reaching a steady
situation beyond 10 minutes.
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� The instability observed is directly related to more individual cycles with
longer combustions, since the mean CA50 and TOC based on the cycles
within a 10% variation of the IMEP remained very similar, with a slight
decay in combustion speed. In this sense, the instability is caused by the
sudden arrival of water and the dilution caused.

� Applying fuel enrichment solved instabilities, proving the charge dilution
e�ect in individual cycles. The dilution level is estimated around 5% by
comparing the share of cycles within groups of CA50 with a lambda
sweep. However, fuel enrichment cannot be proposed as a suitable
solution as the problem only a�ects speci�c cycles, thus considerable
damage to e�ciency and hydrocarbon emissions would occur.

� Not all operating conditions were a�ected to the same extent. At higher
engine loads, higher in-cylinder temperatures are expected, so faster
and more stable combustions are obtained, making these conditions less
susceptible to instabilities even with greater rates of condensed water.
Following this explanation, 1500 rpm at 12 bar BMEP shows the greatest
stability given the highest relative load and the lowest spark advance
level, promoting higher temperatures at combustion start.

� The increased variability in combustion produced an spoilage in fuel
consumption between 3 to 5% depending on the operating condition.
However, better fuel e�ciencies are obtained even in the worst
condensation case compared to the best strategy without EGR except
for 1500 rpm at 6 bar BMEP.

� NOx emissions decreased between 10 and 40% with time whereas HC
increased between 10 and 30% due to worse combustions and reduced
temperatures, specially at low engine loads with more frequent mis�res.
For this reason, an iso-NOx strategy could be proposed in order to keep
nitrogen oxides low, reducing the EGR rate with time in order to mantain
HC and BSFC to the lowest possible.

� The greater speci�c humidity in the exhaust for the fuels that are
being investigated for decarbonization increases the problem of WCAC
condensation compared to traditional gasolines. In this way, the limit
temperature for condensation appearance is increased beyond normal
ambient temperatures, increasing around 10 degrees for methane and
methanol, and 20 degrees for ammonia and hydrogen compared to
gasoline. This could extend the problem to the EGR cooler and mixing
with air, with a potential damage to the compressor.



202 4. Cooled low-pressure EGR system impact on engine operation

The arrival of drops of water in the cylinder from EGR condensation
has been shown to be a non-negligible phenomenon and must be studied
and avoided. In this sense, a simple psychrometric model depending on
EGR rate, intake pressure and temperature should be included in the engine
controller to detect condensation. In this way, condensation can be reduced or
suppressed changing the EGR rate or the WCAC coolant temperature. If no
control is applied, there is a risk to operate under non-optimal conditions
of fuel e�ciency and emissions, especially hydrocarbons that may not be
fully oxidized by the aftertreatment. Future low and zero-carbon fuels could
present this problem to a higher extent, given its higher hydrogen-to-carbon
ratio compared to a traditional gasoline. In order to avoid this, a simple
psychrometric model should be included in the engine controllers so that
condensation could be quickly evaluated based on EGR, intake pressure and
temperature and mitigated. Alternatively, highly unstable conditions could
appear in combustion, a�ecting fuel consumption and emissions.
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Once the baseline low-pressure EGR system has been reviewed in depth
together with its interaction with internal residuals and its implications on
engine operation, other alternative architectures for EGR operation are studied
in this chapter. First, this LP-EGR system is compared to a high-pressure one
from recirculability limits, combustion, pumping work, heat losses, e�ciency
and emissions perspective. An overall assessment of all conditions tested is
also performed, comparing these two EGR circuits with the only IGR optimal
strategy.

Besides, another low-pressure EGR structure is implemented in the engine,
called pre-catalyst, since the extraction of the exhaust gas is upstream the
TWC. A comparison between this system and the normative one presented in
chapter 4 is performed in section 5.2. This pre-catalyst system has several
implications on the composition and temperature of the exhaust recycle,
making it more similar to a high-pressure one.

5.1 Comparative analysis of LP and HP-EGR

With a deep review of the low-pressure EGR system in chapter 4,
a comparison with a custom made high-pressure system is performed in
this section. First, the recirculability limits of each circuit are studied in
subsection 5.1.1. Then, two di�erent operating conditions are compared in
subsection 5.1.2 from combustion, pumping and e�ciency perspective. The
conditions are chosen in order to represent throttling area (1500 rpm at 6 bar
BMEP) and the transition to turbocharging area (3000 rpm at 12 bar BMEP).
Lastly, an overall assessment of all operating conditions tested is performed in
subsection 5.1.3, by comparing the e�ects of the optimal conditions found with
each EGR circuit and the only IGR optimal calibration.

Following the DoE methodology described in section 4.1, the optimal
calibration for e�ciency in terms of VVT settings is obtained with and without
EGR for di�erent operating points. To compare both EGR systems, an EGR
sweep is performed on each circuit at the same VVT setting, the optimal found
for the best fuel consumption with LP-EGR within stable limits. In this sense,
the throttle and VGT positions are adjusted to maintain the engine load of
the test, and di�erent EGR rates are obtained with the valves of each EGR
circuit. In the case of HP-EGR, throttling and the VGT rack position may
also be used to increase the pressure di�erential between intake and exhaust
manifolds, thus the rate of recycled gas. The spark advance is set based on the
e�ciency criterion explained in [1], centering combustion with a CA50 value
between 7 and 10 CAD aTDC. This criterion can be limited by knock at some
operating conditions, specially at high loads, low engine speed and low EGR
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rates. A summary of the optimal VVT settings, spark timings and EGR rates
used for all tested operating conditions is shown in Table 5.1.

Table 5.1. Operating conditions tested for LP and HP comparison.

Engine VVT LP-EGR HP-EGR

Point Int - Exh EGR rate Spark Advance EGR rate Spark Advance

rpm - bar [º] [%] [º bTDC] [%] [º bTDC]

1500 - 6 0 - 0 0 - 30 7 - 27 0 - 25 7 - 27

1500 - 12 14 - 3 0 - 30 1.5 - 22 0 0 - 1.5

2000 - 6 0 - 0 0 - 26 9.5 - 35 0 - 29 9.5 - 35

2000 - 15 17 - 8 0 - 29 0 - 21 0 -1 - 0

2500 - 14 29 - 2 0 - 29 4 - 27 0 - 5 4 - 5.5

3000 - 12 18 - 2 0 - 25.5 7.5 - 30 0 - 19 8 - 17

4500 - 19 40 - 0 0 - 19 -3 - 14 0 - 9 -3 - 6

All high-pressure EGR tests are simulated with the 1D engine model
explained in subsection 3.4.1 in its �tting con�guration in order to obtain
the HP-EGR rate, given the complexity to obtain it experimentally due to the
compactness of the line and the little space available for the mixture between
recycled and fresh gas. Note that at 1500 rpm and 12 bar BMEP and at 2000
rpm and 15 bar BMEP no EGR could be recirculated with the high pressure
circuit given the pressure di�erential. This phenomenon will be explained in
detail in subsection 5.1.1.

5.1.1 Recirculability limits

In this section, the capability of each system to recirculate exhaust gas is
assessed, with particular attention to HP-EGR cases where it was impossible
to recirculate any exhaust gas, at 1500 rpm at 12 bar BMEP and 2000 rpm
at 15 bar BMEP. A summary of the maximum EGR rate and the main limit
for recirculability is shown in Table 5.2. In general, greater EGR rates can be
recirculated with the LP system except for the low load condition at 2000 rpm,
in which throttling was used for HP.
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Table 5.2. Recirculability limits for each operating condition and EGR circuit.

Engine VVT LP-EGR HP-EGR

Point Int - Exh Max EGR rate Limit Max EGR rate Limit

rpm - bar [º] [%] [-] [%] [-]

1500 - 6 0 - 0 30 COV 26 COV

1500 - 12 14 - 3 30 VGT 0 ∆P

2000 - 6 0 - 0 26 COV 28 COV

2000 - 15 17 - 8 29 P MAX 0 ∆P

2500 - 14 29 - 2 29 COV 4 ∆P

3000 - 12 18 - 2 25.5 ∆P 18 ∆P

4500 - 19 40 - 0 19 T2 14 COV

In the case of the LP-EGR system, the main restrictions were due to stable
operation. In the case of 12 bar BMEP, both 1500 and 3000 rpm, tests are
limited by the pressures at the ends of the EGR circuit. In the case of 1500
rpm, the VGT is fully closed and no more choking can be performed at the
injection point to increase the rate. For 3000 rpm, although there is room to
close the VGT, any further choking position that was attempted led to the
loss of engine load. In the case of 2000 rpm at 15 bar BMEP, the maximum
in-cylinder pressure for this regime was achieved so recirculation was limited
for safety reasons. In the maximum power output condition, at 4500 rpm, the
need for boosting led to the compressor outlet temperature limit at 170�C.

For the HP-EGR, only low load points and the maximum power output
condition were limited by stability. Although the average of the four cylinders
was within acceptable ranges, some cylinders signi�cantly exceeded them. All
other operating conditions were limited by the di�erence between intake and
exhaust pressure manifolds once the EGR valve was fully open. The mid load
points at 1500 and 2000 rpm were studied in depth, since no combination of
EGR valve, VGT or throttle resulted in a minimum of recirculated exhaust
gas. Figure 5.1 shows the pressure evolution at the intake (blue) and exhaust
(red) manifold along the cycle together with the instantaneous EGR mass �ow
(green) for two cases of each sweep with maximum EGR valve opening, at
1500 rpm at 12 bar BMEP at the top and at 2000 rpm at 15 bar BMEP on the
bottom. Note that the black line marks the change from positive to negative
EGR �ow.
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Figure 5.1. Evolution of intake manifold pressure (blue), exhaust manifold pressure
(red) and EGR mass �ow (green) for 1500x12 (top) and 2000x15 (bottom).

As expected, the pressure pulses in the manifolds generate situations in
which the ∆P is positive and negative depending on the valve events, despite
the mean value of exhaust pressure being 0.03 bar higher than the intake one
for both cases. As soon as the exhaust pressure pulse is slightly higher than
that of the intake manifold, positive EGR �ow is observed. However, when
the intake pressure overcomes the exhaust pressure, reverse EGR occurs owing
to the negative values of the EGR �ow. In the end, the net EGR �ow for all
tested conditions at these operating conditions are negative and close to zero,
corresponding to reverse EGR.

In these two operating conditions, some simulations were run with the
�tted model in order to investigate if any HP-EGR could be recirculated
with di�erent calibrations, even though these would imply a deterioration in
e�ciency. With this aim, two approaches were made:
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� VVT settings: the �rst approach consisted of changing the evolution
of the ∆P with the VVT, so that the EGR mass �ow could be increased
and the reverse �ow reduced or supressed. To do so, a DoE covering 25
combinations of intake and exhaust VVT was simulated.

� Combustion: the second approach was to change the combustion
centering with the spark timing. Di�erent combustion centerings and
duration around the experimental value were simulated, promoting
higher exhaust temperatures and pressures.

The two proposed strategies would mean a reduction in e�ciency with
respect to the reference test that should be o�set by the e�ects of the addition
of EGR. This also means that in some way, the comparison with respect to
operation without EGR would start at a disadvantage. However, none of the
proposed strategies resulted in a signi�cant HP-EGR rate.

5.1.2 Low and mid load operation

As already mentioned, in this section the low load condition of 1500 rpm
at 6 bar BMEP (top graphs) and the mid load condition of 3000 rpm at 12 bar
BMEP (bottom graphs) are studied. The blue color and squares are used for
LP-EGR and the red color with diamonds are used for HP-EGR in all charts.
Since part of the analysis is based on the �tting model results, a brief validation
of the results is shown in Figure 5.2 in terms of air mass �ow, intake and exhaust
pressures, displayed with solid, dashed and dotted line respectively.

A 5% error with respect to the test is set as the limit for each of the variables
displayed. Note that the instantaneous pressure pulses in the manifolds are
also veri�ed. Since the EGR rate is unknown, the valve of the EGR circuit is
used to obtain the experimental air mass �ow, giving the EGR rate as a result.

In Figure 5.3, the mean pressure evolution with EGR at the intake manifold
(solid line), exhaust manifold (dashed line) and turbine outlet (dotted line) are
displayed. Note that in the case of 1500 rpm, the intake pressure is shown on
the left axis, whereas the exhaust manifold and turbine outlet pressures are
shown on the right axis due to di�erent scaling. In the case of 3000 rpm, a
dotted vertical black line is used in order to di�erentiate between throttling
(left) and boosting (right) areas.

As explained, a higher intake pressure is needed in order to move an
increased mass �ow running towards the cylinders due to the addition of EGR.
The intake pressures, obtained in the case of 1500 rpm with greater throttle
positions, are slightly higher for the HP-EGR system in both conditions.
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(b) 3000 rpm - 12 bar BMEP

Figure 5.2. 1D model validation for 1500x6 (top) and 3000x12 (bottom). Solid line:
Air mass �ow; Dashed line: Intake pressure; Dotted line: Exhaust pressure.

Despite achieving higher rates with the LP-EGR system, the intake pressure
level of the HP-EGR is not reached at 1500 rpm. When comparing the exhaust
pressure at 1500 rpm, it can be seen that there is a clear pressure reduction
in the HP-EGR system promoted by the extraction of the exhaust gas before
its arrival at the turbine. Besides, the di�erence in exhaust pressure between
systems increases as more EGR is recycled as for the LP system the trend is
increasing and for the HP system is decreasing. The same trend is obtained
at 3000 rpm up to 10% EGR. From this point on, the usage of the VGT is
needed to maintain the engine load, promoting a change in the P3 trend.

One of the dominant factors when recirculating exhaust gas with HP is
the pressure di�erence between manifolds, thus the ends of the EGR circuit.
This di�erence is clearly reduced with EGR, despite having a notable margin
at 1500 rpm. Moreover, the recirculability limits are also very marked by
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Figure 5.3. Pressures comparison between LP-EGR (blue) and HP-EGR (red) for
1500x6 (top) and 3000x12 (bottom). Solid line: P2; Dashed line: P3; Dotted line:
P4.

the pressure pulses that directly in�uence the instantaneous �ow that passes
through the valve, causing reverse EGR at certain moments of the cycle. This
e�ect is diluted in the low-pressure system due to the nature of the circuit,
which attenuates the pulses, in addition to the possibility of regulating the
pressure in the EGR injection area with a choke valve. In the end, the similar
pressure levels of the manifolds is the main limiting to recirculate greater EGR
rates at 3000 rpm.

In terms of spark advance in Figure 5.4, greater advances are used since the
level of dilution with EGR is increased, obtaining longer combustions. Spark
is advanced based on the CA50 computed online, with the goal of centering
it around 7 to 10 CAD aTDC [1]. At 3000 rpm, the spark level of the LP
circuit is slightly higher than the HP circuit. This could be an indicator of a
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slower combustion with LP when the CA50 is constant due to lower in-cylinder
temperatures, or an indicator of a greater knock resistance for tests with CA50
beyond 10.
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Figure 5.4. Spark advance comparison between LP-EGR (blue) and HP-EGR (red)
for 3000x12 (top) and 2000x6 (bottom).

The mean coe�cient of variation of the IMEP is displayed in Figure 5.5.
Increased dilution with EGR leads to more unstable combustions that a�ect
the IMEP stability of the test, being this fact the limiting factor for EGR
recirculation at low loads, at which the in-cylinder temperatures are relative
low. Despite the mean COV not reaching the limit set for this load at 3.33%,
at least one cylinder exceeded it. In the case of 3000 rpm, COV limit at 2% is
not exceeded and the main limit for EGR operation is the pressure di�erence
between manifolds.

The e�ects of the EGR systems on combustion timings are shown in
Figure 5.6. Since the spark advance is monotonically increasing with EGR,
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Figure 5.5. COV of the IMEP comparison between LP-EGR (blue) and HP-EGR
(red) for 1500x6 (top) and 3000x12 (bottom).

and the CA10 is almost kept constant with a slight reduction trend, it can
be stated that the induction time is naturally increased with EGR for both
conditions, as expected due to reduced laminar combustion propagation. In
this sense, the �rst phase of combustion development is slowed with lower
oxygen concentrations. Since the spark advance is set to obtain an almost
constant CA50 value between 7 and 10 CAD aTDC, the greater spark advances
needed to achieve a similar CA50 indicates a slower combustion from spark
event to CA50, also from CA10. Knock events did not limit the spark setting
at 3000 rpm since the CA50 target was easily obtained. As expected, the
time of combustion obtained is increased with EGR. However, an almost �at
trend is obtained for low to medium EGR rates at medium load, whereas a
clear increase is obtained beyond 15%. This trend was also obtained at other
medium load conditions.
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Figure 5.6. Combustion timings comparison between LP-EGR (blue) and HP-EGR
(red) for 1500x6 (top) and 3000x12 (bottom). Solid line: Induction Time; Dashed
line: CA50; Dotted line: TOC.

The intake pressure increase is directly translated into reduced pumping
losses for both systems as depicted in Figure 5.7. The pumping losses are
displayed in percentage with respect to the 0% EGR case, so that only the
e�ect of EGR addition is accounted. The reduction e�ect is ampli�ed in the
case of the HP system due to the exhaust pressure reduction, achieving even
lower pumping levels for both regimes. A reduction of around 30% is obtained
with the LP system at 1500 rpm, whereas the HP system achieves a further
reduction of almost 50%. In the case of 3000 rpm, the increase in P3 promoted
by the VGT position beyond 10% EGR reduces the bene�t in pumping losses.
However, a bene�t is always obtained with respect to LP and to the reference
point and.
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Figure 5.7. ∆PMEP comparison between LP-EGR (blue) and HP-EGR (red) for
1500x6 (top) and 3000x12 (bottom) with respect to 0% EGR.

The energy balance is shown in Figure 5.8, with the top row for net
indicated e�ciency, the middle row for in-cylinder heat transfer and the bottom
row for the energy at the exhaust. Note that the sum of these three is equal
to 100% for each and every test, as expected, but results are showed as a
percentual variation with respect to the �rst case (0% EGR) in order to assess
the e�ect of EGR addition. Despite longer combustions and lower temperatures
are obtained due to EGR dilution, bene�ts are observed on indicated e�ciency
due to pumping and better combustion phasing. A noticeable increase in
the indicated e�ciency is observed for both EGR systems and conditions.
However, the slope of the curve �attens for greater EGR rates, the main
reason for this being the appearance of more unstable cycles. At 3000 rpm,
the deterioration in pumping losses already explained also is also a�ecting.
This was also observed in other conditions, even causing the trend to reverse.



220 5. Alternative EGR architectures

In terms of in-cylinder heat transfer, a reduction is observed with respect to
operation without exhaust gases due to the temperature reduction associated
with a lower reactivity and the greater ratio of speci�c heats for the two systems
tested. Comparing EGR circuits, the higher temperatures of the HP system
given the extraction of the gases upstream the turbine would induce more heat
transfer than in the case of LP. The remaining energy is expelled to the exhaust,
with an increase in this term for both operating conditions but with a very �at
trend in HP-EGR at 1500 rpm. This is explained by the greater total �ow,
which increases with the EGR rate, despite the lower exhaust temperatures.
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(f) 3000 rpm - 12 bar BMEP

Figure 5.8. Energy balance comparison between LP-EGR (blue) and HP-EGR (red)
for 1500x6 (left) and 3000x12 (right) with respect to 0% EGR. Top row: Indicated
e�ciency; Mid row: In-cylinder heat transfer; Bottom row: Exhaust energy.
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The sum of all the aforementioned e�ects is the result of the break speci�c
fuel consumption shown in Figure 5.9, depicted as a percentual variation with
respect to no EGR operation. The addition of exhaust gases increases the
break e�ciency for both systems. A very similar fuel consumption reduction
is obtained for both circuits at 1500 rpm, with a slight advantage for the HP
circuit. The main di�erence is found for the points at maximum EGR rate,
outside stable operation. In the case of 3000 rpm, EGR addition seems more
bene�tial for the HP circuit at all rates, but since the LP circuit is capable of
recirculating more EGR, it achieves a small advantage in consumption.
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Figure 5.9. ∆BSFC comparison between LP-EGR (blue) and HP-EGR (red) for
1500x6 (top) and 3000x12 (bottom) with respect to 0% EGR.

5.1.3 Overall assessment

The optimal EGR rate for fuel consumption is shown in Figure 5.10 for all
conditions tested. This EGR rate is the one that provides the best e�ciency
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within stable limits of COV. In general, higher EGR rates are recirculated with
the low pressure circuit, especially at medium load, given the greater pressure
di�erences that exists between the ends of the circuit compared to the high
pressure one. It is noteworthy the case of 2500 rpm and 14 bar BMEP, where
very low EGR rates were recirculated with the high-pressure circuit, following
the problem explained in subsection 5.1.1. In this sense, not much bene�t
could be obtained with HP-EGR in this operating condition.
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Figure 5.10. Comparison of optimal EGR rate obtained for best BSFC within stable
limits between LP-EGR (blue) and HP-EGR (red) for all tested conditions.

The net variation in PMEP and the percentual variation in BSFC achieved
with the optimal EGR rate for e�ciency are depicted in Figure 5.11 and
Figure 5.12 respectively for all tested conditions. These variations have been
calculated with respect to two di�erent conditions without EGR. First, the
variation with respect to 0% EGR at a constant VVT calibration, thus the �rst
point in each EGR sweep performed, is shown with solid lines. Second, the
variations are computed with respect to the optimal conditions found with the
only IGR strategy, and are shown with dashed lines. In this sense, any negative
value would mean a bene�t of EGR addition with respect to the reference point,
whereas positive values would mean a bene�t for the corresponding no EGR
strategy. In this sense, and since the dashed lines are computed based on the
best possible strategy without EGR, these lines should always be above the
solid ones in terms of BSFC.

The HP circuit is always a better pumping loss reducer than the LP-circuit.
This is easily explained by the extraction of the exhaust gas upstream the
turbine, which reduces the total amount of �ow and the back pressure. Besides,
the intake pressure is further increased in some cases compared to the LP-EGR
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circuit, specially at low loads. In the case of 2500 and 4500 rpm, these are the
only conditions in which LP-EGR addition turns out not to be bene�cial for
pumping losses due to the usage of the VGT. This trend does not appear with
HP-EGR, which always reduces PMEP compared to normal operation. This
is expected to occur at any other high load condition with the low-pressure
circuit, more the lower the regime is. It must be noted that the only IGR
strategy provides better pumping losses at low loads than the LP circuit owing
to a LIVC strategy. However, this advantage fades compared to the high-
pressure circuit, making the HP-EGR strategy slightly better from pumping
perspective.
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Figure 5.11. Optimal ∆PMEP comparison for all tested conditions between LP-
EGR (blue) and HP-EGR (red) with respect to 0% EGR at same calibration (solid
line) and optimal IGR calibration (dashed line).

For fuel consumption, EGR strategies are in general bene�tial compared
to both non-EGR strategies. Moreover, the only IGR strategy is always better
than the 0% EGR case of the sweep, as expected, including at 3000 rpm, being
this one the case with the least di�erence. It is noteworthy that the only
condition in which EGR addition with the high-pressure circuit achieves a
better fuel consumption than the low-pressure one is at 1500 rpm. Apart from
this point, all LP-EGR sweeps reduced fuel consumption to a greater extent
than HP-EGR, despite the pumping losses. This is explained by the lower
heat transfer losses of the LP-circuit, both at equal and optimal EGR rates.
It must be stated that better e�ciencies could be obtained with the only IGR
strategies at 1500 rpm compared to the LP circuit and at 2500 rpm compared
to the HP circuit. In this way, if only one of these EGR circuits were mounted
on the engine, the best consumption strategy would be not to use EGR at the
point in question. In the case of mounting both circuits, the only IGR strategy
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would never be the best one for consumption, and a transition between circuits
should be made. The usage of both circuits at the same time should be further
explored and it is proposed as future works.
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Figure 5.12. Optimal ∆BSFC comparison for all tested conditions between LP-EGR
(blue) and HP-EGR (red) with respect to 0% EGR at same calibration (solid line) and
optimal IGR calibration (dashed line).

The emissions analysis is shown in Figure 5.13, with the percentual
variation of NOx in the top row, HC in the middle row and CO in the bottom
row. In terms of nitrogen oxides, the addition of EGR is proven as a good
reduction technique with both circuits, with a slight advantage for LP due to
the lower temperatures. However, there are some exceptions worth mentioning.
In the case of 2500 rpm with HP-EGR, the low rate achieved does not provide
a great reducing e�ect on nitrogen oxides, as expected. Moreover, at 4500 rpm,
enrichment suppression results in a greater production of nitrogen oxides with
HP-EGR addition. With the LP circuit, NOx is still reduced in this condition
given the lower temperatures. Comparing with the IGR only strategy, it is
notable that the reduction produced in NOx is less at low loads. This is
explained by the fact that at low loads, the optimal strategy with only IGR
is achieved with high overlap conditions, reaching very high levels of dilution
through residuals, so the nitrogen oxides level in this tests were much lower
than that of the 0% EGR cases in the sweeps. For HC, the totally opposite
trend is observed, increasing as EGR is introduced, especially with the low-
pressure circuit, given the lower temperatures. The only case close to a 0%
variation in hydrocarbons is again at 2500 rpm with HP-EGR, due to the
low rate achieved. Moreover, the high dilution achieved with only IGR at low
loads is con�rmed since the variation in hydrocarbons is lower compared to the
�rst case of the EGR sweep. Again, the high temperatures of the HP-circuit
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combined with enrichment suppression results in reduced HC at 4500 rpm. In
general, EGR usage reduces carbon monoxide production, especially when the
low-pressure circuit is used. In this sense, it seems that the fact of slowing
down the dissociation of CO2 formed during combustion is a factor of greater
weight than the fact of freezing the carbon monoxide oxidation reaction, since
the result in CO is a balance between these two factos. It should be noted that
with the only IGR strategy, the same CO levels are achieved as with EGR for
low loads and at 2500 rpm.
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Figure 5.13. Emissions comparison for all tested conditions between LP-EGR (blue)
and HP-EGR (red) with respect to 0% EGR at same calibration (solid line) and
optimal IGR calibration (dashed line). Top row: NOx; Mid row: HC; Bottom row:
CO.
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5.2 E�ects of recirculated gas composition (pre-post
catalyst)

In this section, two LP-EGR con�gurations are tested and compared.
The �rst one, which is always shown in blue, is called POST and it is the
same con�guration used to compare with the HP-EGR circuit in section 5.1.
The second one, shown in orange, is called PRE. The di�erence between the
two systems lies in the extraction point of the EGR with respect to the
aftertreatment system, in this case a TWC. For the LP-EGR POST, the
extraction point remains downstream the TWC as in the case of the LP
sweeps in section 5.1, whereas in the case of LP-EGR PRE, the extraction
point is moved upstream the TWC. This change in exhaust gas extraction
has several implications in combustion, since the composition of the gas is
very di�erent, with more fuel traces in the form of HC and CO, as well as
NOx, for the PRE con�guration. Besides, the extraction point will change the
back pressure downstream the turbine and the temperature of the exhaust gas
running towards the intake line.

The two LP-EGR con�gurations were tested in the same seven engine
operating conditions of speed and load as the comparison between HP and
LP and with the same VVT con�guration. In this sense, the LP-EGR sweep
in section 5.1 is the same as in this section, but was repeated due to changes in
the hardware and to eliminate any variable that may have changed due to wear
associated with time and that may distort the comparison between systems. A
comparison of the two LP-EGR sweeps was performed in order to ensure that
the observed trends hold.

The tests are carried out by achieving the engine load with the throttle or
the VGT position with the optimal VVT calibration found for EGR and at
stoichiometric conditions except for the highest load case. The EGR rates are
achieved with the combination of the LP-EGR and the choke valves, the latter
being placed upstream the compressor. For the spark timing, two di�erent
strategies have been followed. The �rst one, called Isospark, is keeping the
same spark timing as in the LP-EGR sweeps in section 5.1 and it is shown in
lighter colours. With this spark strategy, the implications of each system on
combustion speed can be better assessed. The second strategy aims for the
best e�ciency of each sweep, following the criteria of CA50 between 7 and 10
CAD as in [1] when possible, since there is still a limitation with knock and
exhaust temperature in some cases. With this spark strategy, the feasibility of
the systems is better compared in terms of emissions and e�ciency.
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Following the structure presented in the comparison between LP and HP-
EGR circuits, the comparison is divided into two parts. First of all, both
EGR con�gurations are compared for two di�erent operating conditions in
subsection 5.2.1: 1500 rpm at 6 bar BMEP on the left hand side and 2500
rpm at 14 bar BMEP on the right hand side. These operating conditions are
representative of the throttling and boosting area respectively. The comparison
is made based on combustion, stability, intake pressure, pumping losses and
fuel e�ciency. In subsection 5.2.2, all operating conditions are assessed in order
to observe general trends in terms of compressor operation, optimal EGR rates,
fuel e�ciency, PMEP, energy balance and emissions.

5.2.1 Low and mid load operation

Figure 5.14 shows the comparison between EGR systems for spark
timing (top row) and CA50 (bottom row) for the two operating conditions
aforementioned, 1500 rpm at 6 bar BMEP (left) and 2500 rpm at 14 bar BMEP
(right). Note than the lighter colors are for the Isospark strategy, whereas the
darker colors are for the optimal one, with more advanced spark levels, keeping
orange for PRE and blue for POST.
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Figure 5.14. Spark timing (top row) and CA50 (bottom row) comparison between
POST (blue) and PRE (orange) for 1500x6 (left) and 2500x14 (right).
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For both operating conditions, advanced spark levels are needed for
stability as EGR is introduced, reaching very similar levels between systems.
Note that for 2500 rpm, the recirculability of the PRE system is reduced at
optimal conditions compared to POST. This is also observed when comparing
between spark strategies. Naturally, increased CA50 values are obtained with
the Isospark strategy, denoting slower combustions. It is noteworthy that
with the PRE system, faster combustion is obtained at 1500 rpm, contrary to
what is observed at 2500 rpm, demonstrating the advantage that fuel traces
and increased temperatures can have at low loads and speeds. Note that
the optimal spark at 2500 rpm is limited by knock probability at low EGR
rates. the remaining parameters used for the combustion analysis are shown
in Figure 5.15, with the induction time in the top row and the TOC in the
bottom row.
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Figure 5.15. Induction time (top row) and TOC (bottom row) comparison between
POST (blue) and PRE (orange) for 1500x6 (left) and 2500x14 (right).

As expected, increased times are obtained as EGR is introduced with both
circuits, with reduced di�erences for the induction time than for TOC. The
time of combustion con�rms that �ame propagation is enhanced with the PRE
system at 1500 rpm, while it is slower at 2500 rpm. Longer combustions are
obtained at this regime even with the optimal spark strategy for the PRE
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circuit. This combustion deterioration with the PRE circuit is observed for all
conditions tested except 1500 rpm at low load.

Combustion stability is evaluated based on the COV of the IMEP in
Figure 5.16. Very stable combustions are observed, specially for the optimal
spark strategy, until the behaviour reaches a cli�, in a non-progressive way
especially at 1500 rpm, demonstrating the high sensitivity to the limit EGR
rate. In this sense, stable operation is obtained up to 25% EGR for both circuits
at 1500 rpm, being the limit at 3.33% for this engine load and discarding the
last EGR rate achieved for the PRE circuit. In a similar way, the last EGR
rate achieved with both circuits is discarded in the case of 2500 rpm, with a
the limit set at 2%.
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Figure 5.16. COV comparison between POST (blue) and PRE (orange) for 1500x6
(left) and 2500x14 (right).

Increased intake pressure is needed in order to introduce EGR in the
cylinders for both systems, as depicted in Figure 5.17. The higher temperature
of the gases in the intake line for the PRE system promote higher intake
pressures compared to the POST system in order to compensate for the lower
volumetric e�ciency. This is observed in all the conditions tested, being 1500
rpm at 6 bar BMEP the point in which there is less di�erence between systems.
In this sense, the combustion deterioration with the PRE system was also
observed in the in-cylinder pressure evolution, with a slowdown close to TDC.
This deterioration in combustion due to the di�erent composition could be
aggravated by a change in the �ow �eld in the surroundings of the spark
plug, given the higher pressure level, which in turn is compensated by further
increasing the intake pressure. However, a CFD study would be necessary to
con�rm this hypothesis and is proposed for future studies.

Figure 5.18 shows the variation in pumping losses (top row) and BSFC
(bottom row) obtained with EGR addition as a percentual di�erence with
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Figure 5.17. Intake pressure comparison between POST (blue) and PRE (orange)
for 1500x6 (left) and 2500x14 (right).

respect to 0%. Note that the Isospark tests have been removed in order to
only assess the optimal strategy. The reduced back pressure obtained with
the extraction of the exhaust gases upstream the TWC is translated into
reduced pumping losses for the PRE system at both regimes, as expected.
However, bigger di�erences are observed at 2500 rpm, where pumping losses
tend to be reduced up to 15%, moment in which the greater position of the
turbine causes an increase in the back pressure that leads to greater pumping
losses. It should be noted that for the PRE system, all the conditions produce
an improvement with respect to the case without EGR, while from 20% of
EGR for the POST system there is a net deterioration. In terms of BSFC,
pumping losses reduction with the PRE system drives the improvement in fuel
e�ciency, obtaining reduced consumptions for the PRE system. This di�erence
is enlarged for the case of 1500 rpm given the better combustions obtained with
the PRE circuit. At both regimes, the best BSFC within stability limits are
obtained at 20 and 25% EGR for the PRE and POST system respectively.
In this sense, if the optimal values are compared, the POST system achieves
better pumping levels than the PRE system.

5.2.2 Overall assessment

The temperature (left) and pressure (right) at the compressor inlet are
shown in Figure 5.19 with respect to the EGR �ow for all tests conducted,
keeping the colour scheme for each circuit. As EGR is introduced, the
higher temperature of the exhaust gas for the PRE circuit induced greater
temperatures at the compressor inlet. However, the increased pressure level
at the extraction point of the PRE circuit, since the gases have not passed
through the catalyst, is translated into increased pressures at the compressor
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Figure 5.18. ∆PMEP (top row) and ∆BSFC (bottom row) comparison between
POST (blue) and PRE (orange) for 1500x6 (left) and 2500x14 (right).

inlet compared to the POST circuit. The di�erence in compressor inlet pressure
is increased with the EGR �ow.
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Figure 5.19. Compressor inlet temperature (left) and pressure (right) with respect
to EGR �ow comparison between POST (blue) and PRE (orange) for all tested
conditions.

Despite the higher inlet temperature of the PRE circuit, the di�erence
found in compressor inlet pressure results in no bigger di�erences in the
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compressor e�ciency, shown in Figure 5.20. The compressor e�ciency is not
negatively a�ected for the PRE circuit, being roughly equivalent to or better
than the POST circuit except at some mid turbocharger speed points.
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Figure 5.20. Compressor e�ciency with respect to EGR �ow comparison between
POST (blue) and PRE (orange) for all tested conditions.

The optimal EGR rate for fuel e�ciency within stable operation is depicted
in Figure 5.21 for all operating conditions tested. Results show that the optimal
consumption is obtained with between 5 and 10% less EGR with the PRE
circuit, so less EGR �ow is needed to obtain similar or improved levels of
BSFC. The only condition tested in which similar optimal EGR rates were
obtained is 4500 rpm at 19 bar BMEP, whereas the greatest di�erence is found
in 2000 rpm at 15 bar BMEP, with very low EGR rates for the PRE systems
due to combustion instabilities. In this condition, the PRE system reached the
same BSFC level as the POST circuit with a 10% EGR rate, but COV was
beyond 2%.

The net variation in PMEP achieved with the optimal EGR rate is shown in
Figure 5.22 with respect to no EGR operation for both circuits. At low loads,
it is expected that greater EGR rates induce lower pumping losses. Despite
the lower EGR rates achieved with the PRE system, greater PMEP reductions
are obtained except for the 1500 rpm at 6 bar BMEP condition. In the case of
mid and high engine loads, the use of VGT means that after a certain point,
adding EGR can be harmful, so recirculating less EGR with the PRE system
is bene�cial.

The fuel consumption obtained with the optimal EGR rate is shown in
Figure 5.23 as a percentual variation with respect to no EGR operation.
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Figure 5.21. Comparison of optimal EGR rate obtained for best BSFC within stable
limits between POST (blue) and PRE (orange) for all tested conditions.

1500x6 1500x12 2000x6 2000x15 2500x14 3000x12 4500x19
-0.2

-0.1

0

0.1

0.2

0.3

0.4

P
M

E
P

 [
b

a
r]

PRE
POST

Figure 5.22. Comparison of optimal ∆PMEP with respect to 0% EGR between
POST (blue) and PRE (orange) for all tested conditions.

The PRE system achieves better BSFC reductions with respect to operation
without EGR except for the following conditions:

� 2000 rpm at 15 bar BMEP: due to the low EGR rate achieved with the
PRE circuit and the di�erence in heat transfer losses.

� 3000 rpm at 12 bar BMEP: due to the reduced advantage in PMEP
compared to other conditions, the combustion deterioration and reduced
heat transfer for the POST circuit.
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� 4500 rpm at 19 bar BMEP: due to similar pumping losses and reduced
heat transfer for the POST circuit. The great BSFC reduction in this
condition is due to enrichment suppression.
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Figure 5.23. Comparison of optimal ∆BSFC with respect to 0% EGR between POST
(blue) and PRE (orange) for all tested conditions.

The energy balance is shown for all operating conditions in Figure 5.24,
with the percentual variation of indicated e�ciency in the top row, in-cylinder
heat transfer in the middle row and exhaust energy in the bottom row. In
general, the indicated e�ciency is positive, following the trends observed in
optimal consumption and resulting in the PRE system being more e�cient
except in the conditions listed above. In terms of heat losses, the PRE system
is a better reducer at the same EGR rate than the POST system. However,
since the POST system achieves higher EGR rates at its optimum, heat losses
are lower for this system. The only conditions in which better heat transfer
losses are obtained are the ones explained in subsection 5.2.1, being these
operating conditions the ones with the lower di�erence in the optimal EGR
rate after 4500 rpm. It should be noted that the low load condition at 2000
rpm shows a similar di�erence between optimal EGR rates, but the POST
circuit still achieves better heat losses, as at 4500 rpm. For the exhaust energy,
an increase compared to no EGR operation is always obtained due to greater
total �ow and despite the exhaust temperature reduction. Besides, the POST
circuit presents greater exhaust energies due to the higher EGR rates and
exhaust temperatures achieved compared to the PRE circuit.

The percentual variation of emissions is shown in Figure 5.25, with NOx

in the top row, HC in the middle row and CO in the bottom row. For
nitrogen oxides, both EGR strategies achieve a great reduction e�ect given
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Figure 5.24. Comparison of optimal energy balance variation with respect to 0%
EGR between POST (blue) and PRE (orange) for all tested conditions. Top row:
Indicated e�ciency; Mid row: In-cylinder heat transfer; Bottom row: Exhaust energy.

the oxygen concentration and temperature reduction. Moreover, the POST
circuit is generally reducing to a greater extent this pollutant, probably due
to the lower temperatures. It is worth noting the low load case at 2000
rpm, in which combustion deterioration with the PRE circuit results in lower
combustion temperatures and therefore lower NOx production. Besides, the
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low EGR rate achieved with the PRE circuit at 2000 rpm with a higher
engine load means a lower nitrogen oxides reducing e�ect. In the case of
4500 rpm, EGR addition produces an huge increase in nitrogen oxides due to
the enrichment suppression. For hydrocarbons, the opposite trend to nitrogen
oxides is observed, increasing with EGR. This increase in hydrocarbons is seen
to a lesser degree for the PRE circuit due to the greater temperatures inside
the cylinders. The exception is found in the low load cases at 1500 and 2000
rpm. Following the previous explanation, the suppression of enrichment at
4500 rpm supposes an increase in HC despite the addition of EGR with both
systems. In general, CO emissions are reduced with EGR addition, especially
with the POST circuit. The temperature reduction produced by the addition
of EGR paralyses both the oxidation of the fuel to CO2 and the dissociation of
the one that has already been formed. In this sense, and given the reduction
e�ect that EGR has on carbon monoxides, the dissociation of carbon dioxides
formed could have a greater weight in the �nal phases of combustion, so that
the greater the reduction in temperature, the lower the amount of CO is �nally
obtained. In this way, the POST circuit is a greater reducer of CO.
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Figure 5.25. Comparison of optimal emissions variation with respect to 0% EGR
between POST (blue) and PRE (orange) for all tested conditions. Top row: NOx;
Mid row: HC; Bottom row: CO.

5.3 Summary and �ndings

In this chapter, the low-pressure EGR circuit reviewed in chapter 4 has been
compared to a high-pressure one in section 5.1 and to another low-pressure
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circuit in section 5.2, the latter being called PRE due to the extraction of the
exhaust gas upstream the TWC.

In the comparison with HP-EGR, it is noteworthy that the majority of the
limits for HP-EGR were the pressure di�erence between the ends of the circuit,
with the COV being the limiting factor in only 3 cases. In addition, no HP
rates could be recirculated at two operating conditions given this limitation,
not even changing the calibration in spark nor valve timings.

Regarding the comparison in two operating conditions, the intake pressure
increases with both systems, although to a greater extent for the HP circuit.
A lower exhaust pressure is observed for the HP system than for the LP due to
the extraction of the exhaust gases upstream the turbine. However, when the
use of the VGT becomes necessary to mantain the load, the trend changes and
the back pressure begins to increase, exceeding the level reached with the LP.
In this sense, pumping losses are reduced by adding EGR with both systems,
with an advantage for the HP circuit, even when the use of the VGT becomes
necessary.

Combustion deterioration is observed as EGR is added both at induction
time and at TOC, with no major di�erences between the two systems. The
indicated e�ciency increases with the EGR rate for both systems with a slight
advantage for HP, likely due to further pumping losses reduction. However,
the higher temperature inside the cylinder obtained with the high-pressure
circuit causes greater heat losses than the LP system, despite the fact that
with both systems these are reduced with respect to operation without EGR.
Regarding the BSFC, the reduction observed with respect to the case without
EGR is greater for HP at constant rate, but the greater recirculation of the
low-pressure system makes it possible to increase the EGR rate and further
reduce consumption.

In a general comparison, the optimal EGR rate for fuel consumption is
always greater for the LP circuit except in the case of 2000 rpm at 6 bar
BMEP, highlighting the case of 2500 rpm, in which it was only possible to
recirculate around a 5% with HP. In this way, the low-pressure system is
capable of obtaining lower consumptions reaching higher rates. Comparing
with the case without EGR at constant calibration and the optimal case with
only IGR, it is observed that the addition of EGR is always bene�cial from the
point of view of consumption, even more so if it is done with the low-pressure
system except at 1500 rpm at 6 bar BMEP, the only point where HP shows
better e�ciencies than LP.

Regarding emissions, NOx is clearly reduced with both circuits, especially
with LP due to the lower temperatures. The opposite trend is obtained for the
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HC, with increases with respect to operation without EGR, especially for LP.
In general, CO is also greatly reduced by using both EGR circuits.

Both EGR systems are presented as better alternatives to the two IGR
strategies both from the point of view of fuel consumption and for emissions,
except hydrocarbons. In the event of having to choose between one circuit
and another, the greater versatility of the low-pressure system would be key
in the decision, since it allows higher EGR rates to be recirculated and covers
practically the entire map, unlike the high-pressure system, with which there
are recirculation problems at medium-to-high loads and low-to-medium engine
speeds. This is the main factor that makes the low-pressure system more
suitable to install on the engine, winning over the high-pressure system. In
addition, the low-pressure system is better overall in terms of fuel consumption,
NOx and CO emissions.

In the comparison between low-pressure circuits, it is observed how the
higher temperature on the intake side for the PRE circuit promotes higher
intake pressures than in the POST system to maintain the engine load. In
addition, there is a combustion deterioration with the PRE circuit that was
even observed in the in-cylinder pressure evolution and that promoted lower
optimal EGR rates due to instabilities. The higher intake pressures, together
with the gas extraction closer to the turbine, made the PRE circuit a better
pumping losses reducer at equal EGR rates.

However, since the optimum EGR rates for consumption with the PRE
system are signi�cantly lower than those of the POST system, the PMEP
advantage of the PRE system is not as great as at constant rate, although it
is still better.

A similar trend is observed for fuel consumption and in-cylinder heat losses.
In this sense, the PRE circuit is a better heat losses reducer, but since these
are highly dependent on the recirculated rate, the POST system achieves in
general better heat losses at its best consumption. For BSFC, the advantage
of the PRE system is mantained in most of the conditions tested despite the
lower optimal EGR rates.

In terms of emissions, both systems are great reducers of NOx and CO
in general. However, the lower temperatures of the POST system result in
a greater reduction of both emissions compared to the PRE circuit, with the
corresponding penalty in hydrocarbons.

In the end, the PRE system shows that it can achieve the same or better
performance in most conditions with a lower EGR rate. This would mean that
the PRE circuit could be implemented in a vehicle in a more compact and
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reduced line than the POST circuit, in addition to not needing the choke valve
on the intake side.
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6.1 Introduction

Finally, this chapter is dedicated to compiling the most outstanding
contributions of the work developed throughout the PhD-Thesis. In this sense,
a review of all the results and conclusions shown and discussed in the previous
chapters is presented.

Along with this compilation, a section of future works proposed is added.
These future works are in line with the studies presented in this document
and are the result of di�erent suggestions, proposals for improvement and
complementary studies that have emerged throughout it.

6.2 Conclusions and �ndings

The studies presented in chapter 4 and chapter 5 have been proposed
and developed to meet the objectives described in chapter 1 of this PhD-
Thesis. In this sense, chapter 4 is conceived as a deep analysis of a low-
pressure EGR system, studying the tolerance that the engine has to EGR
addition and its in�uence on the optimal calibration. In order to achieve
this aim, it has been essential to know the e�ects of recirculated gases based
on their composition and temperature, as well as an analysis from e�ciency,
energy balance, pumping and emissions perspective. In addition, one of the
potential problems of the low-pressure EGR system, the condensation of the
water present in the exhaust gas, has been analysed in detail from the point
of view of combustion, e�ciency and emissions. From the analysis of the low-
pressure system, the following �ndings stand out:

� Dilution with low-pressure EGR directly a�ects the optimum engine
calibration. These e�ects are re�ected both in the spark timing, due to
slower combustion and greater knock tolerance, and in the variable valve
timing, due to the EGR-IGR interaction and the intake and exhaust
pressure changes.

� The ideal operation of the three-way catalyst can be a�ected by the
change in the composition of the exhaust gases, reducing the oxygen
available to reduce hydrocarbon and carbon monoxide emissions.

� The EGR-IGR interaction is fundamental for the optimization of the
calibration from the point of view of e�ciency. As the total recirculated
rate increases, the combustion times lengthen, with a smaller e�ect the
higher the IGR share is. In this sense, for a constant rate of total
residuals, an improvement in the induction time is obtained as the
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total rate is obtained with IGR and not with EGR. Said improvement
is fully explained by the di�erence in temperature of the recirculated
gases for low total residual rates, as indicated by the estimation with
a laminar combustion velocity correlation. However, with a higher total
residual rate, the prediction is not enough, since experimentally a greater
improvement is obtained that could be explained by the di�erences in
composition, thus demonstrating its e�ect.

� As the dilution with exhaust gases increases, pumping losses and
consumption are reduced at the operating condition of the study, proving
to be a bene�cial technique from the point of view of e�ciency. This
advantage is greater for the EGR in general compared to IGR, given the
lower heat losses obtained.

� For emissions, as the total rate of residuals and EGR share increases,
nitrogen oxides are reduced and hydrocarbons are increased. The higher
temperatures obtained with IGR result in opposite tendencies with
respect to EGR for both emissions.

� The cooling that occurs in the WCAC, which in the case of the low-
pressure EGR a�ects both the fresh air and the recirculated exhaust
gases, can result in the condensation of part of the water vapour present
in the mixture. The water droplets generated in this process can
accumulate and suddenly enter the cylinders, reducing the temperature of
the intake gas. This e�ect is translated into a spontaneous improvement
in volumetric e�ciency that cannot be corrected with fuel injection given
its nature. In this way, an uncontrolled dilution with air is obtained,
a�ecting stability, e�ciency and emissions.

� The problem of sporadic dilution due to water condensation is re�ected
in an increase in combustion times and is highly dependent on the water
accumulation time, obtaining practically stationary states beyond 10
minutes. In addition, it does not a�ect all operating conditions in to
the same extent, the relative load of the engine being a key factor given
the higher temperatures and the resistance to dilution that is obtained.

� The increase in variability that occurs when admitting the condensed
water increases the speci�c consumption between 3 and 5%, depending
on the operating condition. However, in some operating conditions the
speci�c consumption is still better than that obtained without EGR, so
the dilution technique may continue to be of interest. Similarly, NOx

emissions are reduced by between 10 and 40%, whereas HC emissions
are increased between 10 and 30%.



6.2. Conclusions and �ndings 247

� The use of new fuels with lower carbon content for decarbonization could
signi�cantly worsen this problem given the higher speci�c humidity of
the exhaust gases. While for conventional gasoline the refrigeration
temperatures at which this phenomenon occurs are relatively low, the
condensation limits for these fuels increase beyond normal ambient
temperatures, especially for hydrogen and ammonia. In this way, the
problem of water vapour condensation from the exhaust gases could not
only be present throughout the normal operating range, but also extend
to the EGR cooler and the mixture between exhaust gases and fresh air,
notably a�ecting the wear of components such as the compressor.

In chapter 5, the low-pressure system presented in the previous chapter
is compared under di�erent operating conditions �rst with a high-pressure
circuit and then with another low-pressure circuit, the main di�erence of the
latter compared to the traditional one being the extraction of the exhaust
gas upstream of the three-way catalyst. From the comparisons between EGR
systems, the following �ndings should be highlighted:

� The high-pressure EGR system is very limited by recirculation given
the lower pressure di�erence between the ends of the circuit, in this
case, the intake and exhaust manifolds. These recirculation limits
mean lower EGR rates compared to the low-pressure circuit at most
of the operating points tested, and even the impossibility of recirculating
exhaust gases at two operating points. On the other hand, the limits
in the case of low-pressure EGR are very varied: combustion instability,
pressure di�erence, maximum temperature at the compressor outlet or
impossibility of maintaining the load due to turbocharging.

� In general, the intake pressure increases when adding EGR with both
systems, with a greater increase for the high-pressure circuit. For the
exhaust pressure, lower values are in general obtained with this system
given the extraction of gases before the turbine. These variations in
intake and exhaust pressures mean a reduction in pumping losses with
both EGR systems, with an advantage for the high-pressure circuit.

� Combustion slows down with both systems to a very similar level
given the dilution obtained, as can be seen in the induction and total
combustion times. The high-pressure circuit is shown to be a better
reducer of pumping losses, while the lower temperature of the EGR
with the low-pressure circuit positions this circuit as a better heat losses
reducer. Both e�ects compensate for the slower combustion from the
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point of view of e�ciency. In this sense, the reduction in speci�c
consumption obtained with respect to operation without EGR is greater
for the high-pressure circuit than for the low-pressure circuit at a constant
EGR rate. However, the higher rates that can be recirculated with the
low-pressure circuit result in better optimum consumption reductions.

� Regarding emissions, nitrogen oxides are reduced compared to operation
without EGR with both circuits, especially with the low-pressure circuit
due to lower temperatures. As for hydrocarbons, the opposite trend
is obtained both with the addition of EGR and with both systems,
increasing especially in the case of low-pressure. Both circuits are capable
of reducing carbon monoxide emissions compared to operation without
EGR.

� The extraction of the exhaust gas upstream of the three-way catalyst
with the new low-pressure circuit supposes a higher temperature of
the gases, which in turn requires a higher intake pressure compared to
the traditional circuit. This, together with a reduction in the exhaust
pressure that is produced by the extraction of the gas closer to the
turbine, results in a better reduction in pumping losses for this system
than for the traditional one.

� A deterioration in combustion is observed in the PRE circuit, probably
due to the higher intake pressure levels that change the �ow structure and
�ame propagation. This e�ect results in a limitation of the maximum
recirculation rate with this system.

� In this way, the optimal EGR rates of the traditional system are
much higher than those of the new system, reducing the advantage
observed for the PRE system at a constant rate in pumping losses and
speci�c consumption. Despite this, the PRE system generally keeps the
advantage, obtaining lower fuel consumptions than the traditional low-
pressure circuit.

� The traditional low-pressure system is also presented as a better reducer
of nitrogen oxides and carbon monoxide given the lower operating
temperatures, while the PRE system is better in terms of hydrocarbons
reduction.

� The PRE system proves to be able to obtain better e�ciencies in most of
the operating conditions analysed than the traditional circuit with lower
EGR rates, which means that it could be implemented in a vehicle in a
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more compact way and without the need to use a choke valve as in the
case of the traditional low-pressure system.

6.3 Further works

During the course of this PhD-Thesis, a series of proposals, suggestions and
improvements related to the work developed have emerged, not being included
in the present document given the limitations of time and budget. This future
works could complement the studies presented, as well as increase the current
knowledge about the techniques for reducing consumption and emissions of
ICEs, which will play an important role in the future for sustainable mobility.
The most important future works proposed are the following:

� Study the impact of EGR condensation with di�erent fuels. The
decarbonization of transport is one of the biggest challenges the sector is
facing today and in the future. The use of new fuels with lower carbon
content will be of vital importance to reduce the carbon footprint and
make this a sustainable sector. In this PhD-Thesis, the potential impact
of EGR condensation on engine operation with fuels for decarbonization
has been preliminarily analysed. However, this study should be extended
to deeply analyze the real impact that this phenomenon may have
given the di�erent deterioration of combustion that may exist, reactivity,
resistance to cyclic variation and the e�ect of dilution in other fuels.

� In line with the previous study, it is proposed to understand the impact
of dilution with EGR in engines with fuels for decarbonization. Dilution
with EGR has been proven as a bene�cial technique for increasing
e�ciency, but it needs be studied for new fuels and analyse whether
all the current information and studies are applicable to new fuels.

� Comparative study between EGR systems with the optimal timing
settings. In the case of this PhD-Thesis, the comparison has been
made with the optimal variable valve timing settings for the traditional
low-pressure system for all architectures. However, it is expected that
this optimum calibration will di�er, even slightly, for the di�erent EGR
systems and especially for the high-pressure one.

� High-pressure EGR recirculability study. In this document, seven
operating conditions have been selected, showing that the high-pressure
system was not capable of recirculating exhaust gases in two of them,
in addition to a very important limitation in another. Therefore, it
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is proposed to study the ability to recirculate exhaust gases with the
high-pressure circuit depending on the operating condition. In order to
perform this study, a greater discretization of the engine map is necessary,
choosing a greater number of speed and load conditions that allows
identifying from which engine load the system reduces its capacities and
if it is possible to solve the problem by calibrating the variable valve
timing system, for example.

� For the low-pressure EGR circuit with gas extraction upstream the
catalyst, a study of the deterioration in combustion observed and the
intake pressure increase is proposed. Combustion deterioration with the
PRE system is attributed to an intake pressure increase that results to be
counterproductive due to the movement of air in the cylinder. A study
based on CFD techniques could shed light on the problem, showing the
weaknesses of this EGR circuit and proposing improvements that reduce
combustion deterioration, increase the recirculated rate and extend the
bene�ts of this system.

� To assess the in�uence of injection parameters on the mixture formation
with EGR dilution. The injection timing, duration and pressure can play
a fundamental role in mixture formation and exploring these parameters
could lead to an improvement in the operational range of exhaust gas
recirculation, allowing more EGR to be introduced in the engine without
stability penalties. This potential study could be performed with a
design of experiments methodology as the one presented in this document
in order to �nd the best strategy. Multi-injection and strati�cation
strategies could also be taken into consideration to optimize the mixing
process.

� In order to extend the range of EGR operation, it could also be interesting
to design a piston and cylinder geometry focused on improving mixture
formation and ignitability under high dilution conditions. This could be
very interesting especially in the case of the PRE circuit. This improved
design, together with a proper matching of the injector, spark plug and
ignition power could extend the operational range of EGR dilution, thus
its bene�ts from e�ciency and emissions perspective.

� To explore the possibilities of EGR and air dilution together. The
penalty in fuel consumption of SI engines compared to CI engines could
be reduced by combining these two techniques. With lean operation,
the three-way catalyst should be capable of abating hydrocarbon and
carbon monoxides emissions, whereas nitrogen oxides could be reduced
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with EGR. This strategy could be complemented with an SCR or NOx

trap as aftertreatment systems for NOx abatement together with a TWC
or oxidation catalyst.

� The development of control strategies for EGR operation in steady
and transient conditions. This is one of the main challenges of
EGR implementation in mass production SI vehicles. Estimating the
instantaneous EGR rate and adapting the calibration both in variable
valve and spark timing depending on the dilution level could lead not
only to improved e�ciency and emission throughout the hole operation
of the engine, but also to avoid instabilities and emissions related to
excessive dilution or non-optimal calibration strategies. This could also
be applied to the water condensation problem, that could be mitigated
with an EGR strategy depending on the cooling temperatures.

� Implementation of several EGR strategies together with high and low-
pressure circuits. Combining both typologies could result in synergies
that would complement the individual contributions of each circuit from
emissions, e�ciency and recirculability.

� Variable compression engines in combination with EGR strategies for
high engine performance and e�ciency. Increased compression ratio at
low loads could signi�cantly impact the engine e�ciency with a proper
control strategy that could be combined with the bene�ts from EGR
dilution.

With the aim of �nding the best possible synergy between the systems
developed to improve engine e�ciency, the list of future works can become
endless. The interaction between the di�erent systems and the optimal control
strategy, as well as the development of new technologies, is a very complex
problem that requires the contribution of the scienti�c community to continue
progressing. Internal combustion engines have a long way to go and will
play a fundamental role in the decarbonization and sustainability of the
transport sector, whether with SI, CI, with alternative fuels such as ammonia
or hydrogen, or with renewable and e-fuels.





Chapter 7

Appendix

Engine model IGR maps

In this section, the IGR maps obtained with the 1D engine model are shown
for three operating conditions (1500 and 2000 rpm at 6 bar BMEP and 3000
rpm at 12 bar BMEP). These maps are displayed depending on the intake (x-
axis) and exhaust VVT settings, and several EGR rates have been taken into
account. As explained during the document, the change in the VVT settings
or in the EGR rate suppose a change in the intake and exhaust pressures that
modify the residuals concentration. The idea of ??these maps is to easily obtain
an approximate IGR concentration for the desired condition without the need
to use the model for speci�c cases, as well as to analyze the main trends of
IGR with the aforementioned parameters.
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(a) 1500x6 0% EGR (b) 1500x6 10% EGR (c) 1500x6 15% EGR

(d) 1500x6 20% EGR (e) 1500x6 25% EGR (f) 1500x6 30% EGR

Figure 7.1. IGR concentration depending on EGR rate, intake and exhaust VVT
settings for 1500 rpm at 6 bar BMEP.

(a) 2000x6 0% EGR (b) 2000x6 10% EGR (c) 2000x6 15% EGR

(d) 2000x6 20% EGR (e) 2000x6 25% EGR (f) 2000x6 30% EGR

Figure 7.2. IGR concentration depending on EGR rate, intake and exhaust VVT
settings for 2000 rpm at 6 bar BMEP.
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(a) 3000x12 0% EGR (b) 3000x12 10% EGR (c) 3000x12 15% EGR

(d) 3000x12 20% EGR (e) 3000x12 25% EGR (f) 3000x12 30% EGR

Figure 7.3. IGR concentration depending on EGR rate, intake and exhaust VVT
settings for 3000 rpm at 12 bar BMEP.
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