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Abstract

The introduction of real driving emissions cycles (RDE) and increasingly
restrictive emissions regulations force ghgomotive industry to develop new
and maoe efficient solutions for ensgon reductions. The introduction of limits

of fleet CQ emissions poses even more challenging problems to the
development, production aritbmologationof internal combustion engines.
Therefore there is a great interest in developing and applying new strategies
to meet these goals, while at the same time ieduwost and time of the
development process.

Postoxidation is an interesting strategy that consists in performing a rich in
cylinder combustion that produces CO andald exhaust products. The rich
combustion products are then completely oxidized ire#iiaust manifold by
means of fresh air. The oxidation reaction transforms the CO aimicHC O,

and HO respectively therefore reducing the emissioaad at the same time
raises terperature and enthalpy of the exhaust gases thanks to the heat release
rate of the reaction. The temperature increase can reduce the time needed for
catalyst heating while keeping the overall engineerapion close to
stoichiometry.

Many different types ofpostoxidation are possibleThe most common
solution is the sealled £condary air injection, which consists in injecting
fresh air in the exhaust close to the exhaust valves so that the oxidation starts
immediately. This strategy offers some advantages such as the possibility to
precisely control the amount of air that igeicted in order to match the
stoichiometric conditions usually required at the threg-catalyst. However,

its implementation requires the use of anpaimp and complicated engine
control logics. This increases the cost of the engine and represeregasbre

why the applicatiosto production engines are limited.

A simpler solution that has been analysed in the following investigation is
postoxidation by means of scavenging. Thiategy has been tested on a
four-cylinder, turbocharged, direct injeati, sparkignition engine and it
consists of a rich ueylinder combustion followed by a great amount of
scavengingir brought in the exhaust by meansaofery long valve overlap
and high boost pressure. Fresh air and-cmmbustion products mix in the
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exhaust manifold and start pastidation. This strategy has the advantage to
be easy to implement in many engines with similar layout; moreover,
scavenging can be used to increase the amount of air flowing to the turbine
therefore reducing the turdag and improving the transient behaviour of the
engine. Another interesting effect of pastidation by means of scavenging is
that the oxidation reaction that takes place in the exhaust manifold releases an
important amount of heat that increases the entheafiplytemperature of the
gases before the thre@ey-catalyst (TWC), which can be useful during cold
starts and catalys$teating engine operating pointSherefore, the project
focused on exploring the potential of this strategy. In doing so, it was ngcessar
to couple the investigations at tésnch with3D-CFD simulations.

Indeed, i is practicallyimpossible to directly measusnd very difficult to
visualize posbxidation at the tesbench Therefore, the description of the
phenomena taking place insitie exhaust manifold and the relatiaéiuence

of the factors requirghe simulation of theflow field and the chemical
interactionof gasesnside the volumes where pestidation occurs. The 3D
CFD simulation enables a precise description of both the flow field and the
chemical reactions inside the wohe; moreovelit permits to visualise and to
guantify the mixing and the chemical heatesle rate.

For the investigation of posixidation, a 3BCFD methodology has been
developed to work together with investigations at the-tdesth. The
methodology consisted of two different kinds of simulations: at first a
simulation of the full engine Isabeen carried out using the -EIFD Tool
QuickSim developed at the FKFS/HeSiversity of Stuttgart. This kind of
simulation has the advantage to be able to simulate the whole engine from the
air-box up to the turbine inlet including the four cylinders dmel exhaust
runners. By simulating the whole enging, reduction of the boundary
conditions complexity is possibleherefore reducing thafluence of the
boundary conditionassumptionsn the final results

The second kind of simulation has been penfedt using the commercial 3D
CFD tool StatCCM+ and it focused on the exhaust manifold from the exhaust
valves up to the turbine volute. This model used information fron8ihe
CFD-full engine simulatioras boundary conditiorend is characterized by a
finer mesh and the implementation of a chemical reaction mechais
simulate the oxidation poess of rich combustion gases inside the exhaust
manifold.
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The chemical reaction@chanism has been chosen astingon a simplified
3D-CFD modela sample of dected chemical reaction mechanisms available
in the literatureboth someHhat are designed for general types of simulations
and specifically for CO and Hoxidation An important aspecbf the
simulation is the tradeff between accuracy and simulatiame. The first
investigations demonstrated that the simulation time is directly proportional to
the number of species. The higher amount of species, however, does not ensure
that the simulation increases in accuracy. Therefive choice fell for a
reducel chemical reaction mechanism with a limited amount of species
optimized for theoxidation of CO and K This choice completed the
preliminary work so that the simulations could start.

The methodology has be#menvalidated against detailed experimental data
that tested the quality of the simulation in reproducing many different
parameters that are fundamental for gmstlation, such as temperature,
composition of the exhaust gasesessure signals, air consuiop etc. The
validation demonstrated the capability of the simulation to reproduce the
measuements and to give a deep insight in the phenomenon that has been
analysedln particular, it has been necessary to numerically mimic the specific
behavior of the masurement methodologies. The attention focused on the
comparison of mesurements and simulations for temperature piudfiere

the turbine and composition of the exhaust gasesiious positions ofhe
exhausmanifold

The temperature measurements hesedon thermocouples, which are
characterizedby a specific volume, material and thermal inertia. The
simulation, on the other hand, evaluates the fluid temperature in a specific
position of the computation@lomainwithout accounting forthese effects.
Therefore, a numericahodel has been implemented that reproduces the
effects of the real thermocouple and increases the accuracy of the comparison.

The composition of exhaust gases has been meausured at the test bench using
a MEXA equipment. Also in thigase, a numericahodel reproduceghe
sampling methodologiyn order to have a realisttmparison.

These validation processes enabled a detailed tuning of the simulations and
gave a better insight in the chemical and physical behavior cbgimkition.
Therefore, it has been possible to give a detailed description edxidation

as a chemical reaction taking place on a thin |aybere there are the best
conditions in terms of temperature, mixing and pressure. Singedb&ants
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of postoxidation ae separate, it can be chemically modelled asoa
premixed turbulent reaction.

The reaction is triggered by the exhaust eveatofcylinder. The hot exhaust
gases are pushed into the exhaust manifold at high speed through the clouds
of fresh air from the previous cycle that gathered close to the exhaust valve. In
these conditionghe temperature and the mixing happening at thefater
betwea hot gases and frestir startthe postoxidation reactions that release
heat, increasin@lso the temperature in the exhaust manifold. The higher
temperature assures that a seiftaining effect tads place that allows the
chemical reactions continuefor the whole exhaust stroke

At the end of the exhaust stroke, thanks the long valve overlap and the high
boost pressure, cold air from the intake manifold flows directly to the exhaust
at low speed and gathers close to the exhaust valvaagioe remaining part

of the cycle, although there is @vailability and some mixing goes on at the
interface between fresh air and exhaust gases, there is usually very little heat
release because the temperature is too low. Therefore, the freshairsrem
available for the following exhaust event.

The last step of the validation consisted in testfntdpe assumption of a
simplified chemical reaction mechanism applies not only to the simplified
model used in the preliminary work but also to the deta8le-CFD model of

the exhaust manifoldror this kind of simulationgdetailed chemical reaction
mechanism has been implemented in the model. This increased greatly the
computational times in comparison to the reduced chemical reaction
mechanismOnly the adoption of a high performance computer clustehe
FKFS/IFS University of Stuttgarenabled to test the effect of different
assumptias for the boundary conditions.

The simulation with the detailed chemical reaction mechanism have
demorstrated thathte amount of longhain hydrocarbons present in the
exhaust gases has a strong effect on-pxisiation by changing the reaction
path. Moreover, the posixidation reaction becomes slower because the
crackingof the longchains of hydrocarbons consuntles radicals needed for
the final oxidation of CO and H

However, the accuracy of the modigles not increase, which means that the
assumption of longhain hydrocarbons taking part to pogidation is not
realistic Indeed, the cracking of the hydroban chains is more probable to
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start in the combustion chamber because of the steep pressure and temperature
gradients. Therefore, even thoutlie molecules did not take part directly to

the combustion,hiey are already broken inmaller molecules, whepost
oxidation startsTherefore, the assumption that most of the heat release from
postoxidation originates from CO andklidan be assumed to bppropriate

It is also demonstrated, that the application of a reduced chemical reaction
mechanism is in thisase correct.

Thevalidatedsimulationmethodology has be¢henappliedto many different
engine operatg points in order to provide information about how post
oxidation behaves idifferent operating conditions.

Particular attention has been payed ¢efkthe overall engine operation very
close to stoichiometry. This is required for a safe operation of the TWC and it
requires also a very narrow error limit in order to keep the efficiency high. In
order to achieve an overall stoichiometric operatioretiaee two fators that
require some tuning.

The first factoris that the scavenging air must compensate as precisely as
possible for the lack of oxygen in the combustion chantbmrthis strategy,

the tuning relies on the choice of the vabxeerlap and the regulation of the
boost pressure. The simulations demonstrated that a too long valve overlap
causes often a very high air consumption and an overall lean engine operation.
Moreover, the engine operation becomes instable and very sensitive t
pressure waves propagating from the exhaust. Also the boost pressure requires
a precise tuning, which can be achieved by means of the throttle valve.

The second factor that is required in order to have a safe operation at the TWC
is a good mixture of gasedlowing to the turbine and then to the catalyst.

the beginning of pogtxidation, the reactants are separated in shape of clouds
inside the exhawsnanifold. The mixing shouldchieve that the air fuel ratio

of the gases flowing to the turbine remains constantly very close
stoichiometry. An incomplete mixing would cause the clouds of fresh air and
rich combustion products to flow separate to thbitg and a probable loss of
efficiency at the TWC.

A mapping of the heat release rate of godtation has been performed in
order to prove that the peskidation strategy can be applied also to different
conditions tharthose used for the validation. fall the investigated engine
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operating points, the overall engine operation has been kept very close to
stoichiometry.

The mapping pointed out that peskidation by means of scavenging can be
achieved in many different conditiobsit that the conversioof the CO and
Hz to CO, and HO is rearly complete before the turbifidie main reasois
that the geometry of the investigatthine does not allow for a greater mixing
of combustion products and fresh air in the right temperature conditions.

Moreover, he mapping of the heat release rate of-pagtation pointed out
theneed of a tradeff between posbxidation and thgastemperature before

the turbine. Posbxidationneeds a higtemperaturén the exhaust in order to
better complete the chemical reactions. However, the temperdHtgases
before the turbine is usually limited because of structural constraints of the
turbine itself.Scavenging air has the effect of reducing the temperatuhne in t
exhaust, which might be useful to mitigate the temperature increase -of post
oxidation.Nevertheless, the mapping showed clearly that there is a limit to the
maximum amount of posixidation and that it depends mostly on temperature
and geometrical facts.

Therefore geometry changes and modifications of temperatureat the
boundary conditions has been performed to gain sensitivity about the influence
of the® parameters on peskidation.The investigatiortonfirmedthat post
oxidation is particulayl sensitive t¢he temperature of the exhaust gases for
the start and seBustain effect of the chemical reactions. The geometry can
improve posbxidation only if it increases the mixing of reactants by, e.g.,
creating a greater contact surface betwedraest gases and fresh air.

The information gainediuring the projechas been applitto validate a
simplified postoxidation model inthe 3D-CFD-Tool QuickSim, which
proved to be simple and reliable because it exploits the better simulation of
mixing dueto the inclusion of the whole engine in the simulation.

The results of the 3I@FD simulations have been used also for the
development and validation of a pastidation model for a 1BCFD engine
simulation andor the tuning of the engine emtion at theestbench.

The investigation demonstrated that pasidation by means of scavenging is
a flexible strategy that can be applied to many different conditions. This
strategy has positive effects on reducing the turbo lag and increasing
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substantially the taperature of the exhaust gases, which can be useful for
catalyst heating. Posixidation is especially sensitive to temperature of the
exhaust gases and mixing in the exhaust manifold. In order to haverafi o
stoichiometric engine @pation, these twimcal parameters must match with
full engine parameters such as scavenging awglinder mixture formation.

Finally, the 3BCFD simulation is a fundamental tool for the investigation of
postoxidation. The coupling of full engine simulations withetailed
simulations of the exhaust manifold proved to be reliable and accurate and it
enabled for the needed insight into the physics and chemistry of post
oxidation. The implementation of a reduced chemical reaction mechanism
provided the chemicalescrption of postoxidation.

Postoxidation by means of scavengihgs the potential to meet the some of
the upcoming challenges of the engine development.






Kurzfassung

Die Einfiuhrung von RDE Testzyklen und zunehmend restriktiverer
Emissionsrechtlinien zwingen die Automobilindustrie, neue und effizientere
Losungen zur Emissionsreduzierung zu entwickeln. Die Einfihrung von
Grenzwerten fir C@Flottenemissionen stellt die Entwicklung, Produktion
und Zulassung von Verbrennungsmotoren vor noch groRere
Herausforderungen. Daher besteht ein grof3es Interesse an der Entwicklung
und Anwendung neuer Strategien, um diese Ziele zu erreichen und gleichzeitig
Kosten und Zeit des Entwicklungsprozesses zu redeszi

Die Nachoxidation ist eine interessante Strategie, die darin besteht, eine fette
Verbrennung im Zylinder durchzufiihren, bei der CO und &ls
Abgasprodukte entstehen. Die fetten Verbrennungsprodukte werden dann im
Abgaskrimmer mit Hilfe von Frischiuf vollstandig oxidiert. Die
Oxidationsreaktion wandelt CO und h CO, und HO um, wodurch die
Emissionen reduziert werden, und erhoht gleichzeitig die Temperatur und
Enthalpe der Abgase dank der Warme$etzung der Reaktion. Durch die
Temperaturerhdhgnkann die Zeit, die fur die Aufheizung des Dvéege
Katalysatorsnotwendig ist reduziert werden, und der Gesamtbetrieb des
Motors kanmahe der Stochiometrie bleiben.

Es sind viele verschiedenet@n der Nachoxidation méglich. Die haufigste
Losung ist @k so genannte Sekundarlufteinblasung, bei der Frischluft in den
Auspuff nahe den Auslassventilen eingeblasendwiso dass die
Nachaidation sofort beginnt. Diese Strategie bietet einige Vorteile, wie z. B.
die Moglichkeit, die eingespritzte Luftmenge genzu steuern, um die
stoéchiometrischen Bedingungen zu erreichen, die normalerweise am Drei
WegeKatalysator erforderlich sind. lhre Umsetzung erfordert jedoch den
Einsatz einer Luftpumpe und eine kompliziertere Motorsteuerungslogik. Dies
erhoht die Kostedles Motors und ist der Grund, warum die Anwendung auf
Serienmotoren begrenzt ist.

Eine einfachee Losung, die in der folgenden Untersuchumglgsiert wird,

ist die Nachoxdation mittels Scavenging. Die Strategie wurde an einem
Vierzylindermotor ~mit  Turbaufladung,  Direkteinspritzung  und
Fremdzindung getestet und besteht aus einer fetten Verbrennung im Zylinder,
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gefolgt von einer groBen Menge Spitl. Frischluft und fette
Verbrennungsprodukte vermischen sich im Abgaskrimmer und beginnen die
NachoxidationDiese Strategie hat den Vorteil, dass sie in vielen Motoren mit
ahnlichem Layout einfach zu implementieren ist; au3erdem kann die Spilung
genutzt werden, um die Luftmenge, die durch die Turbine stromt, zu erhéhen,
wodurch das Turboloch verringert und da®nsientverhalten des Motors
verbessert wird. Ein weiterer interessanter Effekt der Nachoxidation ist, dass
die Oxidationsreaktion, die im Abgaskrimmer stattfindet, eine bedeutende
Warmemenge freisetzt, die die Enthalpie und Temperatur der Gase vor dem
Drei-WegeKatalysator erhoht, was bei Kaltstarts und beim Aufheizen des
Katalysators nitzlich sein kanBaher konzentrierte sich das Projekt auf die
Erforschung des Potenzials dieser Strategie. Dabei war es notwendig, die
Untersuchungen am Prifstand mit-BIBD-Simulationen zu koppeln.

Der Einsatz von 3BCFD-Simulationen war notwendig, weNachoxidation

am Prifstangraktischnicht direktgemessen werddmannund sehr schwer

zu visualisierenist. Daher erfordert die Beschreibung der im Abgaskrimmer
stattfincenden Phanomene und des relativen Einflusses der Faktoren die
Simulationdes Stromungsfeldasnd der chemischerReaktioneninnerhalb

der Volumina, in denen die Nachoxidation stattfindet. Die-G3D-
Simulation ermdglicht eine genaue Beschreibung sowolgulésmungsfeldes

als auch der chemischen Reaktionen innerhalb des Volumens und erlaubt
dartber hinaus die Visualisierung und Quantifizierung der Durchmischung
und der chemischen Warmefreisetzungsrate.

Fur die Untersuchung der Nachoxidation wurde eineCHD-Methodik
entwickelt, die mit Untersuchungen am Prifstand zusammenarbeitet. Die
Methodik bestand aus zwei verschiedenen Arten von Simulationen: zunachst
wurde eine Simulation des gesamten Motors mit dem am FKFS/IFS
Universitat Stuttgart entwickelten 3DFD-Tool QuickSim durchgefihrt.
Diese Art der Simulation hat den Vorteil, dass der gesamte Motor von der
Airbox bis zum Turbineneinlass einschlie3lich der vier Zylinder und der
Abgaskandle simuliert werden kanDurch die Simulation des gesamten
Motors ist ene Reduktion der Komplexitat der Randbedingungen mdoglich,
wodurch der Einfluss der Annahmen Uber die Randbedingungen auf die
Endergebnisse verringert wird.

Die zweite Simulatiosstufe der Methodikvurde mit dem kommerziellen
Tool StarCCM+ durchgefuihrt unblonzentrierte sich auf den Abgaskrimner
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von den Auslassventilen bis zum Turbinengeh&use. Dieses Modell verwendet
als Randbedingungen Informationen aus der Vollmotorsimulation und
zeichnet sich durch ein feineres Netz und die Implementierung eines
chemisclen Reaktionsmech@mus aus, um den Oxidationspess der fetten
Verbrennungsgase im Abgaskrimmer zu simulieren.

Der chemische Reaktionsmechanismus wurde nach einem Test von in der
Literatur verfigbaren chemischen Reaktionsmechanismen audgedia
sowohl flr allgemeindrten von Simulationen als auch speziell fiur-G@d

H>- Oxidationen ausgelegt sind. Ein wichtiger Aspekt der Simulation ist der
Kompromiss zwischen der Genauigkeit und der Simulationszeit. Die ersten
Untersuchungemvurden mit einem ereinfachten Modell durchgefihrt und
haben gezeigt, dass die Simulationszeit direkt proportional zur Anzahl der
Speziesteigt Die hohere Anzahl von Spezies gewahrleistet jedoch nicht, dass
die Simulation an Genauigkeit gewinnt. Daher fiel die endgulfigdl auf

einen reduzierten chemischen Reaktionsmechanismus mit einer begrenzten
Anzahl von Spezies, der fidie Oxidation von CO und tbptimiert wurde.

Mit dieser Entscheidung war die Vorbereitungsarbeit abgeschlossen, so dass
die Simulationen gestartetanden konnten.

Die Methodik wurde anhand detaillierter experimenteller Daten validiert, die
die Qualitat der Simulation bei der Reproduktion vieler verschiedener
Parameter kontrolliert, die fur die Nachoxidation von grundlegender
Bedeutung sind, wie z. BTemperatur, Zusammensetzung der Abgase,
Drucksignale, Luftverbrauch etc. Die Validierung demonstriert die Fahigkeit
der Simulation, die Messungen zu reproduzieren und ihre Fahigkeit, einen
tiefen Einblick in das analysierte Phanomen zu gebethesonderavar es
notwendig, das spezifische Verhalten der Messverfahren numerisch
nachzubildendamit die Ergebnisse aus Priifstand und Simulation vergleicht
werden konntenDas Interesse konzentrierte sich auf den Vergleich von
Messungen und Simulationen fir dasmperaturprofil vor der Turbine und

die Zusammensetzung der Abgase im Auspuff.

Die Temperaturmessungen basieren auf Thermoelementen, die durch ein
bestimmtes Volumen, Material und thermische Tragheit definiert sind. Bei der
Simulation hingegen wird die Teragatur des Fluids an einer bestimmten
Stelle des Berechnungsmodellsusgewertet ohne diese Effekte zu
beriicksichtigen. Daher wurde ein numerisches Modell implementiert, das die
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Effekten des realen Thermoelementes reproduziert eiten besseren
Vergleichtermdglicht

Die Zusammensetzung der Abgase wuadePrifstand unter Verwendung
einer MEXA-Anlage gemessen. Auch in diesem Fall imitiert ein numerisches
Modell die Methodik des Messverfahrens und erhéht die Genauigkeit des
Vergleichs.

Diese Validierungspmesse ermdglichten eine detaillierte Abstimmung der
Simulationen und gaben einen besseren Einblick in das chemische und
physikalische Verhalten der Nachoxidation. Daher war es mdglich, die
Nachoxidation als eine chemische Reaktion zu beschreiben, digmeén ei
dinnen Schicht ablauft, in der die besten Bedingungen in Bezug auf
Temperatur, Durchmischung und Druck herrschen. Da die Reaktanten der
Nachoxidation getrennt sind, kann sie chemisch als eine nicht vorgemischte,
turbulente Reaktion modelliert werden.

Die Reaktion wird durch das AusstoliesZylinders ausgeldst. Die heil3en
Abgase werden mit hoher Geschwindigkeit durch die Frischluftwolken des
vorherigen Zyklus, die sich in der Nahe des Auslassventils angesammelt
haben, in den Auspuffkrimmer gedriickt.temdiesen Bedingungen starten
die Temperatur und die Vermischung an der Grenzflache zwischen heil3en
Gasen und Frischluft die Nachoxidationsreaktionen, die Warme freisetzen und
somit die Temperatur im Auspuffkrimmer erhéhen. Die héhere Temperatur
stellt sther, dass ein selbsterhaltender Effekt eintritt, der die Fortsetzung der
chemischen Reaktionen ermdglicht.

Am Ende des Auspufftakts strondie kalte Luft dank der langen
Ventiliberschneidung und des hohen Ladedrucks aus dem Ansaugkrimmer
bei niedriger Gezhwindigkeit direkt zum Auspuff und sammelt sich in der
Néahe der Auslassventile. Wahrend des verbleibenden Teils des Zyklus steht
zwar Luft zur Verfigung und es findet eine gewisse Vermischung an der
Grenzflache zwischen Frischluft und Abgasen statt, ddoth in der Regel

nur sehr wenig Warme freigesetzt, da die Temperatur zu niedrig ist. Daher
bleibt die Frischluft fur den folgenden Abgasvorgang verflgbar.

Der letzte Schritt der Validierung wollte Uberprifen, ob die Annahme eines
vereinfachten chemischen Reaktionsmechanismus nicht nur fir das
vereinfachte Modell, das in der Vorbereitungsarbeit angewendet wurde,
sondern auch fir das detaillierte -8&I-D-Modell des Abgaskriimmers gilt.
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Fur diese Art von Simulationen wurde der detaillierte chemische
Reaktionsmechanismus in das-8BD-Modell implementiert. Dies hat die
Rechenzeiten im Vergleich zum reduzierten chemischen
Reaktionsmechanismus stark erhdlur der Ensatz eines Hochleistungs
Computerclusteram FKFS/IFS Universitat Stuttgagrmdoglichte es, die
Auswirkungen verschiedener Annahmen fir die Randbedingungesten t

Es wurde nachgewiesen, dass die Menge an langkettigen Kohlenwasserstoffen
in den Abgase einen starken Einfluss auf die Nachoxidation hat, indem sie
den Reaktionsweg veréndert. Dartber hinaus wird die Nachoxidationsreaktion
langsamer, weil das Aufbrechen der langen Kohlenwasserstoffketten die fir
die endgultige Oxidation von CO und benttgten Radikale adorbiert.

Es hat sich jedoch gezeigt, dass die Genauigkeit des Madgitsverbessert

wird. Insbesondere ist es im Fall dieser Anwendung nicht realistisch,
anzunehmen, dass langkettige Kohlenwasserstoffe an der Nachoxidation
beteiligt sid. Es ist wahrscheinlicher, dass diAufbrechung der
Kohlenwasserstoffketten aufgrund der steilen Druck und
Temperaturgradienten in der Brennkammer beginnt. Daher kann die
Annahme, dass der grof3te Teil der Warmefreisetzung bei der Nachoxidation
aus CO undH; stammt, als realistisch angesehen werdesn.wird auch
demonstriert, dass die Anwendung eines reduzierten chemischen
Reaktionsmechanismus in diesem Fall korrekt ist.

Nach der Validierung der Methodik wurde diese auf viele verschiedene
Betriebspunkte angewendet, um Informationen dariiber zu erhalten, wie sich
die Nachoxidation unter verschiedenen Betriebsbedingungen verhalt.

Besonderes Gewicht wurde darauf gelegt, dass der gesamte Motorbetrieb sehr
nahe an der Stéchiometrie bleibt. Dissfiir einen sicheren Betrieb desei-
WegeKatalysator erforderlich und erfordert auch eine sehr enge
Fehlergrenze, um den Wirkungsgrad hoch zu halten. Um einen insgesamt
stbchiometrischen Betrieb zu erreichen, missen zwei Faktoren eingestellt
werden.

Dererste Faktor ist, dass die Spulluft den Sauerstoffmangel im Brennraum so
genau wie mdoglich ausgleichen muss. Bei dieser Strategie héngt die
Abstimmung von der Wahl der Ventiliberschneidung und der Regelung des
Ladedrucks ab. Die Simulationen haben gezedfss eine zu grol3e

Ventiliberschneidung haufig einen sehr hohen Luftverbrauch und einen
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insgesamt mageren Motorbetrieb verursacht. Auf3erdem wird der
Motorbetrieb instabil und reagiert sehr empfindlich auf Druckwellen, die vom
Auspuff ausgehen. Auch deatedruck erfordert eine prézise Abstimmung,
die mit Hilfe der Drosselklappe erreicht werden kann.

Der zweite Faktor, der fur einen sicheren Betrieb des\WegeKatalysators
erforderlich ist, ist eine gute Mischung der Gase, die zur Turbine und dann
zum Katalysator stromen. Zu Beginn der Nachoxidation werden die
Reaktanten in Form von Wolken im Abgaskrimmer getrennt. Durch die
Vermischung soll erreicht werden, dass das-Ku#tftstoff-Verhaltnis der zur
Turbine strémenden Gase konstant und sehr nahe &téddiometrie bleibt.

Eine unvollstandige Durchmischung wirde dazu fiihren, dass die Wolken aus
frischer Luft und fetten Verbrennungsprodukten getrennt zur Turbine stromen,
was einen wahrscheinlichen Verlust des Wirkungsgrads am\Viege
Katalysator zur lge hatte.

Ein Mapping eér Warmefreisetzung der Nachdationwurde durchgefihrt,

um zu beweisen, dass die Nachoxidationsstrategie auch unter anderen
Bedingungen als denen, die fir die Validierungrwendet wurden,
funktioniert Fir alle untersuchten Betliebspunkte wurde der
Gesamtmotorbetrieb sehr nahe an der Stochiometrie gehalten.

Bei dem Mapping wurde festgestellt, dass die Nachoxidation durch Spulung
unter vielen verschiedenen Bedingungen erfolgen kann, dass aber die
Umwandlung von CO und Hin CO; und HO vor der Turbinefast nie
abgeschlossen istDer Hauptgrund dafiir ist, dass die Geometrie des
untersuchten Motors keine bessere Vermischung von Verbrennungsprodukten
und Frischluft bei den richtigen Temperaturbedingungen zulasst.

Darliber hinaus zeigtedas Mapping der Warmefreisetzungsrate der
Nachoxidation, dass ein Kompromiss zwischen der Nachoxidation und der
Temperatur vor der Turbine erforderlich ist. Die Nachoxidation bendtigt eine
hohere Temperatur am Auspuff, um die chemischen Reaktionen besser
abschlie3en zu kénnen. Die Temperatur vor der Turbine ist jedoch in der Regel
durch die konstruktiven Grenzen der Turbine selbst begrenzt. Durch die
Luftspllung wird die Temperatur im Abgas gesenkt, was nitzlich sein kénnte,
um den Temperaturanstieg beirdsachoxidation abzuschwéachen. Das
Mapping hat jedoch deutlich gezeigt, dass Nachoxidation eine maximale
Grenze hat und vor allem von der Temperatur und geometrischen Faktoren
abhangt.
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Daher wurden Geometriedanderungen und  Modifikationen  der
Randbedingungendurchgefiihrt, um die Sensitivitdt zu erhdherDie
Untersuchung hat gezeigt, dass die Nachoxidation besonders empfindlich auf
die Temperatur der Abgase reagiert, wenn es um den Beginn und den
Selbsterhaltungseffekt der chemischen Reaktionen geht. Die Gapkaan

die Nachoxidation nur verbessern, wenn sie die Durchmischung der
Reaktanten erhoht, indem sie z. B. eine groRere Kontaktflache zwischen
Abgasen und Frischluft schafft.

Die gewonnenen Informationewurden verwendet, um ein vereinfachtes
Nachoxidaibnsmodell in QuickSimzu testen,das sich als einfach und
zuverlassig erwiesen hat, weil es die bessere Simulation der Vermischung
durch die Einbeziehung des gesamten Motors in die Simulation ausnutzt.

Die Ergebnisse der 3BFD-Simulationen wurden auchrfilie Entwicklung

und Validierung eines Nachoxidationsmodells fiur eine -CED-
Motorsimulation und fur die Abstimmung des Motorbetriebs am Prifstand
verwendet.

Die Nachoxidation ist besonders empfindlich gegenliber der Temperatur der
Abgase und der Vermischg im Abgaskrimmer. Um einen insgesamt
stéchiometrischen Motorbetrieb zu erreichen, missen diese beiden lokalen
Parameter mit den Gesamtmotorparametern wie Spilung und Gemisohbild

im Zylinder Ubereinstimmen.

SchlieBlich ist die 3BCFD-Simulation ein gradlegendes Werkzeug fiir die
Untersuchung der Nachoxidation. Die Kopplung von vollstédndigen
Motorsimulationen mit detaillierten Simulationen des Abgaskrimmers zeigte
sich als zuverldssig und genau. Die Implementierung eines reduzierten
chemischen Reaktiong@ohanismus lieferte die chemische Beschreibung der
Nachoxidation

Die Nachoxidation mittels Scavenging hat das Potenzial, einige der
kommenden Herausforderungen der Motorenentwicklungeistemn.






1 Il ntroduction

1.1 Global scenario

The discussion about the role of internal combustion engines and
transportation in the future must be framed in the more general landscape of
the turning point that world and humankind is living. The pandemic that is
sweeping the world causing so many edises and grief is partially the
unwanted result of the not sustainable development of our society, which is
exhausting the natural resources of our planet and undermining the quality of
life of future generationd]. New stulies and reports are continuously raising
the attention towards a more sustainable development and a reduction of the
human footprin{2] [3] [4]. Therefore, also the fure of transportation must
allow for human development, i.e. people must have the possibility to access
personal transportation, while at the same time diminishing the presgte
planet, i.e. reducing greenhouse gases (GHG) and pollutants emissions.

The access to energy is fundamentally connected to the development of the
society[1] and the demand for energy is expected to grow in the future mostly
fuelled by emerging countrig/®]. In this senario, global transportatien
related demand of energy is expected to grow by 25% by B&J40n
particular, personal ligkduty vehicles will represent an important part of the
energy demand in the future. Gasoline engindstli represent a great share

of the market, also because many hybrid vehicles will rely on gasoline ICE
[6]. It is therefore of maximum interest to develop strategies that increase the
efficiency of sparkignition (SI) engnes.

This scenario represents an alternative to the idea of a regulated dgdrease
which makes it more realistic but also poses the problem of how to reconcile
the material growth with the reduced human footprint on the pldne
December 2015 the fundamental milestone of the Paris agreement has been
signed by 196 partie@]. Such agreement has the goal to limit the global
warmi ng fdwell b eil nodw s2 A C[8] dhbtchaseioebl s @
achieved by means of nationally determined contributions (NDC), in which
the countries declare their goals for the reduction of GHG emissions and
mitigations of the effects of the global warming.
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1.2 Automotive industry

Also the autmotive industry will have to operate and possibly thrive in this
scenario, meaning that all the possibilities must be considered that allow for a
reduction of CQand pollutants emissions. At the moment, the most common
propulsions systems are the interc@ainbustion engine (ICE), based on liquid
fossil fuels, and the battery electric vehicles (BEV), which rely on electric
motors and which in the last few years are experiencing an important growth.
The third relevant configuration present on the marketashiybrid electric
vehicle, which exploits the advantages of the two previous propulsion systems
and for which many different configurations eXBjt

A new approach that has been intensively studied in recent yearsigetbé
renewable fuels, i.e. liquid fuels that are produced starting from environmental
CO; and renewable energy. These fuels offer the advantage to be used in ICE
while remaining carbon neutral. Due to the scahalwifttheir production it is
possible thathey will play an important role in the future of the automotive
industry.

The definition of the best solution for the-darbonisation of personal
transportation among the many possible shall be pointed out by means of a
life-cycle assessme(itCA). Any other kind of analysis, e.g. a wédkwheel
analysis, is a simplification, which might have the unpleasant effect of shifting
the problem of GHG emissions to other sectors of the production chain without
solving it. Since GHG emissions are algdl problem, moving those to
different countries or production sectors, e.g. vehicle production eofend

life, that are not taken into account does not solve the problem.

The LCA is a methodology that identifies and quantifies the environmental
impact ofa product during its whole life. In the case of the automotive
industry, the LCA can be divided roughly into three different moments:
production, use and eral-life. This kind on analysis accounts not only for
the GHG emissions but also for other effestieh as acidification, human
toxicity, particulate matter, photochemical ozone depletion and resource
depletion.

Some studie§lO] report that, taking into account also the production of the
car, the GHG positive effect of &% depends greatly on the energy mix used
for electricity production. Indeed, the construction of a BEV produces 80%
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more kgCQeqthan the normal internal combustion engine vehicle (IJEY)

(in this case a gasoline standartgine), mostly because of the great energy
needed for construction of the battery. During the use, instead, the amount of
GHG emissions depends on the electric grid mix, at which the car is charged.
For the European average electric mix, the BEV is @beltoice after 50000

km. However, if the electric grid mix relies mostly on fossil fuels, e.g. coal, it
is possible that the BEV never results convenient from the GHG emissions
point of view in comparison to a ICEJ40]. Moreover, the production of
batteries provokes damages in terms of acidification, human toxicity,
particulate matter, ozone depletion and resource depletion usually greater than
the ICEV [10] [11]. Therdore, ICEV in particular equipped with gasoline
engines, have the potential to become a relevant factor for the reduction of
humanfootprint on the planet, and, since they are usually cheaper than an
equivalent BEV or hybrid electric vehicles (HEV), theyllwepresent an
interesting choice for the growing middle cl§&2].

The greatest amount of GHG emissions in the life of an ICEV happens during
the use phase due to the exhaust of combustion products. Therefore, a good
solution to reduce or even avoid GHG emissions is to usgr@Qiral fluid

fuels, in order to exploit the lower fingerprint of ICEV production and solve
the problem of GHG emissions during use.

Synthetic fuels produced using renewable energies are generalty etiels

and can contribute to the needed change in the transportation. Among the
many different types of-fuels the most interesting are the liquid ones that can
be produced by means of the methawedjasoline process. In this case, the
natural resoures required are water and £fitered from air[13]. The key
factors to ensure thatfaels have a potential of reducing GHG emissions is
that renewable energy is used and that @Ccaptured directly from the
atmosphergl4]. In this scenario, ICEVs become a very interesting, cheap and
less resourcintensive solution towards a carbon neutral transporttish
Moreover, efuels have the great advantage that can be used also in the already
exising engines without any necessary modification, which would
Atransfor md i n atdowyostthé areatlyeruhning ICEMs a n
into CO-neutral vehiclegl6]. Moreover, the already existing infrastructure

of fuel statims and pipelines can be adopted fduels and biofuelswithout
changes.
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The composition of-fuels can be defined using a limited number of chemical
specieqg17] and can be precisely determined in order to reduce emissions of
ICE [18]. This enables the better design of future ICEs and reduces the
emissions othe already runningngineq19].

For all these reasons, the ICE used in combination with ligfuele has the
possibility to play an important role for the future of transportation for both
personal lighiduty vehicles and industrial headuty vehicles. It is also
important to stress that in the future each technology will be used for the scope
that better fitsptherwise there is the risk to force the adoption of technology
that is expensive for the consumer and does not benefit the environment. As
an example, BEVs can reduce the local emissions and therefore are a good
solution for city traffic; however, the gmonmental impact of BEVs increases

with the dimension of the batted/1], i.e. for long range transportation ICEVs
fuelled by synthetic fuels are more environmentally sustainable.

Another important role in shaping the futweICE will be played by the
regulations of other pollutant emissions different from GHG gases. While the
CO; regulations are thought to solve a global problem, pollutant emissions
regulations deal with the local quality of air and consequently the hafalth
people. The most relevant regulated pollutants are COy, N@burned
hydrocarbons (HC) and particulate matter (PM). The European Union (EU)
has been regulating the emissions of these pollutants since the first Euro
emission standard in 19920]. These emission standards had the effect of
both challenge the automotive industry and of reducing the exposition of
people to harmful pollutants. T@mologation procedure of new car models

is based on themission measurement dugia driving cycleup to the Euro

6 standard the test used was the New European Driving Cycle (NEDC), which,
however, proved to poorly represent the pollutant emissions in real driving
conditions [20]. Therefore, in 2017 the ommission regulation (EU)
2017/1154 has been implementéndit requires a real driving emissions (RDE)
test for the approval of a new model. Also the NEDC cycle has been replaced
with the more challenging World Harmonized Lighaty Vehicle Test
Procedure(WLTP). At the moment the discussion about the following
standard emission Euro 7 is-gning, however, it is clear that in the future
cars will have to exhaust even less pollutants and more pollutants will be
measured during the td&tl]. In particular, it is probable that the attention for
the coldstart conditions will increase, since those represent the most relevant
source of pollutants emissions during an RDE cjz2 [23] [24].
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Therefore, the major challenges that the automotive industry will face in the

foreseeable future will be the reduction of GHG emissions and the reduction

of pollutants emissions. This wdlumup to the needf redudng both costs

and time of development, since OEMs are forced to make great investments
in other new and strategic fields such as electrification and advanced driver

assistance systems (ADAS).

1.3 Motivation and objectives

Postoxidation is a strategy that has the potential to deal with some of these
problems and that it has not been yet thoroughly investigated and understood.
Postoxidation consists in performing a rich-éylinder combustion that
produces CO and s exhaust prodis. The rich combustion products are
then completely oxidized in the exhaust manifold by meamsyden {resh

air, lean EGR, etc.)The oxidation reaction transforms CO anglifito CO

and RO respectively therefore reducing the emissions, and at #meestime
raises temperature and enthalpy of the exhaust gases thanks to the heat release
rate of the reaction. The temperature increasebeagxploited taeduce the

time needed for catalyst heating while keeping the overall engine operation
close to stathiometry. Many different types of peskidation are possible.
Among them, the most common is pogidation by means secondaair
injection [25], which consists in using an air pump to inject fresh air in
proximity of the ekaust valve. Such strategy proved to be reliable but
increases the complexity and cost of the engine. A simpler solution that has
been analysed in the following investigation is pmdtation by means of
scavenging. The strategy has been tested on acytinder, turbocharged,
direct injection, sparignition engine and it consists of a rich-dglinder
combustion followed by a great amount of scavenging due to a very long valve
overlap. Fresh air and riatombustion products mix in the exhaust manifold
and start posbxidation. Moreover, the downsizing of direct injection spark
ignition (DISI) engines by means of a turbocharger delays the torqueupuild
during transient operation (phenomenon also known as -tag)o The
introduction of RDE measuremeritgreases the need for improved transient
engine behaviour while keeping the emissions to a minimum. The-lagbo
origins in the lack of mass flow through the turbine to overcome the rotating
inertia. A smaller sized turbine would decrease the rotatiegianbut, at the
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same time, decreases the engines rated pf[2@gr One possible solution
could be to use a variable geometry turbocharger (VGT), however, the engine
becomes more complicated and expensive. Another possibilitgrease the
mass flow rate through the turbine is to use a long overlap of inlet and exhaust
valve lifts. This allows fresh air to flow througthe cylinder without
participatingin the combustion during the scavenging e\2ii. Therefore,
postoxidation by means of scavenging has also the possibility to reduce the
turbalag, while keeping the overall stoichiometric engine operation.

Previous investigations of peskidation [25] already panted out the
difficulty to determine the amount of pestidation, as well as the most
relevant influences. Therefore, the investigation must rely on a coupling of
testbench and 3BCFD investigations. In the following, the procedure used to
investigate pst-oxidation by means of scavenging is presented with special
attention to 3BCFD modelling. At first, posbxidation has been analysed at
the testbench, where detailed measurements habeen performed.
Afterwards, these measurements have been used ittateatwo different
kinds of 3DCFD simulations: full engine simulations with the-8BD tool
QuickSim[28]; detailed model of the exhaust manifold with chemical reaction
mechanism and fine mesh.
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Postoxidation is a chemical reaction triggered by the mixing happening in the
exhaust manifold of an ICE. A realistic simulation of pasidation requires
that both tle chemical reactions and the flow field are simultaneously
modelled. The computational model shobklable to simulate the chemical
reactions in the exhaust andnialude the complete engine.

The simulationof chemical kineticsnust focus on whatappenst the very

small temporal and spatiadcales ofthe molecular interactions and it is
necessaryor the determination athe efficiency of posoxidation, the heat
release rate and the correlation of macro parameters, e.g. turbulence and
geometry, with loal chemical reactions. The simulation of chemical kinetic is
usually based on the implementation of chemical reaction mechanisms that are
specially developed and validated for specific porpoleseover, it requires

a fine discretization of the computational grid and the-sie@.

The simulatiorof the flow field instead, is necessary for the description of the
mixing of gases local inhomogeneity and local conditions of chemical
composition and temperatuiEne precise description of these effects requires
the inclusion in the computational model of the whole engine and the complex
phenomena typical of engine operation (e.g. cylistdaylinder interaction,
injection, heat releas wall heat exchange, etdi. this casethe simulation

can rely on general equations and models that have already been extensively
tested and validated for maepgineapplications.

It is possible to reproduce in a single model all these aspects, émvitev
requires agreat amount of computational power and time. Therefore, a specific
methodology has been developed for the simulation ofgaddation that is
reported in 8. The applied methodology devides the simulation into two steps:
the 3D CFD-full engine simulation and the detailed simulation ofékkaust
manifold. The first step focuses on an accurate simulation of the engine
operation and the second o tthemical kinetics of pesiidation.

In the followingchapter the fundamentals of chemical reactions kinetics and
3D-CFD simulation are reported.



8 2 Fundamentals

This chapter will focus only on the application of pogidation and is by no
means a complete descriptiohthe simulations methodology. The interested
reader can refer to the specific literature (B8], [30], [31] and[32]).

2.1 Fundamentals of chemical kinetic simulation

In equation2.11) ageneral reaction equation is reported, where the chemical
species A and B are the reactants anah@@d are the products. The factor
relates to the reaction ord@0].

©®»  BO B 'O (2.11)

The reaction proceeds consuming the species A and B and producing the
species C and D. The parameter that describespter at which theeaction
proceedss the reaction raterkThe casumptionrateof A can be described
by equation2.1.2).
ﬂ N6 6 (2.12)
Qo

Where[A] is the concentration of A in mol/fnThe higher the reaction ratg k

the faster the decrease of [A]. The decrease of [A] is also proportional to [B]
(concentration of Band [A] itself. The higher the reactant concentrations, the
more likelythe reactants will have anteraction andvill form theproducts.

The reaction orders describe the change in reaction rate for the different
chemical species concentrations ilvea in the reaction. The overall reaction
orderin this casas ( ).

The constant kis the result of the molecular interactions, which tend to
increase as the temperature and the energy sf/termincreases. Therefore,

it is proportional tahe temperature ard theoverall reaction order. Theost
common approach to calculdgs theempirical modified Arrhenius approach
describedn the following equation

0 60y O (2.13)

Ea is the activation energy (the minimal energy needed to start the reaction);
A is the preexponent multipliemand has different meanings$ the reacting



2.1 Fundamentals of chemical kinetic simulation 9

species are ufibi- or trimoleallar reactionsFor a bimolecular reactiofike

the example oéquation(2.11), A representshe collision rate of molecules,
which is a measure dfie probabilityof the reactiof30]. In order to limit the
increase of the reactivity, the exponent b of the temperature factor is needed.
Otherwise the reactivity would grow indefinitely with temperature, which is
not realistic.

Thereaction of equatiof2.1.1) cantake placealsoin the opposite directign

i.e.C and D are the reactants and A and B the products, if the conditions are
correct In this case, theeaction rate is the reverse reaction rateTke
complete reaction equation is

T H» T ® T B D (2.14)

Therefore the net productionr consumptiomate of A is thalifference of the
of the forwardand backwardeaction rats

Q6 . .
9% 8 Q8 O (2.15)
Qo0

The greater is the consumptionrate of A 6 6 ) and the lower is the
production rate of A ("Q 6 'O ) the faster the concentration of [A]
reducesover time. The smaller the difference between consumption and
production of A, the smaller and slower will be the change in concentration of
A. Therefore, in specific conditions, it is possible tih& consumption equals
the production and the concentration of A remains stable in time. This
condition is called chemical equilibrium and it is described by the following
equation:

Q0 o~ n S
ey Qo0 0o Qo6 ©O T (2.16)
Qo

After some simple elaboration, the equation becomes:

0 8 © [ (2.17)

e T 0] .

Q o0 o
Kc is the equilibrium constant and depends on the concentrations of all the
species participating to the reaction. As demonstratf&0inthe equilibrium
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constant can be expressed as function of partial pressures of eaclkednvolv
chemical species as it follows:

w oYY (2.18)

n on
The equilibrium constant icanbe calculated using the Gibbs free energy of
theinvolved chemical species, which is a function of the molar enthalpy and
molar entropy of each chemical species. The standard values of Gibbs energies
are listed in tables. The interested reader can ref2dt@nd[30].

With this set of equations and the information about the Gibbs free energy it
is possible to define a system that determines the chemical composition at
equilibrium for aspecific reaction. The dimension of the equation system
depends on the number of chemical species that are considered.

The chemical equilibrium is the composition of species of the system if an
infinite amount of time is available for the reactions. Sitiheereactions do

not have infinitely fast reaction rates, the actual chemical composition of the
system will approach the compositiah equilibriumdepending on the time
available for the reactions. The distance of the actual composition from the
one at bemical equilibrium after a given amount of time depends on the
reaction rate: the faster the reaction rate, the closer to the chemical equilibrium
will be the actual composition.

The reaction rates depend strongly on temperature; in systems with high
temperaturesthe reactions will progress faster and the final composition will
be closer to the composition at equilibriunhile in systems with a lower
temperature the reaction rates will be lower.

2.1.1 Chemical reaction mechanisms

The application of chemical kitic to general reacting systems with many
species and complex reaction pathsoutinely carried out using tlehemical
reaction mechanisms. In the following section chemical reaction mechanism
fundamentals are reported. The discussion will focus on ichémeaction
mechanisms for the simulation of combustion and-prEtation.
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The overall oxidation process of fuel and oxidizers can be expressed by a
reaction equation in the form ¢(2.1.1). In order to give a practical example,

the oxidation reaction of Hwill be presented in the following. The overall
oxidation of K can be described with the chemical reaction equation:

¢O U © ¢0U (2.29)

The global reaction equation is usefulsommerizethe overallreaction that

is being describedHoweverthe probabilitythat two B molecules hit an ©
molecule simultaneously and form twe®moleculess very low Such event
would require thesimultaneosbreaking ofmany chemical bonds and the
formation of several newnes The reaction equation represents the overall
oxidation process burotthe single smallerstepsthatactualy happen during
thechemical proces29] [30].

The global reaction equatid8.19) is the global result ofnany elementary
reactionghat take place during ttaetual kinetic bemistryand that causes the
formation of many intermediate specidsdeed the collision of three
molecules is less probable than the collision of two molecules. Therefore, it is
more probable that only one molecule ofddllides with one molecule of O

and formHO, and Has intermediate speciéa1.10). Moreover the formation

of HO, is easier than the formation of® since itrequires only one chemical
bond tobe broken and one to be formed.

O 9o O (2.110)

In order to understand the overall oxidation path it is important to be able to
determine pecisely the formation and consumption of intermediate species
generated by elementary reactions.

If an intermediate species has an unpaired electron, it is very likely that it will
react with other species and create new chemical bohdeefore, these kinds

of chemical species are very reactive and called radicals or free radicals. The
availability of radicals is connected to the reaction speed in the system. There
are four main types of reactions including radicals:

A Chain initiation: vihen an elementary reaction produces one radical
without consuming any;

A Chain propagation: when an elementary reaction produegadical and
consumes one radical;
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A Chain branching: when an elementary reaction produces more radicals
then the ones it cons@s;
A Chain terminating: when an elementary reaction consumes more radicals

than the ones it produces.

Chain initiation are fundamental to start the reaction. Chain propagation
reactions do not speed up the reaction rate but neither they slow down the
reacton rate; in this case the overall amount of radicals remains constant. The
chain branching reactions are the ones that speed up the reaction rate by
increasing the total amount of radicals available. Finally, the chain terminating
reactions reduce the oadiramount of radicals and by doing so they reduce
the chemical reaction rafaQ].

Radicals are fundamentals for many different oxidation processes. In
particular, in the case of peskidation the availability ofadicals is necessary
for the oxidation raction of rich combustion produstsl fuel.

The formation of radicals is strongly dependent on the temperature of the
mixture. The higher the temperature, the greater the formation of radicals the
the faster the ection rate. If the temperature is low, less radicals will be
produced by means of chain initiating and chain branching reactions and the
system will react slowlier. One possibility to speed up the reaction is to
increase the amount of reactants. Refertmthe equatior(2.12), A is the
general fuel molecule that must react with the radical B; if the system is
operated at low temperature, in order to kiedugh atlow temperatures, the
concentration of B must be high.

At low temperatures the production of B is low. However, as soon as the
reaction starts, there is a certain amount, which raises the temperature of the
system, therefore increasing the production bf/Bneans of chain branching
reactions. This effect is saléinforcing and the oxidation proceeds quickly.
The time needed to build up the necessary amount of radicals that start and
speed up the reaction is called chemical ignition d@8a}/[30] and it plays a
relevant role also in posixidation, as it will be later demonstrated

The example okquation(2.1.9) is the simplest oxidation reaction possible.
Yet, the completeehemical reaction mechanism accounts for more than 20
different elementary reactiof30]. In the case of more complex oxidation
reactions, such as fuel or CQidation the number of elementary reactions
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increases rapidly. Therefore, when choosing the chemical reaction
mechanism, it must be payed attention that the necessary reactions are
included but the number of other chemical reactions must be linTites.
chemical reaction mechanisms must be alstidated for the range of
boundary conditions of interest.

The structure of a general chemical reaction mechanism, like the ones used in
this study(e.g.[33] and[34]) consists of a list of the chemical elements that
are involved in the reactions, a list of the elementary chemical reactions and
the parameters of the modified Arrhenius approach that are necessary to
calculate the forward reactioateks

Moreover, the NASA polynomialgequations from(2.111) to @.113)) are
necessary for the calculation of thermodynamic quantifies data includes

the value of the parametegs i & for each species included in the reaction
mechanism. These polynomials are necessary for the calculation of the
chemical equilibrium by means of the constapbr Kc.

® O Y Y oY (2.111)

G =Y =Y =Y =Y (2.112)
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The number of chemicakaction mechanisms freely available is relatively
limited and the reason is that in order to create one mechanism very complex
and extensive investigations have to be carried out both in the numerical and
for the experimental fieldJsually the chemicalelaction mechanisms for the
oxidation of longchain hydrocarbons have hundreds of species and many
thousands of chemical reactions. This is needed in order to have a high level
of generality and be able to simulate many different oxidation processes
without the need for simplifications and assumptions. However, the
computational time and effort increase drastically. A solution is to reduce the
number of species and reactions by choosing the ones that are necessary for
the application of interest. In the cadfgostoxidation, for example it will be
demonstrated that the simulation of lectgain hydrocarbons does not increase
the accuracy of the simulation, which allows a drastic reduction of the number
of species and reactions. The reduced chemical reanohanism is able to

Y6 (2.113)
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correctly simulate postxdation in a lower time and with lower requirements
for what concerns computational powd?ossible mechanism reduction
methodologies are described®5b] and[36].

For the particular application of 3DFD simulation to posbxidation,
chemical reaction mechanisms aezessarfor the simulation of the reacting
fluid. They describe for each tinstep the chemical reactiotisat happen
locally in each cell of the computational griid;consequences in terms of heat
release and change in the composition of the tn&dthen connected to the
flow field. The information aboubcaltemperature, composition and pressure
in the &ll are insteadgiven by the 3BCFD flow field simulation. The
connection between these two models is the flame front where the reactions
take place. Pogixidation, as it will be discussed in detail i, 8 a non
premixed turbulent flame and requires the simulation of both the flow field
and the local chemical effects in ordeb®correctly reproduced.

2.2 Fundamentals of 3DCFD simulation for ICEs

Starting from theigties, as computational power started to increase, engine
designers use, besides theoretical knowledge and experimental test also
computational models. The advantages that the modelling offers are a
reduction of time and costs, and a great flexibility smodsibility to test
different variables. Therefore, the computational models are widely used and
will for sure play an essential role in designing the future engines.

The current standard of the-salled virtual engine development consists of
three mairtools:

A Real working process calculation. It consists in a 0D approach based on
fundamental energy conservation equations but it is unable to calculate
any kind of temperature or species distribution;

A Onedimensional computational fluid dynamics (D). It focuses on
the simulation of the engine as a whatel simulates the thermodynamic
processeby means of 1D assumptions;

>

Threedimensional computational fluid dynamics (&IF-D). In this case,
the vey general flow field is calculated and the geometries of the engines
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are discretized by means of a thdBmensional computational grid. In
each cell of the grid the conservation equations and the equations of fluid
mechanics are solved, ensuring the bgiHevel of accuracy.

2.2.1 Real working process analysis

The real working process is a simple analysis of thermodynamic processes
inside the engine. It is based on the energy conservation equation, the mass
conservation equation and the theregation of state. Since the model is so
simple, it can be implemented easily and requires very little calculation power
and time.The type of analysis is very useful in order to carry out a first
evaluation of the processes taking place inside the engine.

2.2.1.1 First law of thermodynamics (energy balance)

The definition of the first law of thermodynamics has been proposed by
Hermann von Helmholtz around the year 1850 and it states: the sum of all
energies is constant in an isolated system.

60 0 O 0O 0O w n (2.21)

Wherel is the fuel heat release, is the wall heat transfet) is the intake
enthalpy,O is the exhaust enthalp{® is the enthalpy of the leakage aid

the work produced on the piston, considering the whole cycle.tiftee
derivative of thehe energy balance describes the changes of internal energy
"Yover time If Q «is the crank anglderivative, the formulation of the energy
balance allows the cranangleresolved analysis of the whole cycle.

Q0 QUL CO QO Q0 Qw Q7
Qe Qe Qe Qe Qe Qe Q-

(2.22)

2.2.1.2 Mass balance
A similar balance can be carried out for the mass in the cylinder.
Q4 Qa (91 Qa
Qe Qe Qe Qe Qe

(2.23)
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Whered is the mass inside the cylindér, the mass of fresh air entering
the volume@ the mass of exhaust gases leaving the cyliridetthe mass
of air due to leakage and blevy and finally& is the mass of fuel in case of
direct injection engines.

2.2.1.3 Thermal equation of state

In order to complete the model the equation of state iessacy for the
correlation of the thermodynamic variables.

A & OY JY (2.2.4)

For typical ICE applications, the assumption of idealigasually acceptable
as the engine is operated in a range of pressures and temperatures, which is far
away from the condensation conditions

The drawback of a real working process analysis (OD simulation) is that it is
usually necessary to introduce paramsethat must be tuned for each engine
operating point, therefore reducing the predictability of the models.

2.2.2 1D-CFD simulation

Real Working Processhalysis are usually coupled with ACFD simulations

that allow a spatial resolution of the fluid movement on the main direction of
the engines. The model usually includes the whole volume of the engine that
is afterwards divided into a finite humber of suddumes that enable the
calculation of the flow field in one direction by solving the conservation
equations in each volume (continuity, momentum and energy). The
combustion process is modelledsing phenomenological ro quast
dimensional models and comébns. These modelare able toroughly
reproduce thenost relevaninfluence of factorsuch aghe geometryof the
combustion chamber and of the pistihe in-cylinder flow motionlike tumble

and swirl

The 1BD-CFD simulation are very interesting foretimvestigation of transient
behaviours like change in rpm or rapid changes in the power output. It is also
common to include the model of the turbocharger in order to carry out a
complete turbematching. The advantage of modelling the whole engine is that
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these simulations are able to cover the whole engine map of the engine up to
the simulation of complete RDE and WLTP cycles.

The drawback of 1BCFD simulations is that although they are able to model
also complete engine, they are not the right toohntwiksite changes in detailes
of the geometry (e.g. spray targetin

For the specific case of peaxidation, the 1BCFD simulation has a too
coarse spatial discretization and it cannot simulate the local inhomogeneity,
without which the simulation of posixidation is not possiblen order to
simulate posbxidation a specific model must be developed, which however
needs data for its development and validatibhese limitations can be
compensated by adopting 3TFD simuations.

2.2.3 3D-CFD simulation

The 3D-CFD simulation completes the design process of a new engine. It
enables a great level of detail atiteoreticallydoes not require neither
simplifications in terms of geometry nor seempirical models based on tune
paraméers for the simulation of complex processes such as mixing and fluid
movement in the cylinder. On the downside, however, the needed
computtional time and power increageeatly in comparison to the other
kinds of simulations listed above. Therefore, #yplication of 3DCFD
simulation to engine design focuses mostlytbe description of specific
complex behaviours during engine operation, its understanding and tuning.

3D-CFD simulation is based on the discretization of the volume of interest into
finite volumes by means of the-salled computational grid or mesh. Each
volume is defined as a cell and the centre of the cell is where the discretized
NavierStokes (NS) equations are solved. The assumption is that, since the
analytical solution of the NS egtions is available only for a very limited
number of applications of little practical interest, the dimension of the
computational grid and the discretization schemes permit to calculate a
numerical solution of flow field very close to the real one. mftillowing the
fundamental equations of the 3TFD simulations are shortly reported,
however, it does not intend to be a complete description of the methodology.
The interested reader can refer to specific lectures sygii]ag32].
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2.2.3.1 Fundamental equations

Using the Euler approach, it is possible to write the conservation equation of
a general intensive variab@alp 'Q T dfunction of position and time in
the form:

ra. . .
o Qe i (2.25)

The equation(2.25) states that a change in timetbé intensive variable-

canoriginate from dlux through the volumelelimited by thesurface® , by
a source or sink or by longrange processes.

Such general formulation can be applied to the different variables of the CFD
problem. If the functionQa&lP is the density, the source and leramge
process terms are zelpecause mass canrim created nor can undergo any
kind of longterm procesand the equation becomes:

po

o QQUD T (2.26)

If “Gpecies are present in thestem, theequation becomes

Q"0 (2.27)
P "® " ® A "b b (2.28)
i 07 (2.29)
O T (2.210)
Where:

A 0 & Ta& is the mass fraction of the speci@s

A The local flow velocity is substituted by means of the flow veloaiiy

and the diffusion velocityB, which generates a species diffusion mass
flux p;

A The source term is the product of the molar mass of the " (species
and its molar fraction rate .
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Therefore, the conservation equation becomes:

0
T'I'_b QQW o Q0p 0] (2.211)

In the case the intensive variable is the speeifiergyof a fluid, the following
consideration can be done:

0 "0 6 ?3‘*’5 ‘0 "0 (2.212)

Where 6 is the internal energy; 36 is the kinetic energy,Ois the

gravitational energy an@ is the enthalpy of formation of the mixturghe
energy conservation equation can be defined after makindotioaving
considerations

B @ O0b b (2.213)
i I (2.214)
© N (2.215)
Where:

A 1P is composed by the sum of the convective heat exchiar@ethe

energy transport term due to pressure shear stréssemd energy
transport due to heat conductipn

>

It is assumed that there are no energy sources inside the control volume;

>

The longrange term® is given by the contributions of radiations or
magnetic fields.

The conservation equation for energy results:
[ O T

— —, QQUQbd » 0dQI I Q Qi
o T o d o
n

WhereQ is the thermal and chemical contribution, respectiiedyndQ:

(2.216)

Q0 Q (2.217)
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Finally, theequation for theconservation of momentugan be desumed as
follows:

ORI (2.218)
B "®s @ 0 (2.219)
i om (2.2.20)
o "R (2.221)
Where:

A " ipis the momentum density;

A 1P is composed by a convective tet@$ ®and a secondrder stress
tensor;

A & represents the gravitational contributio®

0 is the secondrder stress tensor thagscribes the variation in momentum
due to viscous effects and the pressurg The momentum fluxesults

B "bs® 0 "5 b A0 (2.222)
The resulting conservation equation for the momentum can be formulated as:
T ” l‘ﬂ)

Y QQbS ® QQ Qi o "| (2.223)

2.2.3.2 Turbulence modelling

All CFD simulationsof internal combustion enginesein turbulent regime,
therefore, the model must be able to represent the effects of turbulence. There
are many possibilities to model turbulence, in the following the three most
common approaches are briefly discussed focusing on the-dffacid
accuracyand computational time. For a more detailed description df/fes

of simulations, the reader can refef3a], [32] and[37].

The equations reported in the previousagaaph are able to describe any kind
of flow field. The direct discretization and application of these equations is a
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well-known technic called direct numerical simulation (DNS). Such
application does not require any further model in order to simulatiimehpf

flow field, both turbulent and laminar. The drawback is that it also requires a
very fine discretization of both space and time. This results in a very fine
computational grid and a very small tirseep of the simulation. The
dimensions are chanageistic of the fluid flow analysed and are dictated by the
dimension of the smallest turbulence eddy; in general an estimation of the grid
pointsy is proportional to the Reynolds numBeiQ

vo X (2.224)

6 e vl (2.2.25)

Therefore, the dimension of the problem explodes even for the very small
geometries reaching calculation times up to many y&4is Moreover, the
level of deail granted by DNS is much greater than what is usually required
for virtual engine development.

One of the most important characteristic of turbulence is that, while the large
eddies (i.e. whose dimensionasund 2 mihave a shape that can be very
different depending on the geometry of the problem, the small eddies are
nearly isotropic and have a universal behaviour. The small eddies are also
characterized by the smallest time and spatial turbulent scales that make the
problem computationally extremestiff. A possible solution is to filter the
small eddies and substitute them with a model, while carrying out a complete
description of the large eddies. Such kind of simulation is called large eddies
simulation (LES) and it is already been used for samg@e applicationg38].
However, LES are usually applied to problems in which the domain is limited
and the needed level of detail is high, e.g. spray analysis. Indeed, LES are
faster than DNS simulations but they still requér very fine computational

grid.

The last simulation methodology widely adopted is the Reyn®l#saged
NavierStokes (RANS) equations. This methodology allows to use a coarser
computational grid and a longer tirstep interval. They rely, as the name
sa/s, on the averaging of the Navi8tokes equations and on the division of
the velocity contribution into two components: the mean and the fluctuating
velocity. This methodology allows the best traife of accuracy and
computational time for the engine migations, however, the effects of



22 2 Fundamentals

turbulence must be completely modelled. The most common approach for
engine application is the-& t ur bul ence model , whi
additional transport equations for turbulent kinetic energy (k) and the rate of

d ssipation of turbullehtaskbeeni teenhe
of different kinds of flows with good results, in particular for confined flows,

as for the case of ICE.

2.2.3.3 Modelling of working fluid and chemical reactions

Postoxidation can be modelled as a turbulent-poemixed flame that uses
as fuel the rich combustion products, which are in thesggis, and as oxidizer
the fresh aior lean EGR The modelling of chemical reactions requires that
each species that takepartto postoxidation is modelled. The transport
equation of species has already been reported &bguation 2.211)), which

it is reported also here:

T QQWd® QQp 0] (2.211)
The simulation must solve one transport equation for each species included in
the chemical reaction mechanism. This increases the computational power
required for the simulation and, as it will be demonstrated, the number of
species to be incledl for the simulation is a fundamental tuning parameter.
The greater the number of species the lower the number of assumptions that
has to be done for what concerns the boundary conditions of system and the
chemical composition of the inflowing mass flovate. However, the
computational time explodes gkig without necessarily increasinthe
accuracy of the results. Another important factor to be taken into account is
that the increase of chemical species, i.e. of transport equations, makes the
simulationnumerically more unstable, which again could result in not accurate
solutions

Similar adaptations must be carried out also for the other equigin89]
[40] [41].

In order to determine theasssource ternd 1  of each involved specigfor
each cell and timstep the chemical reaction mechanism must be solved. Th
solution of the chemical aetion mechanism for each cedin becomeuickly
extremely timeexpensive[42], therefore, some assumption is necessary in
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order to simplify and speadp the simulation. All the assumption, however,
must be verifiechgainst egerimental evidences.

Since when using RANS equation the turbulence is not directly simulated, the
interaction of turbulence with chemical reaction kinectics requires an
additional model, commonly known as turbulemtemistry interaction
model. One of themost commonly usedurbulencechemistry interaction
models for the implementation of complex chemistry iRGED simulations

is the secalled flamelet mod€]30], which is more adequate than the Eddy
BreakUp model for the simlation of postoxidation[43].

In both cases, at first it is necessary to implement in the model the chemical
reaction mechanism in the form already describ@dL(3.

The Eddy BreakUp modelcalculates the mean reaction rate by means of
empirical models that assume that it is proportional to the turbulence
dissipation rate. As the name suggests, the underlaying physical assumption is
that the breakip of turbulent eddies is the limiting facto the reaction rate.

As the turbulence dissipatefsesh reactantamix and react. Numerically it
results in the substitution of th@etic rates by a single turbulent mixing scale.
Therefore, the model is usually adopted only for small chemical raactio
mechanism (one ore two steps), which would be a strong simplification in the
case of posbxidation.

The flamelet modelinstead, assumes that thgsumes that a turbulent flame
can be approximated as an ensemble of laminar flanjégtsvhere flamelets

are thin structures wheretheposk i dati on (i . e. miXxing
place. This model calculates theaction rate in each cell as functiohthe

local species mass fractions, pressure and temperaturecdinéponds to
resolve the chemical reaction mechanism for eachsberein each cell. Such
modelling increases the computational effort with respect t&ddy Break

Up model but it is better suited for more complex chemical reaction
mechanismsThe model preomputes reactions for representative scenarios
and tabulates the relevant quantities before starting the simulation, in order to
speed up the solutiat each iteration.

At each timestep the chemical state in each cell is integréte the state
0 AYn to the stated HYA)
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0% 0 i =AY Qo (2.226)

Wherei is the reaction rate as function of vector of the mass fractpis (
the temperaturé’§ and the pressur@) during the integration timé

The sourcef species molar &ctionis then solved as:
1 N (2.227)

Where” is the density.

The application of the flamelet model assumes thatligenical reaction is

much faster than the turbulenttimec al e. Thi s assumpti o
chemi strydo assumption and it i's ge
chemical reactions happening at high temperature (>1000 K).

As the ODchemical kinetic investigations demonstrated, it is realistic to model
postoxi dation as fAfast chemistryo bec:
temperatures higher than 1000 K. Below this temperature, instead, the reaction
proceeds very slowlyTherd or e, where the conditic
simulation does not apply, the chemical reaction of-pritation almost

stops. The integral of equatiq@.226) does not predict any change in the
composition and the source of species molar fraction remains constant.

The possibility to simulate pestx i dati on as a Af ast
numerically simplifies the problem because it permits to stpaifze
turbulence scales from the chemical scales.

In order to reduce the simulation time, many different numerical solutions
have been tested (e[gd5], [46]). The most efficient and accurate solution is
the use clusterinfi4]: the cells with similar thermal and chemical states are
numerically grouped using a number of variables (e.g. temperature,
equivalence ratio, etc.)he averge chemical state of the group is integrated
for each group for each tirsep and finally the solutions are interpgeth
back to the original cellsThe advantage of clustering is that the number of
clusters increases slowlier that the number of celleréfhre, for models with
great mesh sizes clustering offers a safititl performance improvement.
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The validation process of the 3LFD methodology will have to validate the
choices and assumptiotisat havebeen adopted for themodelling of post
oxidation keeping in mind, which are the more sensitive assumptions and
sources of errors.
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For the following investigation, two different simulations have been
performed usig two different simulation environment3he full engine
simulation have been carried out with the-GBD tool QuickSin{28], which

was specifically designed for the simulation of ICEs, while the simulations of
the detailed model of the exhaust manifold with the chemical reaction
mechanism has been performed on the commercially available, general
purposetool StarCCM+.

3.1 3D-CFD tool QuickSim

QuickSim is a 3BCFD code based on St@b that has been developed over
the kst 20 years at the Research Institute of Automotive Engineering and
Vehicle Engines Stuttgart (Forschungsinstitut fur Kraftfahrwesen und
Fahrzeugmotoren Stuttgart FKFS) and at the Institute of Automotive
Engineering (Institut fir Fahrzeugtechniskuttgart - IFS) by the University

of Stuttgart.

The main characteristic is to use HKaHapted and tuned computational
models, which allow for coarser meshes compared to traditionaCFD
approaches without sacrificing the quality of the simulation. As a rebalt
computational effort for a simulation is minimized (2 hoursdatomplete
operating cycle of thiull enginemodelon a20 cores CPU)The typicaltime
scaleof different investigation approachessisowed inFigure3.1.

The strategy adopted in QuickSim has two major advantagaowts to
include inthe simulation domaithe completeengineandthe calculation of
severakonsecutive engingperating cycles in gery competitiveime frame.
Therefore, the simulatiostarts from afirst estimation offlow field and
thermodynamicconditions and at first performs a small transient from the
initial conditions to the stablenes The length of the transiedepend on the
engine operating poirtbeing simulated and on peculiarities of the model;
usually after 510 cycles the transient is concludet the usedefined initial
conditionsdo not affect ay longer the flow field28].
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control unit analysis and 1D-CFD- 3D-CFD sim.
(real time) sim. (1 cylinder)

3D-CFD-simulations with
QuickSim (full engine)

Figure 3.1: Comparison of QuickSim time scales with experiments and
conventional simwtion techniques

A crucial aspect in 3BCFD simulations is the influence of boundary
conditions on the result of the simulation. Boundary conditions are required
for the description of the fluid conditioret the boundary of the control
volume. The type and dimension oétbontrol volume determines the kind of
boundary conditions needed and the assumptions that has to be made for their
generationln the case the simulation domain concentraitdygon the cylinder

plus intake and exhaust channels, the boundary conditimmsbe either
measured at the test bench or calculated using-&HD simulation. The
problem is that both types of boundary conditions allow only for a uniform
distribution of the variables such as temperature and species on the inlet
surface. Howeverthe fluid flow in the cylinder head cannot be usually
considereduniform over the sectiorbecause of the many complexes
phenomena that tipically occur in these volumes: mixing, itir@ensional

flow, heat exchange with the walls, fuel vaporization, backflinom the
cylinder, pressure waveseée

As it will be discussed, the correct representation of these phenomena is of
major interest for the simulation of pastidation. In order to reduce the effect

of assumptions at the boundary conditions, QuickSim useaibands the
simulation domain to include the full engjné needed 0D turbocharger
model [47] can be implementedThanks to this approach, the boundary
conditions are pure (or humid) air at ambient pressure and temperature
without any particular thredimensional flow (Figure 3.2), therefore
drastically reducing the assumptions on boundary conditions.
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This approach enables for a simplification of the simulation methodology
because it requires less input data from thektesth and the required
information for boundary conditions is the standard evaluation that is carried
out for testbench operation,.g. indicating pressurénjection timing, valve

ti mi ngé

Complete engine

Single cylinder

Assumption
reduction

Complete single-cylinder test-bench

™

A

Cylinder

Figure 3.2: QuickSim approach to engine simulation

QuickSim can simulate variations of the following parameters without any
particularlimitation:

A Engine layout: cylinder numbeand disposition combustion chamber
geometry @lso opposed pistonintake and exhaust manifolds,-bx,
throttle valve position injection system direct injection, port fuel
injection, s i n gwitle arbitrary spray targatingeand i o n
geometrical dispositian

>

Combustion sparkignition, compression ignition, homogeneous charge
compression ignition (HCC[48] [49]) and sparassisted compression
ignition SACI.

A Fuel type: gasoline, diesel, compressed natural gas (CNG), biofuels and
e-fuels[50].
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A Valve timing, cranckcase configuration (connecting rod, cranck radius,
piston wrist pin)or free piston kinematics

A Two or four stroke engines.

Once the engine layout is completed, the simulation approach allows for
flexibility in geometry and stratggchanges.

3.1.1 Thermodynamic description of working fluid

As already mentioned abov82(2.3, the precise description of the working
fluid requires the definition of all the chemical species, which requires the
definition of one additional partial défential equation for each species,
increasing drastically the computational time. This approach is useful if the
target of the simulation is to reproduce exactly the chemical reactions in the
fluid and will indeed be used for the detailed simulation st-paidation. For

the full engine simulation, however, such approach is usually overdetailed and
the computational effort is not justified by the increase of accuracy. The goal
of the full engine simulation is to be able to simulate all the most relevant
phenomena inside the engine reducing the assumptions at the boundary
conditions and reducing the simulation time. Therefore, Quick&loptsa
system of few scalarim order to divide thevorking fluid into groups of
interest.Such a system iable to simute accurately the real working fluid
while simplifying the model and saving computational time.

The scalars represethiermodinamicallfresh charge, EGR (burned gas of the
previous cycle), burned gas and wdtet]. Figure 3.3 schematically shows
the composition of a general 3l during combustion. A detailed
description of each scalar can be foun{8i.

Postoxi dation requires the introduct:i
burnpl usdé. Thmumpkcasari §apresent only i
chemical composition is of fresh air{@&d N). It is calculated in cells where

the burned gases have a local A/F ratio greater than stoichiometry. In these
conditions, there is some still fresh air that is separated from the exhaust gases
by means -borfrp It thsed fismadal ar , sHavinghleans e (
| ambda i n t he kburmpnl ursedg iiosn .n eTchees siaari yr
of the mixing of rich exhaust gases witkygenpresent in the exhaust gases

for further oxidation
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This approachallowsto directly quantify:

A The composition ofhe burned gas;

A The amount unburned fuel flowing to the exhaust manifold;
A The mass of air in the exhaust gas.

More details are available jA8] [50] [52].

Combustion Propagation

Fresh Charge

Airy;

Fuely;
Water,
EGReye
EGR,;,;

EG RWate i

Burned Gas =S

Residual Gas
(EGR)

Y
Burned Zone Unburned Zone

Figure 3.3: Scalar composition in thedBCFD cell of QuickSim

The system of ten scalars implemented in QuickSim permits to define
indirectly in each cell the final chemical composition of the gases. The
coupling bewveen the scalars and the chemical species is done by means of a
look-up table, called caloric, which is specific for each fuel and is calculated
before the simulation. In the caloric, the chemical composition is calculated as
function of temperature, prass esgr, m@&H amount of egr, amount of
water and amount of aburnplus. The calculation is carried out using a
chemical reaction mechanisand assuming that at low temperatures the
chemical composition i s [28]fSomedtha 0,
caloric valuesare reported ifrigure3.4, Figure3.5, Figure3.6 andFigure3.7.

It can be seen that the compositions of burned gases change as function of
lambda, temperature and pressure. For the application ebypidsttion, the
majority ofthe investigated engine operating points are characterized by low



3.13D-CFD tool QuickSim 31

temperature, rich conditions and low pressure at exhaust valve opening (EVO).
In these conditions, the caloric predicts great amounts of CO aaddHery

little O.. It can be seen that gieoxidation, because of the rich combustion that
takes place inside the cylinder, lacks off@r the complete oxidation of CO

and H. This problem is solved by the fresh air from scavenging. There is also
a limited amount of NO, whose effect on postdation will be later on
investigated.

Mass Fraction [kg/kg]

1070 T T T T T T ]
06 0.8 1.0 1.2 1.4 1.6
Lambda [-]

Figure 3.4: Burned gas composition for a combustion of SuperPlus98 at 1
bar, 1700 K and for different values of lambda

Mass Fraction [kg/kg]

10 ; : 7 : 7 : ; - ;
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Lambda [-]

Figure 3.5: Burned gas composition for a combustion of SuperPlus98 at 1
bar, 2700 K and for different compositions
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Figure 3.6: Burned gas composition for a combustion of SuperPlusd8 at
bar at stoichiometry and for different temperatures

Mass Fraction [kg/kg]

Pressure [bar]
Figure 3.7: Burned gas composition of SuperPlus98 at 1700 K and
stoichiometric conditions for different values of pressure

This approach has tlaglvantage to rely on 3BFD simulation for the mixing

and on a detailed look up table for the local composition of the;ghsesfore,

it allows a fast and yet precise calculation of the chemical composition of the
fluid without the direct implementatioof the chemical reaction mechanisms

in the simulation, which would increase drastically the calculation time. This
approach has been widely adopted during the investigation ebpidsttion

and it proved to be able of great accuracy.



3.13D-CFD tool QuickSim 33

3.1.2 Combustion modelling

From the computational point of view, the combustion can be extremely
expensive[29], [30]. The detailed simulation of the fuel requires the
calculation of hundreds of different species and thalsaof chemical
reactions. Moreover, for the simulation of ICEs such level of detail is not
necessary. Therefore, in QuickSim has been implemented different
combustion models dedicated to the application of ICEs and based on the heat
release lav}28], [50]. Such models do not simulate the chemical reactions but
only the heat release of the combustion as function of the thermodynamic
conditions and the local compositidrhese models are specific to the type of
fuel that has been used in the simulation ahdae the information provided

by the caloric:

A Sparkignition: the combustiostartswith a heat release at the spatlg,
then a flame front propagates through the combustion chamber

A Selfignition: the model can detect the volumes where the gases are in
selfignition conditions and start there a local combustiexg.HCCI,
knocking)

>

Diffusive flame:in this case there is no moving flame front and the
chemical reaction rate is determined as function of the diffusion velocity
of the species involved

In QuickSim is also present a pastidation model that has been described in
810, when it has been validated and improved using the results of the
investigation.

The Pllowing investigation hadeen performed on a DISI engine. Therefore
the combustion model for spaidmition combustionand selfignition have

been used. The approach in QuickSim for the simulation is to reproduce the
turbulent flame assuming that it beea like a laminar flame that is wrinkled

by turbulence. Therefore, for the simulation, the tool uses information about
the laminar flame speed in the same thermodynamic conditions of the cell and
for the same composition, plus a wrinkling factor that ipligts the laminar
flame front so that its surface resumes the one of the turbulent fitante
(Figure3.8).
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Figure 3.8: Schematic representation of the flame propagation by means of
a wrinkling factorf28]

The wrinkling factor, which links the laminar and the turbulent flame speed,
is defined as:

. O0pF Y
Where:

A 0  is the area of the flame front in the laminar case;
0 § is the area of the flame front in the turbulent case;

A
A Y is the flame front speed in the turbulent case;
A "Yis the flame front speed in the laminar case.

The value of the wrinkling factor is determined using correlations that are
deduced from empirical and theoretical investigations. The model adopted in
QuickSim has been proposed for the first time by Wdb&] and has been
adoptedfor wide range of validatedasesn the field of internal combustion
engines. The model calculates locally the value of the wrinkling factor and
coudes the information with local thermodynamic conditions. This
information determinethe local laminar flame speed, which then is multiplied
by the wrinkling factor for the calculation of the turbulent laminar flame speed.
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The calculation of the laminaraiine speed depends on the thermodynamic
variables, such as temperature and pressure, local mixture composition, local
amount of water, local amount of EGR and chemical composition of the fuel
as shown in3.12).

Y "Q_mMRYR R R i (3.12)

It is possible to calculate the value of the laminar flame speed by means of
semiempirical correlations like the one from Gildéd], however, it has
been proven, that these correlations are precise foitadimterval ofair/fuel

ratio and for standard fuels.

A better precision fothe calculation of the laminar flame speed requires the
use of detailed chemical reaction mechanisms in order to correctly simulate
the fuel composition. Therefore, the computational time redug very high.

The solution adopted in QuickSim is to implement the laminar flame speed as
a lookup table, where its values are stored as function of the variables reported
in (3.12). Thesimulationenters the table with the local values of the variables
and reads the value of laminar flame speed.

The lookup tables for the laminar flame speed are calculated separately as
part of the simulatiopre-processing and must be loaded in the simulation
directory. Together with the information of laminar flame speed also the
ingnition delay is modelled.

The lookup tables are speciffor each fuel. The process for the production

of laminar flame speedhd ignition delay valuestartswith the definition of

the fuel surrogateReal fuels are composed of thousends of species and its
composition can change during the year and because of the origin of the fuel
or the process it underwerloreover,the analgis of the fuel is expensive

and time consuming. For all these regions, usually the precise composition is
not available and the fuehre better characterized as function of specific
paramters such as CHO composition,
It has been widely demonstrated that, if these parameters are similar, different
fuels behave in a similar way during thegine operatian

The same principle can be exploited for the simulation of fuel from a numerical
point of view. In thiscasethe problen is not only that the real composition of
the fuel is usually unknown, but also that numerically it would be not possible
to include all the species in a chemical reaction mechanism. The solution is to
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use a limited amount of species to meet some, ifaliothe most relevant
properties of the fuel. The species that are chosen must represent the main
chemical groups that compone gaso[B® [55] like those listed imTable3.1.

Table 3.1: Most representative chemical species used for gasoline surrogates

N-alkanes n-heptae, npentane

Iso-alkanes iso-octane, isepetane

Olefines 2-methyl2-butene, cyclopentene
Aromatics Toluene, benzene
Cycle-alkanes Cyclohexane, cyclopentane
Oxygenates Ethanol, ETBE

There are different possibilities to define twnposition of the fuel surrogate
[39][56] [57]. The first and most simple methodology is to useostane and
n-heptane to compone a mixture who meets the RON of the simulated fuel
This kind of mixture is called primary reference fuel (PRF) surrogate
However, other propertiesuch as density, volltly or LHV, can result to be

very different from the real value. Therefore, more chemical species are added
to the mixture. Typically, another solution is to add Toluene to the mixture and
the mixture is called TRF surrogate. Generally a mixture of thiese
components is not enough to reproduce the complete spectrum of properties
of a fuel that are necessary for an accurate engine simulation, in particular in
the case of special fuels such ds@s, oxygenated fuels or competition fuels.
Therefore, ore chemical species are included in terogate definition,
which requires the use of a larger chemical reaction mechanism, which again
increases the calculation time.

In QuickSim a similar approach is used, which however integrates the system
of scalamused for the description of the working fl&D]. The lookup tables

are calculated starting with the definition of the fuel surrogate that accurately
matches the relevant fuel characteristics. Then the values of lamimer fla
speed and ingnition delay are calculated using 1D/0D chemical simulations in
Cantera and finally are stored in leok tables that aréoaded in the
simulation
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3.1.3 Spray modelling

The simulation of spray must be accurate in order to reprachreectly the
engine behaviour because of the many effcts it has on the flow field, on
turbulence, on the temperature and density of the fresh charge and on the
pollutants formation.

The complete description of the physical phenomena that take placettiering
injection process (e.g. flow of the liquid inside the injector, cavitation inside

the injector, primary and secondary break |, evaporationé
complicated and requires a lot of computational resources. Many studies have
used 3BCFD simulationgo precisely describe the injection procgss [38].
However, those studies usually foausly on the injection process and are
based on LES simulations.

In QuickSim it has been preferred to modlet spray by means of some
submodels, which are able to reproduce the most relevant aspects of fuel
injection in a simpler and yet accurate way. More detailed can be fo{61d in
and[59].

The fué movement inside the injector is not reported and at the beginning of
the injection for each nozzle the droplets are initialized in a-sbhaped
volume. The droplets are characterised with a specific mass, volume and
velocity. The volume of the droples idetermined usgna RosinRammler
distribution of the diameters; velocity and density of the droplets, instead, are
function of the injection pressure and characteristics of the fuel.

In QuickSim it is possible to define as manjector nozzles as necesg and
each of them has a defined directibnthis way it is possible to reproduce all
kind of spray targeting.

3.2 Detailed simulation using 3DCFD commercial tool
STAR-CCM+

The second step of the investigation of pmdtiation consists in the detailed
simulation of the phenomena taking place in the exhaust manifold. For this
kind of simulation it is necessary to implement a chemical reaction mechanism
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directly in the simulabn. This is more easilyimplementedin the
commercially available 3ICFD tool StatCCM+, which is already well
validated forseverakimilar applications. For the simulation of postidation
a model has been sap by analysing which models are necessary

An overview of the models is reportedTiable3.2.

Table 3.2: Overview of the models implementedSter-CCM+

Flow Turbulenti unsteady RANS equations
Turbulence Realizable KUTwo-Layer

Wall treatment Two-Layer all y wall treatment

Fluid Multicomponent gas

Equation of state | Ideal gas

Chemistry Laminar flame concept

The flow is turbulenbecause of the very high velocities of the mass fldasra
during the exhaust strokes. Moreover, inside the exhaust manifold the
interaction of the different cylinders keeps the gases moving with high velocity
also in the time between the exhaust strokesthe simulation of turbulence,

the RANS have been chosen because of the lower computational effort that
they require. In addition, the RANS equations represent the most tested
approach to the simulation of ICBad do not require a very fine tirséep.

TheRealizable KO i s a stabl e and ewibdendeyn t es
confined spacesnlthe model théRealizable k Umodel has been chosen,
which, in comparison to the standard approdtthas at least the same
accuracy and in general increagesreliability The Realizable approach uses

a new transport equation for the turbulent dissipation and further refinements
forsomeseladj usti ng model <coefficient. T
ability of the model to respect the mathematicalst@ints on the normal
stresses.

The turbulence modelling redyalso on a twdayer approachSuch approach
tries to better reproduce the transition from the region near the walls with low
Re numbers and the completdigvelopedurbulent flow at high Re numbers.

This modelling uses the value of R&Q W'Y , wherewis the distance
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from the wall) as a method to devide the boundary layer into the two regions
described abovén the fully turbulent regiorthe modelling remains the same

of the standard approach, while in the viscous region there are some
adaptations to thength scale, ratef dissipation and eddy viscousity. In order

to smoothly connect these two regipadlending formula is used to evaluate
the eddy viscousity.

The wall treatment requires particular attentions because its modelling must
take into account also the form thfe computational grid. Walls are generally

a critical aspect of the simulation since they are the source of the boundary
layer, which is essencial for the flow field, but also difficult to reproduce.

On the wal/l genet#sdlilpy vildot isapplied iet i on
the fluid does not posses any velocity and therefore the Re number is zero. In
the completely developed turbulent flow, instead, the Re number is high.
Between these two extreme situatioihere isthe boundaryayer, where the
transition of Re numbers, flow type and velocity profile take place. The
boundary layer is generally devided into three different sublayers, which are
characterized by the shape of the velocity profile, which is the result of the
interactions at a microscimplevel of the inertia and viscous forc€dose to

the wall the viscous forces dominate and create an almost laminar region called
viscous sublayer. Moving from the wall towards the fully developed turbulent
flow, there is a s@alled log layer layer whie the viscous effects are equal to

the turbulent ones. Between the viscous and the log layers there is the buffer
layer, where the transition between the two takes place.

The modelling of these effects relies on the application of-cakbed wall
treatmet model that is usually based on algebraic equations that reproduce
the distribution of velocity, temperature and turbulence quantities. These
equations are applied on the neaall cells of the computational grid.

The dimension of the boundary laybowever,depends on characteristics of
the fluid flow such as the velocity in the completely develdpeoulent flow
andthe geometry of the problem. Therefore, in the case ofgadation it is
probable that the dimension of the boundary layer changegjdure engine
operating cycle because of the pulsations of the flow field inside the exhaust
manifold. The pulsations cause the conditions in the-medk cells to change
during the engine operating cyclee. a general approach for the wall
treatmentT h e -yfida | w aedtrhenttallows the simulation of very different
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types of flow simulations. In the model is adopted together with al&yer
approach, that is required by the choice of the turbulence simulation.

The implementation of the chemical reaction mechanism required the choice
of a multicomponent gas as working fluidhis model allows the
representation of each species present in the chemical reaction mechanism,
their interaction and mixing.

Considering he pressures and temperatures typical of-pwisiation, the
assumption of ideal gas as equation of state is realistic and permits the correct
simulation of the mixture whilkmiting the computatioal time. The ideal gas
assumption means that thendiy of the gas is calculated as function of
temperature and pressure using an ideal gas law.

Finally, as already discussed i2.8.3 the simulation of the chemical r¢ian
mechanism is based on the laminar flame concept. This allowed for the
implementatiorof chemistry in the simulation



4 Si mul at-promc g =i ng

In this project, the focus is the analysif postoxidation taking place in the
exhaust manifold of a fotgylinder direct injection engine with turbocharger.
Postoxidation is obtained by means of a rickcilinder combustion followed

by scavenging of fresh air from the intake to the exhaasifold during the

long valve overlap. In the exhaust manifold the fresh air from scavenging and
the exhaust gases of the rich combustion mix and react increasing temperature
and enthalpy before the turbifi@0], if the conditions of temperature and
mixing are available

The methodology adopted to analyse this phenomena has been described in
the previous chapter and consists of two differeiCHID simulation. In this
chapter, the methodology is applied to thecpical problem analysed in this
project.

The whole simulation part has been coupled to the work at thbdesh
carried out by the researchers at the Chiba Univdgsify which provided the
detailed data necessary for thdidation of the simulation methodolognd

the boundary condition$he investigations at the Chiba University also tested
many different operating conditions and selected the most interestisg one
therefore concentrating the numerical effort on seleetegine operating
points. The cooperation enabled also a constructive feedback from the
simulation to the tedtench.

The analysed engine is a fexylinders, direct injection, turbocharged spark
ignition engine. The group at the Chiba University prasided the geometry

of the engine in the form of a CAD. The most important characteristics of the
engine are reported fable4.1.

The engine is representative of many engiocesently available on the
market, which makes the investigation interesting for the application of post
oxidation to already existing engines.

Bore and stroke are typical of thesa | | ed fAsquaetheberemgi ne
to-stroke ratio is close to the unity (in this case is equal to 0.98), which is a
common compromise between efficiency and power. The resulting
compression ratio is in line with a good standard technology.
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The engine is equipped withtain variable valve timing control that allows
to freely change the valve timings both for intake and exhaust valves. The
valve lift, however, remains fixed.

Table 4.1: Engine general information

Engine general infornimn
Bore [mm] 79.7
Stroke [mm] 81.1
Compression ratio-] 10.5
Cylinders f] 4
Displacement [I] 1.618

4.1 Full engine model

The first model to be developed is the full engine model for the simulation in
QuickSim. This model can be seerFigure4.1 undFigure4.2.

The model is implementieas described in th@eviousparagraphs &1). A
recap of the most relevant models is reportetiaible4.2.

The mesh of the full engine model includes:
A The airbox and intake pipes;

A The four cylinders;

A The exhaust runners.

The mesh is composed by more tH@9000cells. An important geometrical
feature isthe 10 cm adap(fiigured.l) pl aced bet ween t he
the exhaust fodin-one runner. This feéare was needed at the té&sinch for

the installation of sensors and it has been carefully reported also in the 3D
CFD model because, as it will be demonstrated, has an important influence on
the mixing in the exhaust.
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Figure 4.1:  Full engine model

Figure 4.2: Cylinder (violet),
intake channels (blue
and exhaust channt
(red)

Table 4.2: Overview of QuickSim models

Simulation methodology

Multiphase RANS

Multiphase flow

Euler / Lagrange

Turbulence

k-0

Combustiori flame propagation

Two-zone Weller model adapted to GD
combustion fossparkignition flame
propagation

Ti me step et

Variable: 0.25°CA 0.5°CA

The advantage of QuickSim is that there is no need for a further refinement of
the mesh because there are many specifically for ICE designed models that
can simulate all the mosmportant phenomena that take place during the

engine operation. Therefore, it is possible to simulate with the same amount
of cells a much bigger volume and hence to move the boundary conditions

away from the cylinders. Since each boundary condition dsneisan
assumption about the status of the fluid in a particular positionmtire
general the condition (e.g. ambient conditiopsre ai}, the smaller is the

degree of the assumption that has to be donkthe less affected are the

phenomena of intest.
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The boundaries of the model are, for what concerns the inlet of the model,
before the aibox just after the throttle valv&igure4.1); the outlet instead,

is placed on the exhaust side of the engine, just before the volute of the turbine.
For the full engine simulation, the following boundary conditions are
necessary:

A Inlet: pressure profile before the -biox (after the throttle valve) and
tempeature in the same position; both conditions can be obtained either
from experimental measurements at the-besich or from GIPower
simulations;

A Outlet: pressure profile before turbine inlet either from thedesth or
from GT-Powersimulation;

A Injection: amount of fuel, timing of the injection, position of the injector
and spray targeting.

A Valve timing: valve profile

Once that the boundary conditions an@lementedit is possible to carry out
the simulation of the engine operatimgint without further adjustments of the
simulation. The full engine simulation in QuickSim includes all most relevant
engine phenomergescribed before §1).

4.2 Detailed model of the exhaust system

The target of the fine mesh model idedaileddescription of the physical and
chemical phenomena taking place in the exhaust manifold during the engine
cycle. For this reason, theimulatedvolume is reduced to the leaust
manifold, the mesh refined and the model built in the commercial software
StarCCM+, which includes the possibility to implement and easily change
chemical reaction mechanism.

The computational mesh is reportedrigure 4.3; it consists of the exhaust
manifold from the exhaust valves up to the turbine volute including the 10 cm
adaptor between cylinder head and the -iowwne exhaust runner. The
compete model is discretized with more tha2 min cells.
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The mesh is composendostly of hexahedra and particular attention is paid to
achieve a uniform structure. The turbine geometry is not available and
therefore it is not possible to simulate neittitee geometrypf the bladesor

their movement. Nevertheless, the geometry of the volute of the turbine has
been included; this hasmarkablyimproved the stability of the simulation by
moving further away the outlet boundary conditidBice in themodel the
turbine is not included, there are no pressure and temperature drops after the
volute During the simulations, it has been assumed that the results are reliable
up to the turbine inlet (red dotted line Figure 4.3) because afterwards the
geometric simplifications become too important. This, as it will be
demonstrated, is a good compromise of accuracy and geometrical
simplifications.

WwsG |——>» Volute

Adaptor - 44— Limit

W,

) —
Ja=—""

7

Figure 4.3: Fine mesh model ohe exhaust manifold

The information needed for the boundary conditions is transferred from the
full engine 3DCFD simulation described before. Tlelvantage of the
coupling of these tw types of simulationss that the model behaves
realistically, taking into account all the complex phenomena explored in the
full engine.

The information needed for the boundary conditions are:

A Temperature signal at the exhaust valves;

A Pressursignals at the exhaust valves;
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A Mass flow rates through the valves;
A Species mass fractions at the exhaust valves;
A Pressure signal at the outlet.

The crankangleresolved boundary conditions are defined at each exhaust
valve. The outlet boundary condition ptaced after the turbine volute and
consists of a constant pressure specification due to the lack of more precise
data. During the tuning of the simulation against experimental data, it has been
necessary to include the wastegate valve in the model.

The 1uid is modelled using the unsteady RANS and the standétd kno d e |
for the simulation of turbulence as introduced abo®2§

4.3 Implementation of a reaction mecharsm

The last step of the preparation of the simulation is the implementation and
test of different reaction mechanisms in the detailed model of the exhaust
manifold in StatCCM+.

The choice of the reaction mechanism depends on the definition of the species
and reactions that are needed during-pagiation. A detailed analysis has
been carried out by means of OD simulations in Café@ija

The result of the analysis is the selection of the reaction mechanisms reported
in Table4.3.

The detailed mechanism Polimi_1412 detailed has the greatest amount of
species and reactions and is able to simulate also the oxidation afhaimg
hydrocarbons, typical of gasoline surrtega The Polimi_1412_H2/CO
reaction mechanism is a reduced reaction mechanism specifically designed for
mixtures of hydrogen and CO, which makes it particularly interesting for post
oxidation because the most relevant species and reactions are repoiged whi
many unnecessary reactions and species are excluded, therefore drastically
reducing the computational effort. The Polimi_1412 H2/Ox mechanism

is the same of the Polimi_1412_ H2/CO mechanism, in which the most relevant
reactions for NOx formation havieeen included, therefore the Chithe
increases and it must be demonstrated if the additional reactions are indeed
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important for posbxidation. The Polimi_1412 H2/GQOx is the only
reaction mechanism in the list that includes the reactions for NO>afimm

The Polimi_1412_detailed reaction mechanism is the most general and
validated of the mechanisms, hence it will be used as a reference for the first
tuning of the model.

Table 4.3: Selection of reactiomechanisms

Mechanism Species Reactions Source
Polimi_1412_detailed 156 3465 [63]
Polimi_1412_H2/CO 14 33 [64]
Polimi_1412_ H2/CENOx 32 173 [64], [65]

In order to test these reaction mechanisms, a dedicated model and simulation
have been set up. The simulation has been carried out HKCSM# with a
smaler geometry (mesaround400k cells)aa simpler,more stable simulation
capable of isolating the effect of each variable while representing a realistic
condition. The model is reported kigure4.4.

Inlet
exhaust gas

Evaluation
surfaces

Figure 4.4: Model for reaction mechanisnakidation

The geometry is taken from exhaust channels and adaptor of cylinder 1 of the
detailed model. The adaptor has been prolonged until the total length of the
model is the same of that of the real geometry up to the turbine. It has been
chosen to carry out a stationary simulation in order to reduce the numerical
instabilities, speed up the test and better isolate the effects of the different
variables. This chee was very much forced by the need to test also the
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detailed reaction mechanism in a realistic time frame and under different
conditions.

Since the pospxidation is triggered by the mixing of exhaust gases and fresh
air from scavenginggxhaust gases ath combustion and fresh anterinto

the model separatetiirough théwo inletsof the computational gri(exhaust
channels). In the model have been added a series of surfaces at which all the
most important variables are evaluated. The boundaryteumglare reported

in Table4.4.

Table 4.4: Boundary conditions for mechanism validation

MF Cco CO H2 H20 N2 02
[kg/s] | [kg/kg] | [kalkg] | [ka/kg] | [kg/kg] | [kg/kg] | [kglkg]

Bx | 0012 | 0.04 017 | 87104 | 0.08 0.71 -
gases
Ar | 0012 ; ; - - 0.77 0.23

The composition of the exhaust gases is calculated with a OD simulation in
Cantera of a cawerbquasto d.80Tie tewiparadturesfintake
air is kept constant at 360 K as well as the mass flow rate at both inlets of the
models. At the outlet is imposed a constant pressure condition.

For the sensitivity analysis, the temperature of exhaust gaseseametisure

of the system has been varied for all the three reaction mechanisms choosing
the most interesting conditions for pastidation. This test serves to
understand the level of approximation introduced using the reduced
mechanisms as a function bktcomputational time.

In Figure4.5 is reported the heat release rate from chemical reactions in the
whole volume of the simulation fodifferent temperatures of the rich
combustion products at the inlet The temperature of fresh air is kept
constantThe pressure of the system is constant at 1.4 bar.

The Polimi_1412_detailed and Polimi_1412_H2/CO reaction mechanisms
give exactly the saeresults for all the simulated points. The two reactions
mechanisms predict the start of pogtdation by a temperature greater than
1000 K. By 1025 K the first heat release is taking plhaeit is very limited,;

after 1400 K the heat release remaiosstant.
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—e— Polimi_1412_detailed
—— Polimi_1412_H2/CO
—a— Polimi_1412_H2/CO-NOx

Chemical heat release [kW]
(%)

0_I = T T T T 1
1000 1200 1400 1600 1800 2000
Temperature [K]

Figure 4.5: Temperature sensitivity

On the other hand, the Polimi_1412 H2/GOx reaction mechanism
predicts for the points at 1025 K and 1050 K no heat release. From the point
at 1200 K on, all th reaction mechanisms predict the same heat release rate
for postoxidation. The different behaviour of the Polimi_1412_ H2/8Ox
reaction mechanism is probably due to the interaction of the NOx formation
with the oxidation of CO, since the simulation dDi s the only difference
between the two simulations. In particular, NO during rich combustion slows
down the reactions while in lean conditions speeds up the oxid&&anin

this case, it is probable that the locahditions at which the posixidation

starts are rich and therefore the Polimi_1412 H2KEOx reaction
mechanism predicts no start of pogidation at low temperature.
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Figure 4.6: Pressure sensitivity
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Figure 4.7: Spatial distribution of postxidation variablesfor the case at
Tineer =1400 K, p= 1.4 barandchemical reaction mechanism
Polimi_1412_ detailed

For the pressure sensitivity analysis it has been kept a constant temperature of
1400 K and the pressure has been variated from 1 bar to 4 bar. Due to the high
temperature, the effect of NOx is in this case negligible. Theregisod
agreement among thieree reaction mechanisms for all conditions and it can
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be seen an increase in heat release as the pressure increases. This is becaust
the pressure favours the reactions with decrease of the number of molecules
[30], which is thecase of posbxidation.

The analysis so far shows that both reduced mechanisms have a good
agreement with the detailed reaction mechanism and that the implementation
in the 3BCFD model has proved to give realistic results.

In Figure4.7 it is reported how some fundamental variables are distributed
inside the model starting from 10 cm after the inlets of the model (exhaust
valves) up to the outleEach value is the average calculated on the surfaces
reported inFigure 4.4. It can be seen that there is a steep increase of
temperature up to 25 cmdaithen the temperature settles around 1250 K. The
chemical heat release rate on the surface has a peak around 15 cm and then
decreases sharply. This explains the temperature increase up to 25 cm and why
it later on settles around 1250 K. The heat relestgean the surface relies on

the availability of both oxidizer and fuel. In this case, the oxidizerzs O
present in fresh giand the fuel molecules are Bnd CO. The amount of:H

is very limited from the beginning and decreases quickly around 15Ism. A

CO decreases mostly around 15 arhere the greatest amount of heat release
rate is taking place. In the last part of the model, i.e. from 20 cm up to outlet,
the conditions of temperature are still very good for qpagdation, yet the

heat release rais limited as well as the temperature increase. Also for what
concerns the composition there is still a limited amount of CO atlddtican

be oxidised by the great amount of &ill available. However, this does not
happen because the reactants artin contact and remain separated in
ficloudso. Thi s c dhe gohlécocampletely oxidizeeb | e m
rich combustion productas it will be showed later, this a characteristic of
postoxidation and in general of turbulent non premixed#a: the limiting

factor is the mixing.
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Figure 4.8: Chemical heat release rate lire tmodel

Figure4.8 can give an interesting explanation of the liofitmixing that is
happing inside the model. Both the side and the top view show that the highest
heat release rate takes place very close tivg prhere the two flows of hot
combustion products and fresh air are brought together by the geometrical
features close to the surface at 10 cm. The greatest part of the heat release rate
takes place on the side of the hot combustion products wherertpersgure
conditions are better for the start of pogidation. In this area, the two fluxes

mix and react. However, as the pipe proceeds, the difference in temperature
and density of the two fluids limits the mixing and the two flows separate.
Thereforethere is only a limited interface, where the pmstiation reaction

can happen.

In Figure4.9 the streamlines of the fluid are reported; it carséen that the
difference in temperature and density between the two-flraggates of
fresh air and hot combustion products limits the overall mixing in the model.

These effects are extremely important for the simulation ofgadation and
play an impatant role in more complex simulations.
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Figure 4.9: Fluid streamlines in the odel seen from the front. The colour
refers to the temperature of the fluid

The simplified model was therefore able to reproduel the interaction of
the flow field with the composition of the fluid and the chemical reaction
mechanism.

Another very important aspect that must be taken into account is the time
needed for the simulation for each reaction mechanism in the samgorndi
These results will deeply influence the choice of the mechanism to be used in
the detailed 3BCFD model of the exhaust manifold. It is necessary to find the
tradeoff between accuracy and time needed for the simulations. During the
tests has been ed a computer with 16 cores and 16 Gb of RAM. The
parameter used to measure the computational effort is the time elapsed for one
iteration during the simulation of the same model in the same conditions with
different reaction mechanisms.

In Figure4.10, the time needed for one iteration is reported as function of the
number of species of the reaction mechanism. The simulation time increases
almost linearly with the amount of species. Indeed, for example, the
Polimi_1412_ detailed mechanism has 5.2 times the number of species of the
Polimi_1412_H2/CENOx mechanism and the simulation takes 5 times
longer for each step. The ratio is not so precise falsdhe case of the
Polimi_1412 H2/CO mechanism but still very close to linear: the
Polimi_1412_detailed model has 11 times more species but it takes 8.4 times
longer each iteration.
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Figure 4.10: Comparisonof time per iteration mong different reaction
mechanisms

Considering that the simulation of one cycle of the detailed model of the
exhaust manifold with the Polimi_1412 H2/CO reaction mechanism takes
almost one day, it means that it would take for théni01412_detailed
mechanism 8.5 days and 1.7 days for the Polimi_1412 HRXNO®
mechanism. Moreover, for each engine operating point at least three engine
cycles are simulated. This means that, in these conditions, a single simulation
takes with the Poliin1412_ detailed reacth mechanism almost one month

(26 days), which is, of course, not acceptable.

Since the results in of the Polimi_1412 detailed mechanism are the same of
the ones of the Polimi_1412 H2/CO mechanism in all the tested conditions,
the Poimi_1412_ detailed mechanism has been excluded because the
computational time escalates without increasing accuracy.

However, this might seem a strong assumption to exclude the
Polimi_1412_ detailed reaction mechanism due to the fact that the simulation,
on which it has been tested, is very simplified and in steady state, therefore not
representing the more complex coiatis of the engine operatiofio address

this questiona further test has been performed with the detailed model of the
exhaust manifold and the Polimi_1412_detailed chemical reaction mechanism
(87).
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The Polimi_1412 H2/CENOx mechanism has also been excluded because
the time needed for a simulation would be too high. It remains open the
guestion if the effect of NOx of slowing down theactions at low
temperatures is of practical interest in the conditions of@adation. It will

be later on demonstratég7) that this is not the case.

These opeiguestions, i.e. the application of the detailed reaction mechanism
and the influence of NOx during pestidation, are investigated gY thanks
to the availabilityof a HPC cluster.

With the choice of the reaction mechanism Polimi_1412 H2/CO with 14
species and 33 reaction the jrecessing of the simulatias completed and

the simplified model is no longer needed. The simulation methodthad)ys
going to be tsted and validated from now @ composed of the following
steps:

A Full engine simulation with the 3BFD tool QuickSim;

A Detailed simulation of the exhaust manifold in SE&M+ with fine
mesh, reaction mechanism and boundary conditions from the fulleengin
simulation.

The target of following step is to validate this methodologgainst
experimental dataf the testbench.



5 Si mul ation validati on

The validation of the 3BCFD simulation consiste applying the simulation
methodology to engine operating points that has been already analysed at the
test bench and for which data are available. If there is a good agreement of
measurements and simulations, @ssumedhat the methodology works,ah

it is capable of reproducing pesxidation and that it can be used for the
simulation of other engine operating points.

Since posbxidation is a complex phenomenon that cannot be directly
measured, the validation musty on indirecmeasurements of peskidation
(e.g. temperature and composition of the exhaust ga$hse) validation
processs composed of two mayor parts: at first, the full engine simulation
must match the data from the tésinch; then the boundacpnditions from

the fullengine modemust be applied to the detailed simulation that must
undergo a dedicated validation.

The validation process is focused on two engine operating points, which are
representative of the typical application of posidation in the exhaust
manifold by means of scavenging air:

A Low rpm;

A Low boost pressure;

A Great valve overlap (90°CA);

A Great amount of scavenging air.

These engine operating points have been chosen bexddahseavailability of
detailed datdor the validation process.

All the experimental data are coming from the experimental work done at the
testbench at the Chiba Universifg1].
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5.1 Full engine simulation

Two different engine operating points have been simulated and compared to
experimental data iarder to test the quality of the full engine simulation; both
engine operatingoints are at 1600 rpm and are characterized by a great valve
overlap of 90°CA Figure5.1 andFigureb.2):

A Torque = 150 Nm; imep = 12.4 bar (low load)
A Torque = 180 Nm; imep = 14.9 bar (high load)

Valve Lift 360.00 degCa
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Figure 5.1: Valve overlap Figure 5.2: Flow field during
scavenging

In both cases the simulatigRigure 5.3 and Figure 5.4) shows a very good
agreement with experimental measurements. In particular, tbelifaler
pressure signal is for the simulation very close tantkasured pressufie@m
the testbench during the whole cycle.

For the low load case, the pressure at ignition point (IP) is slightly lower than
the measurement, which could be caused by a slightly different temperature at
the intake boundary condition. However, sdelviance is acceptable because

in the range of experimental uncertaiimymeasuring the temperature of the
intake air or the air mass flow raf€he pressure peak is in both cases well
matched in tans of both timing and pressure.

Both engine operating pds are characterized by a late IP in order to keep
high the temperature of the-@ylindergasat the opening of the exhaust valve.



58 5 Simulaton validation

v 150 Nm - Low load

EV _ ! T T T T ]
CoMB I T T I T T

60

t

-—— Experimental

——Simulation
50

404
30

20

Pressure [bar]
3

-360 -2‘T0 -1;30 -éU FTiZJC BIU 1l|30 2';'0 360
Crank angle [deg]
Figure 5.3: In-cylinder pressure. Experimental measurements against

simuation data’ 150 Nm

180 Nm - High load
v

cv [ ’ ] 1 ! —
COMB T T T TR— T T

60- -
--— Experimental
—— Simulation
50

40-

304

20+

Pressure [bar]

104

-1 u7| T T T T T T T 1
-360 -270 -180 90 FTDC 90 180 270 360
Crank angle [deg]

Figure 5.4: In-cylinder pressure. Experimental measurementminat
simulation data 180 Nm



5.1Full engine simulation

59

Some of thenost relevant parameters of engine operation are repoifedie

5.1 and show an overall very good agreement with measurements at the test

bench.

Table 5.1: Tuning of full engine model against experimental data

Low load High load Error
Variable TestBench | Sim. | TestBench | Sim. | 150 Nm | 180 Nm
Imep [bar] 124 12.2 14.9 14.6 2% 2%
P_max [bar] 50 48 55 55.5 4% 0.9%
Ai[rk;:/?]?s' 123 119 171 173 | 4% 1%

Thanks to the good agreement of the two engine operating points with
measured data, the full engine model has been considdeggiatelytuned.

The advantage is that there is no need for tuning of the single engine operating
point: once the parameters atefined for one engine operating point, the
model will be able to simulate also different conditions.

For the others engine operating points it has been always controlled the quality
of the simulation by comparing it with experimental measurements, if
avaiable, or GFPower results of the same engine operating point with a
calibrated model.

5.1.1 Scavenging analysis

Fresh air necessary for pamstidation is brought into the exhaust manifold by
means of scavenging, which is possible thanks to the positive prelsspre
across the valves during the valve overlagrijure5.1 is reported the valve

lift used in both engine operating points. Since the engine basotsibility

to regulate the valve timing but not the valve lift, in order to centre the
scavenging on top dead centre (TDC), the opening of the exhaust valve has
been delayed. The resultinglva overlap is extremely lon@(Q°CA) causing

the complex inteaction of intake and exhaust manifold and making the engine
very sensitive to pressure pulses propagating inside the (pigese 5.5 and

Figure 5.6). In Figure 5.2 is reported the flow field during scavenging for



60 5 Simulation validation

cylinder 1 of the high load engine operating point. The relatively high boost
pressure creates an important mass flow rate of fresh air frenmtiéke
directly into the exhaust. The picture is also a good example of how the great
valve overlap connects the exhasgstem to the intake: both valves are still
open and the lift is still high (3 mm for the intake and 5.5 mm for the exhaust);
the voume of the cylinder is very small because the piston is at TDC. In these
conditions pressure waves and gases move easily through the whole engine
because the cylinder does not act as a plenum volume independent of the
pressure waves in the intake and estadhe boost pressure plays a
fundamental role to keep the direction of scavenging constant; a low boost
pressure ohigh-pressurgeaks from the exhaust cause inversion of the mass
flow rates.

In Figure 5.5 and Figure 5.6 the pressure patterns in the engine during the
scavenging of cylinder 1 areportedfor the two different engine operating
points analyseds an exampl& clarify why this strategy makes the whole
engine operation very delicate and sensible to pressure pdttehespictures
there are numbers that refer to ssents that wilbe analysed for both engine
operating points
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Figure 5.5: Pressure patterns in thegéme during scavenging of cylinder 1
i Low load
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High load engine operating point - 180 Nm
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Figure 5.6: Pressurgatterns in the ajine during scavenging of cylinder 1
T High load

The first event (1) is the exhaust of cylinder 1 that causes the pressure in the
cylinder to drop and rises the pressure in the exhaust channel creating a
pressure wave that propagateshia €xhaust manifold. This first event is very
similar in the two cases but for the low load the pressure peak is slightly lower,
due to the lower pressure in the cylinder at EVO.

The second event (2) is lagh-pressurepeak in the exhaust channel and
cylinder very close to the intake valve opening (IVO), which inverts the mass
flow rate through the exhaust valves causing a backflow from the exhaust into
the cylinder. This is probably due to the reflection of the pressave of the
exhaust in the volume of the exhaust manifold.

In point (3) scavenging is taking place and the pressure patterns is very well
suited for the mass flow rate from the intake to the exhaust. In both cases the
pressure in the intake channel ighérthanthe pressure in the cylinder and in

the exhaust channel. In the high load case this effect is extremely evident
because of the higher boost pressure.

However, at the end of scavenging (4) there is a steep pressure rise in the
exhaust channel, ithe cylinder and consequently in the intake channel. This
is due to the exhaust of the following cylinder, in this example is cylinder 3.
In the low load case the effects of this pressure wave propagation cause the
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inversion of the pressure drop acrossvilees, with a higher pressure on the
exhaust side. The inversion of the pressure drop is due to the low boost
pressure. In the high load case this effect is not as evident: the pressure in the

exhaust channel never becomes higher than the pressurdntaiteesthanks
to the higher boost pressure.

In the point (5) the exhaust valves of cylinder 1 are closing and the exhaust of
cylinder 3 continues. From this moment on the pressure inside cylinder 1 is

determined by the boost pressure, therefore we valld@mn pressure signals
inside the cylinder and in the intake channel.

The last interesting point is (6): at this moment the intake valves of cylinder 1
are about close, the piston has already surpassed BDC and is now moving
upwards. The movement of tipéston creates a pressure increase due to the
inertial effects of the mass of air in the cylinder that coincides with a low
pressure in the intake channel. Therefore, once again the pressure drop across
the intake valves inverts, which caasebackflow fom the cylinder into the

intake channel. This effect can be seen in both engine operating points.

Mass flow through valves - 150 Nm; 1600 rpm
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Figure 5.7: Mass flow rate through thealvesi low load case (positivé
flowing into the cylinder)
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Mass flow through valves - 180 Nm; 1600 rpm
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Figure5.8: Mass flow rate throughe valves high load case (positiv&
flowing into the cylinder)

The advantage of a full engine dLFD simulation is that the contribution of
each single cylinder can be precisely determineBidare5.7 andFigure 5.8,

the mass flow rates through the valves for each agtiidr both cases are
reported.

In both engine operating points during the valve overlap thargreat amount

of fresh air flowing from the intake into the exhaust. In the low load case, close
to exhaust valve closing (EVC) there is an important backflow from the
exhaust into the cylinder and from the cylinder into the intake manifold. This
is duwe to pressure waves propagating in éikbaust manifold determined by

the exhaust of the following cylinder (point (4) Figure 5.5) as already
discussd; at the beginning of the exhaust event a great mass flow exits the
cylinder and creates a pressure front that travels across the exhaust manifold
and reaches the other cylinders. One of the cylinders still has the exhaust
valves open and is concludingetecavenging phase, which is characterised by
low mass flow rates of fresh air and relatively low pressure. Due to the low

boost pressure of the low load engine operating point, the pressure peak causes
an important backflow from the exhaust into the ajdin



64 5 Simulation validation

Low load engine operating point cylinder 1 - 150 Nm
v
oo ‘ A— : !

—EGR

———Air |ilg 05
«eeeee Fuel

mass flow rate > 0
-> flowing into the cylinder

s
o
o
Fuel mass flow rate [g/s]

r-0.20

Air and EGR mass flow rate [g/s]

r-0.25

60 - L - - L0.30
BDC 270 TDC 270 BDC -80
Crank angle [deg]

Figure 5.9: Species mass flow rates through the exhaust vahieand EGR
are reported on the leftaxis anduel on the right yaxis

In Figure5.9it is possible to see hothe simulation quantifiesyhat species

is the backflow composeaf. First of all, it is possible to see how during the
scavenging the mass of EGR (burned gaseseoptévious cycle) that flows
through the exhaust valves into the exhaust system rapidly decreases and is
substituted by fresh air. Moreover, the model predicts that the backflow at the
end of the valve overlap is mostly composed of fresh air that has been
previously pushed into the exhaust by scavenging and accumulated close to
the exhaust valve in the form of a clo®lchair pocketis then during the
backflowpartially pushed back into the cylinder.

Also a small amount of fuel in the gas state flowsh® ¢éxhaust. The mass
flow rate of fuel is always very limited and has two different sources: the
unburned mixture from the cylinder and the fresh mixture that accumulates in
the intakes channels due to the backflow before intake valve closing (IVC),
when fesh mixture is pushed back into the intake system by the movement of
the piston. Indeed, the peak of fuel mass flow rate through the exhaust valves
happens at the beginning of scavenging, i.e. the first air flowing to the exhaust
has a certain amount afdl that can be quantified.

In this case, the backflow does not increase the amount of EGR inside the
cylinder, which couldnfluencethe combustion. The backflow reduces also
the amount of fresh air in the exhaust manifold; however, as it will be
demonstrated later, this effect does not affect-pristation significantly
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while reducing the air consumption, which has the advantageepirkg the
engine operation clos® stoichiometry. The pressure peak propagates also in
the intake manifold due to the open valves. The effect on the other cylinders
is on the intake side less relevant because the great volume of-bu air
absorbs paidlly the pressure wa\é6].

This is also a good example of how pressure waves propagating from the
exhaust may cause two major problems that are difficult to control during
engine operation and that cause numerical problentké simulation:

A Pressure waves may cause a backflow so big that pagirest amount
of air out of the cylinder back into the intake manifold. If the boost
pressure is not high enough, the cylinder filling is poor and the amount of
air in the cylindedoes not allow for combustion due to the extremely rich
SEYLINDER-

>

It is possible that, in case of very high pressure peaks, during backflows
an important amount of burned gases flows back into the cylinder before
EVC, forcing them to participate to thexbteombustion. This can raise

the amount of internal EGR above the limit that the engine can support
for combustion. This is not the case of the low load engine operating point
because of the great scavenging that happened just before the backflow.
The bakflow consists in this case of fresh air and there is no internal EGR
in the combustion chamber. However, it is possible that in engine
operating points with lower scavenging the amount of internal EGR inside
the cylinder increases.

The mass flow rates thugh the valves in the high load engine operating point
have a different pattern due to the higher boost pressure. Indeed, in this case,
the scavenging is extreme and there is no backflow close to EVC. The engine
operation is more stable because the bpoesisure is able to counteract the
pressure from the exhaust system. The mass flow rates across the valves are
more stable and the effect of pressure waves is less evident.

5.1.2 Lambda analysis

Both engine operating points are characterized by a backflow fhen t
cylinder into the intake manifold short before intake valve closing (IVC). This
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backflow is due to the fact that IVC happameundl10°CA after bottom dead
centre
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Figure 5.10: Air fuel ratio and im-cylinder mas$ Low load
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Figure 5.11: Air fuel ratio and incylinder mas$ High load

During the final part of the intake, the piston is moving upwards and pushing
some air back into the intake systemhaits movement. The boost pressure
and the pressure patterns in the intake sysremot enough to overcome the
piston movement. Therefore, there is a mass flow rate from the cylinder into
the intake manifold. Since at this moment the injection is alreathpleted

and most of the fuel is already vaporized and mixed, the backflow brings some
fresh mixture into the exhaustanifold. This fresh mixture accumulates close

to the intake valves and at the following cycle it fiodirectly to the exhaust
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during £avenging [figure5.9). This fresh mixture is a possible source of tail
hydrocarbons (THC) that may cause emission problems. It is necessary that
these THC are completely oxidized during posidation, which is a quite
complicated target to reliably achieve Higure5.10 andFigure5.11it can be

seen that the backflovaases in both cases a reduction of theylinder air
massa nd a c byanpegtieat imbioth @ases shifts towards richer values
because during the backflow more fresh air than fuel flows to the intake
manifold.

Another important parameter to lanalysed is thenicylinder mixture
formation.In Figure5.10 andFigure5.11 the value of ircylinder lambda is
reported. For both engine operating points there are differences in the mixture
formation among the cylinders. This is due to the different amount of air in the
cylinders, which is again the effect of complex pressureevpatterns in the
whole engineSince a very small variation in theéglinder mixture formation

has an important effect on the amount of CO asthéat are available for post
oxidation and therefore on the resulting heat release, the cytmdglinder
difference must be taken into account during the simulation.

Both engine operating points have a richkciy | i nder cvimde®,t ur e
which means that there is not enough air to completely oxidize the fuel.
Therefore, the oxidation reaction (combustisripterrupted before the fuel is
completely oxidized to C&and HO. The combustion products will therefore
contain CO and b which are the most stable intermediate products of the
oxidation reaction and which have still a relevant heating @0k Post
oxidation is mostly fuelled by the oxidation of these two spefies;
therefore, their availability is a necessary condition. The parameter that
permits to control the amount of CO and iH scyuser: theoretically the

| o w e rcyukpkr ¢he lagher the amounts of CO and &Vailable for post

oxidation. I n pract i c advwunzrphbelow whiaht i on,
the combustion becomes too unstable for engine operation. A second
importan t | i mévitinoer esjualk to stoickiometry or greater: in this case

the combustion is complete and the amount of CO aratéitoo low to start
the postoxidation.

Theinc y | i nd e rcvudak & tha Igveload-case is 0.90, which means
that thein-cylinder mixture is quite rich and the amount of CO andnHhe
exhaust gases is relevant. The differences among the cylinders in the low load
case are due to the different mixture formation process; in particular, cylinder
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4 has a slightly better lihg, therefore more fresh air in the cylinder and a
mixture closer to stoichiometry. It can be expected that cylinder 4 has a lower
heat release from peskidation in comparison to the other cylinders.

In the high load case, instead, the mixture inside dylinder is closer to

st oi c hicernes .98y, thdredore there is less CO andiMailable and

a limited postoxidation. Also in this case there are important differences
among the cylinders; cylinder 1 in particular has a stoichiometric mixture in
the cylinder, which means that theoretically the exhaust products cannot
trigger the pet-oxidation. These consideration, however, apply only to a
global analysis, while locally the mixture conditions can be very different.

Table 5.2: In-cylinder mixture distribution for theigh load engine pat

Cylinder 1 Cylinder 2 Cylinder 3 Cylinder 4

Lambda

The valuegeported inFigure5.10 andFigure5.11 assume that the amounts

of air and fuel inside the combustion chamber erfectly mixed together.
However, mixture formation is a complex process that depends on many
different parameters like ioylinder charge motion, turbulence production,
injection timing, injedbn targeting, etcTherefore, the itylinder mixture
formation can be very different between two engine operating points and even
among different cylinders in the same engine operating point.

The analysis of the local distribution of the fuel in the cylinder is carried out
by means of \bdae whipharepesams ther mix@re in one
particular point of space, i.e. in one cell.
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As anexample, inTable5.2 are reported the inylinder mixture distributions

for each cylinder at firing top dead centre (FTDC) for the high load engine
operating point. The distributions are very differamiong the cylinders
generally there is a volume underneath the injecioitth has aocMer y |
=0.6, i.e. a small volume that is locally very rich. This volume is surrounded

by increasingly leaner mixtures and at the walls of the cylinders there is
generally a viedyl.2).eberdesoniptirntolloca mites
distribution is fundamental for the simulation of posidation and the
advantage of a 3IFD simulation is that it enables not just for a qualitative
description but also a quantitative one.

5.1.2.1 Lambda Map

In order to quantify the inhomogeneity insidee thylinder, a tool called
LambdaMap has been developed in QuickSim taking advantage of the fact
that the 3BCFD simulation defines for each time step and each cell of the grid
the mixture. At each crank angle the volume of the combustion chamber is
calcubted and the local afuel ratios are grouped into different bins within

the current volume. For each crank angle then the percentage of the cylinder
volume at a certain lambda can be identified. This map is useful to analyse the
evolution of the mixturénside the cylinder and to evaluate the composition
and amount of exhaust gases.

In Figure 5.12 it can be seen, as an example, the mixture distributfon
cylinder 1 of thehigh load engine operatingomt. At the end of injection
(around -270°CA) a limited volume has a very rich lambda while the
remaining volume has a very lean mixture. During the compression, the fuel
mixes and the homogenization incgea. Nevertheless, at FTDC there is still
an i mport an tiocd areupdahe stoiohiometdcfvalue, i.e. there
are lean and rich volumes inside the cylinder. In particular, although the
overall incylinder mixture has @eviunoer = 0.98, 40% ofthe volume at
FTDC has a LoeaghO5handdessihare15% af the volume is in
very rich c ongAd<0.8% iies meand that the nexture
formation is incomplete. The explanation is the very low tumble and therefore
turbulence insidehe cylinderin combination with the injector targeting
which are characteristic of high load and low load engine operating points.
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Figure 5.12: LambdaMap of cylinder 1in the high load case
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Figure 5.13: Lambda map of cylinder ih the low load case

The same analysis has been carried out for the low load enginéRigure
5.13). The same processes can be highlighted also here. In this case, however,
there is a better homogenization of the fresh charge at FTDC

In Figure5.14 the distributions at FTDC are compared for cylinder 1 in the
two engine operating points. The distribution in the low load case is more
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homogeneous and the peak in distribution is for richeaylimder mixture.
Moreover, the low load engine operating pdiras a smaller peak in the
distribution forexocaL = 0.6, meaning that there is a small volume in very rich
conditions that will produce great amounts of CO apdHihally, the mixture
distribution ends for values of the mixture that are stoichiometdclean;
lean volumes represent a small part of the total distributiorstanel fresh air
that can be used for the oxidation of the rich mixture of exhaust.gases

Cylinder lambda distribution at fTDC
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Figure 5.14: Lambda distribution at FTDQf low load and high load engine
operating points

The distribution of the high load engine operating point, instead, is mach
disperseand has a lower peak, which means that the homogenization is less
effective. There are important parts of the combuagthamber in lean or even

very lean conditions. The peak in the distribution corresponds to a mixture
very close to stoichiometry and its absolute value is much lower than that of
the low load engine operating paifthereforethe greatest part of thglmder

is in stoichiometric and lean conditions, which reduces the amount of CO and
H produced because in these volumes there is oxygen available to complete
the oxidation of the fuel. Moreover, the lower peak of the distribution means
that generally the homogenization in the cylinder is less complete.
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These two examples demonstrate thatet i nf or maitpér o of
important and can serve as a first approximation of the amount of CO,and H
but it must be completed with the Lambliap analysis, which gives an
information ogl.so about the @&

5.1.2.2 Chargemotionanalysis

The cylinderto-cylinder differences of tumble and turbulemgbee reason for

the differences in mixing patterns in the cylindéfggure 5.15 and Figure

5.16). Tumble isa structured rotational flow on a cylinder axial plane
generated during the intake process. Tumble continues during the compression
stroke and, as the volume of the combustion chamber decreases, increases in
intensity. The tumble motion dissipates intobwence, which reaches its
maximum around fTDC. The higher turbulence increasegdsanotion and

the flame speed. As a result, the combustion duration decreases, which can be
exploited to increase the efficiency of the engine.

Tumble is the result of dérent parameters. The greatest influence is due to
geometrical features of the engine such as the shape ofgke ahannels, the

form of cylinder roof, the angle of the intake valves, the shape of the piston
etc. The injection strategy and the injenttargeting can aldoe used to create

a tumble movement in the cylinder. The spray targeting must point in the
direction of the tumble motion, which is easily achieved with a lateral direct
injection, as for the analysed case. The injection timing mugthbeed in

order to maximize the effects of the injection, i.e. when the spray targeting
allines with the tumble motion. For the case of interest, this happens for a late
injection during the compression stroklowever, such strategy has not been
adoptedbecause it has been preferred to use an early injection that exploits the
evaporation of the fuel to cool down the charge, increase it density and achieve
a better cylinder filling.

The tumble number quantifies the intensity of the tumble motion and is an
important parameter for engine development: the higher the tumble the
number, the faster is the rotation of the charge in the combustion chamber. A
too high tumble cacause a blowoff of the flame, i.e. thame propagation

is slower than the gas moverbend thecombustion results in a misfire. A too

low tumble number usually causes a very slow combustion and an incomplete
mixture formation. A normal value for tumble number for Sl engines at low
rpm is between 2 and 3.
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Figure 5.15: Tumble and turbulence ihe cylinderi Low load case
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Figure 5.16: Tumble and turbulence ihé cylinderi High load case

As expected, in the analysed catesbehaviour of each cylinder changes as
a consequenaef the engine operating load.

In the two analysed cases tumble results very low because during the intake
phase the mad®w rates through the intake valves do not have enough energy
to acceleratehe mass inside the cylinder. Therefore the tumble movement
remains limited and consequently also the turbulence. This condition has many
effects, among which the most interesting are: an incomplete homogenization
of the charge inside the cylindea, slow @mbustion and therefore a high
temperature of the exhaust gases at EVO.



74 5 Simulation validation

5.1.2.3 Global lambda analysis

The inhomogeneity in the cylinder ensures that during the combustion it is
possible that the flame encounters volumes with a local value of lambda that
differs from the overall average value. There are two major possibilities:

A Volumes with a rich mixture where the combustion cannot completely
oxidize the fuel and CO andidre formed, which can later on participate
to postoxidation in the exhaust manitbl

>

Volumes with a stoichiometric mixture or lean mixture where fresh air
remains available for the peskidation as well as there might be the
formation of pollutants such as NO.

Thanks to the full engine simulation, the local inhomogeneity is taken into
account and the information is implemented in the detailed simulation of the
exhaust manifold in the form of boundary conditions.

The air to fuel ratim f t h e t oste@eg must begdonsidered when
analysing the engine operation durimpgstoxidation. It can be easily
calculated as the ratio of the total air consumption and the total fuel
consumption divided by the stoichiometric value of the specific fuel. Since the
target of the posbxidation strategy is to enable scavenging, i.ebdiag
reduction, without causing any efficiency losses at the tlveecatalyst

( T WC aneine aust be very close to stoichiometry.

In Figure5.17 (first column), it is reported the overall air consumption for the
two engine operating points. This general indicator is composed by the sum
of:

A Volumetric air consumption, i.e. the air consumption due to the air
trapped in the cylinders;

A Scavenging air conseption, i.e. the air flowing directly to the exhaust
manifold during scavenging without participating to the combustion.

For both engine operating points there is a certain amount of scavenging air,
as expected. The air consumption is much higher foritfelbad case due to

the higher boost pressure; scavenging air represents almost the 30% of the total
engine air consumption because for the whole period of valve overlap there is
positive pressure difference. In the low load case, instead, the percehtage
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scavenging air to the total air consumption is around 17%. The amount of
scavenging is in both cases very high and has the scope of making oxygen
available in the exhaust manifold.

45 —_—
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Analysis air consumption

Figure 5.17: Air consumption analysis

The second important parameter for pmstiation is the ircylinder lambda

( ®&wunper), which has to be lower than stoichiometric in order to produce CO
and H. In Figure5.18, it can be seen that for both cases the mixture in the
cylinder is slightly rich. Finally, irFigure5.18 are reported the values of the
overall engine operation that should be as close to stoichiometry as possible.
Due to the hi ghcnstrclose togtoianigmetayntite highh e &
| oad engi neecRecilB3, whitkais tocalears-and may cause
efficiency | osses at the TWC.echdhe | 0
=1.03, which is a very good result because ensures a stoichionpetration

and the best conditions for pastidation.

The tuning of the engine operation for pogidation, as it has been
demonstrated, is very compktvinsemande d. F
2ncine @ fine equilibrium of valve overlap, boost psere and injected fuel

must be found. The low load case is very well calibrated. The high load case,
insteadrequires further tuning-or the sake of the validation of the-85D
simulation methodology, both engine operating points are used. In a second
step a more detailed opt iveniasaldséton i ¢
stoichiometry as possible.
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Figure 5.18 Lambda analysis

The full engine simulation has a very good agreement with experinuzéal

and gives a deep insight in the most important phenomena of engine operation.
The analysis based on these simulations pointed out that both engine operating
points are well set for the operation in posidation conditions.

These results have beesed to define the boundary conditions for the detailed
model of the exhaust manifold.

5.2 Detailed model of the exhaust manifold

The two engine operating points described in the previous session have been
simulated also using the detailed model of the exhaasifold. This model

has the advantage of being able to simulate the chemical reactions that are
taking place inside the exhaust manifold. For each engine operating point, the
boundary conditions have been controlled and then at least three engine cycles
have been simulated in order to reduce the influence of guessed initial
conditions.
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The validation process tests the ability of the simulation to match data from
the testbench. For the validation, the following data are available from the
investigations at the tebench:

A Pressure signals before the turbine;
A Temperature measurements;
A Species concentration measurements.

These three types of measurement are a way to test the model ability to make
predictions for all the most relevaphenomena of postxidation. If the
agreement of experimental data with the simulation is satisfactory, the whole
simulation methodology is validated.

5.2.1 Pressure signals before the turbine

Pressure signals are measured at thebtsth before the turbinelét in the
position i ndi c &igueed.3. imiotddr to imhke aniretlistic i n
comparison, it is possible to introduce in the computational gfithe
simulation a virtual sensor exactly in the same position of thdéssth that
evaluates at each iteration the pressure of the fluid.

In Figure 5.19 and Figure 5.20 is reported the comparison between the
measured and the simulated pressure signals before the turbine.

The low load case shows a very good agreement with the experiments by
matching the timingand the amplitude of pressure peaks. There are some
differences in the pressure fluctuations around 1 bar, which are probably due
to the fact that the model is limited to the exhaust manifold and lacks the
complete interaction with the cylinders and theake manifold. Such
simplification changes the pressure wave patterns causing the mismatching of
pressure signals. Since the agreement proved to be good throughout the cycle,
this firstvalidation step is successful.
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Figure 5.19: Pressure signal before the turbiniew load case
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Figure 5.20: Pressure signal before the turbinkigh load case

In the high load case, instead, the pressure peaksdeeastimated while the
timing of pressure peaks is correctly matched. This can be explained with the
geometrical simplifications that have been necessary for the preparation of the
model. In particular, the absence of the turbine plays a crucial roles\éow

the overall agreement is good: the timing of pressure peaks is matched
correctly as well as the minima and the average value of pressure. Therefore,
the validation can be considered also in this case successful. The lower
pressure peaks in the simigld case may be an indication that the mass flow
rates in the model tend to flow away a bit faster than in the real engine
operation because of the lack of backpressures. The simplifications
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introduced, however, do not change drastically the pattern opressure
waves and the flow field inside the exhaust manifold.

A possibility to improve the accuracy of the pressure signal could be to use
other approaches to simulate the turbine. An example could be the
implementation of a 0D model of the turbocharger.

5.2.2 Temperature measurements

An important indication of posixidation is the increase in gas temperature
before the turbine due to the reactions that are taking place inside the exhaust
system. Therefore, temperature has been measured in five differeingsosit

at the tesbench using thermocouples. In order to carry out a meaningful
comparison of experimental data and simulation, it is important to take into
account the differences between the two types of investigation.

In the simulation it is possible tmtroduce inside the computational grid
punctual simulation sensors, i.e. grid points that evaluate at each iteration the
temperature of the fluid. It is fundamental to match in the simulation the same
position of the thermocouple at the tbsihch. InFigure5.21 the punctual
simulation sensors are reported inside the mesh.

Punctual
simulation sensors £

Figure 5.21: Position of  punctual simulation sensors. Top view of the
detailedmesh of the exhaust manifold
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Figure 5.22: Temperature in the adaptor of cylinder 4 in the high load engine
operating point

There are four thermocouples in the 10 cm adaptor tract and one before the
turbine. While before the turbine there is a better mixing of gases and the
distribution of temperature across the section of the pipe is more uniform, the
position of the sensors ithe adaptors is particularly crucial because in this
zone the mixing is not effective and there are ggeadlients of temperature

and species concentratiods example can be seen kigure5.22. During

the engine operation, the fresh air coming from scavenging gatsesto

the exhaust valves and in the adaptor and forms a ocotdeactive cloud. In

the fourin-one pipe of the exhaust manifold, instead, hot gases mix and post
oxidation starts. Therefore, the thermocouples placed in the adaptor are during
the majority of the cycle in a position where in a few centimetres distaace
thermodynamic and chemical conditions are completely different. For this
reason, the position of the thermocouples has been accurately checked and
copied from the position at the tdstnch.

Another important factor to be considered in order to makeract validation
is the behaviour of real thermocouples.
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Simulation vs virtual thermocouple model
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Figure 5.23: Difference betweentemperature of the fluidand virtual
thermocouple sensor

The differences between the real thermocouple andrtigooint,where the
temperature evaluation is carried out, are thatgrid pointsdo not have a
defined volume, therefore nor thermal inertia raittadiative heat exchange.

The grid pointsdo not have a specification of the material, therefore cannot
account for the contact heat exchange. A comparison that neglects these effects
cannot give realistic results because the temperature signal at-therntelstis

not able to measure the exact fluid temperature. The real effects of the
thermocouple considn: thermal inertiadue to the mass of the element;
radiative and conductivéeat exchange with the wallspnvective heat
exchange with the gases. Heat exchange depends strongly on the physical
shape of the thermoelement, which must be reproduced adgulbreover,

these effects are not in steady state, since the fluid@tbem is continuously
moving.

In order to take into account the effects of real sensors, a model of a virtual
thermocouple sensor has been developed following the work presej@eéf in

The solution implemented consists in a numeric model that uses both
thermodynamic data from simulation and information about the dimensions
and materials of the real thermocouple. The application of this model on the
post i on APort 40 during tFigee5R3 gh | oad
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Figure 5.24: Temperatureneasurements and simulateduesi low load

1200

] Experiment

1100 | ™ simulation
Thermocouple

1000
800
800
700
600
500
400
300
200
100

0

Temperature [K]

Port1 Port2 Port3 Port4 TC_up
Position

Figure 5.25: Temperature measurements and simulated valbagh load

The effect of the virtual thermocouple model is to smooth the temperature
signal that beames almost constant, which is much more similar to the
temperature signal of the measurements at thééesth.

The results are reported for all positiongrigure5.24 andFigure 5.25; for
each position is reported the experimental value (Experimentndke flow
average temperature of the fluid (Simulation) and the value after the
implementation of the model of virtual thermocouple sensor (Thermocouple).

For both cases, the implementation of the virtual thermocouple model
increases the agreement of siatall values with the experimental ones. In the

low load case, the virtual thermocouple model increases definitely the
accuracy for the sensors positioned in the adaptor because the simulation tends
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to overestimate the very hot gases that flow during thawest stroke. In the
high load case the benefit of the virtual thermocouple model is less evident.

In general, the low load case has higher temperatures, because of the lower
scavenging, therefore lower amount of fresh air gathering in the exhaust and
lesscooling effect. The high load case, instead, has much higherfloass

rates through the valves that cool down the exhaust manifold. In both cases,
there is an increase of temperature between the adaptor and the TC up
position, due to both posixidationand the greater amount of hot gases that
flows through the point.

It is also interesting that there are in the experiments differences among
cylinders and that the patterns are fitted well by the simulation. Such cylinder
to-cylinder differences are duestlilow field in the exhaust manifold and the
amount of energy liberated by pastidation by each cylinder, which is
related to the mixture formation inside the cylinder. Therefore, to match the
differences among cylinders means that the simulation istabpeecisely
reproduce many complex and interconnected phenomena, which have an
effect on posbxidation. It is also a proof that the information transfer from
the fulkengine simulation to the detailed model of the exhaust manifold is
working properly

Finally, the simulation matches very accurately the experimental values,
therefore making the validation successful. Another important result of this
analysis is the importance of understanding the different characteristics of
measurements and simulationsorder to make a realistic comparison.

5.2.3 Species concentration measurements

The most delicate validation has been carried out using detailed data from the
testbench of molar concentrations of the most relevant species. At the test
bench has been used a MEXsystem for the measurement of molar
concentrations of C O, and CO.

The measurements have been carried out also in this case inside the adaptor.
As for the temperature measurements, it is fundamental to match the position
where the measurements haverbdone at the tebench. Indeed, the limited
mixing in the adaptor and the formation of clouds of fresh air close to the
exhaust valves and in thest part of the adaptor creat¢eep gradients of
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species concentrations with on the one side fresmdioa the other exhaust
gases. IrFigure5.26 the positions can be seawhere the experiments have
been carried out; these are exactly in the regions where the interfaces between
fresh air and exhaust gases are and where the fluid nlostiyates during

the engine cycle. This phenomenon is in the high load case extremely evident
due to the great amount of scavenging.

Pos.
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Figure 5.26: O, distribution in the exaust manifold positions of
measurements in experiments and in the simulation
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Figure 5.27. Comparison of real madlow rate across one surface and
MEXA measurements
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The evaluation of species concentrations in the simulation jgumatual, as

for the temperature, but it consists of the average value on each surface at each
iteration of the simulation. The evaluation has been carried out not only on the
surface closest to the experiments (Pos. 2) but in four different positions for
each adaptor in order to give an idea of thecigs gradients in the adaptor.

Also for this validation it is important to mimic the measurement method used
in the experiments in order to have a meaningful comparison. MEXA
measurements use a constant rflasg-rate, which is completely different

from the real mas8ow-rate across the surface. An example can be seen in
Figure5.27 where the real magkw-rate across one surface in the adaptor is
compared with a theoretical masw-rate of MEXA. In the diagrant is also
reported as an example the concentration 9o the same surface. The
simulation predicts a ma$®w-rate around zero for most of the engine cycle,
which means that the fluid is oscillating around the surface due to pressure
waves propagating in the exhaust. Only at the end of the cycle there is on
single event with very high positive maésw-rate, which means that the
exhaust of the cylinder just happened and the exhaust gases are being pushed
towards the turbine. Thex@oncentration starts with very low values, i.e. the
surface is inside a alml of exhaust gases, then rises to a value of 23% kg/kg
that means that the fresh air from scavenging has reached the surface. The
fresh air is pushed away by the following exhaust of the cylinder, which in this
case happens at the end of the cycle.

If the average species concentration is calculated using the real mass of each
species that flows across the surface, the long period with low and often
negative masfiow-rate and high oxygen mass fraction will have little
relevance. On the other hand, the penvith high mas$low-rate and low
amount of oxygen will be more relevant because most of the mass flows during
the exhaust of the cylinder. MEXA measurements, instead, due to the constant
massflow-rate, overestimate the period with high amount of oxyged
underestimate the exhaust period with very limited amount of oxggetting

in an overestimation of the amount of oxyg@herefore, it ismportantto
reproduce this effect before comparing the results of the simulation with those
of experiments. fie constant mad®w-rate measurement can be numerically
simulated starting from the standard evaluation of the simulation by means of
some simple elaboratiom Figure5.28, Figure5.29, Figure5.30 andFigure
5.31are reported the results concernihg low load case.
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Figure 5.29: O, measurementslow load
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Figure 5.30: CO measurementslow load
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Figure 5.31: CO measurements assuming a-admbatic wall low load

In each adaptor, are reported the results for the four surfaces used for the
evaluation. The experimentaleasurementare the black columns between
Pos. 2 and Pos. 3he position of the black columiswhere the sampling at

the testbench have been cid out.
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Considering the low load engine operating point, the values both from
measurements and from the simulatit;mnot match the expetations for this
engine operating poinThe overall engine operation for the low load case is
very close to stoichiontey, therefore, as reportedTiable5.3 andFigureb5.32,

after a combustion in ideal and stoichiometric conditions, the molar fraction

of Cin the exhaust gases should be 1:
neither Q, nor CO. In the measurements, instead, the molar fraction oECO

less than 6 mol% and the amount of CO is around 1.5 mol%. In order to have

a similar amountof C& it woul d ®ueperFOd éirsidealr y  a
conditions). Also the amount of oxygen differs substantially from the ideal
conditions. In order to va 10 mol% of Qlike in the measurements, it would

be necessary ayumek mbalNond obtims happendfor the

low load engine operating point, as already discussed, and these results can be
explained thanks to the performed simulations.

The simulations demonstrated that the presence of CO in the exhaust manifold
isduetotherichic y Il i nder combust tyonber F0DrIF 01 me
second place, although the engine overall operation is stoichiometric, there is
fresh air flowing ino the exhaust during the scavenging event. The reason for
such high molar fraction of oxygen is that the posjtwimere the experiments

are samplings the samgawhere the gradients between the fresh air clouds and
the combustion products are. Therefdhe sampled exhaust gases are greatly
diluted with fresh air. On top of this, the MEXA measurement uses a constant
massflow-rate that, as already demonstrated, overestimates the amount of
oxygen during one cycle. The simulations are therefore fundahenta
understand the frame in which the measurements have been performed and
provide a logtal explanation of the results.
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Figure 5.32: Molar fraction of relevant species after an ideal combustion

Table 5.3: Composition of exhaust gases of combustions with different air

fuel ratios
-] [ COz [mol%] Oz [mol%] CO [mol%]
0.7 6 0 11
1 13 0
1.3 10 5

For CQ and Q measurements there is a very good agreement in all sampling
positions. The best agreement is for Pos. 2 for all cylinders, because this
surface is the closest to the sampling point. When moving from Pos. 1 to Pos.
4 there is an increase in g€@nd a decr@se in Q, which is an expected result
because the evaluation surface is moving from the exhaust valve towards the
turbine (Figure5.33). Therefore, Pasl will be in the middle of the fresh air
cloud with high molar fraction of £xhat dilutes CQ In Pos. 4, instead, the
surface is closer to the feim-one exhaust runner that acts as a mixing volume
before the turbine where all adaptors come togethdrhmt exhaust gases
stagnate. In this region, the molar fraction efi©much lower than in Pos. 1

and the molar fraction of Cncreases thanks to the diminished dilution with
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fresh air fromscavenging. Still, the C{Oeaches at most 8 mol%, whichiil s
a very low value, which suggests that also in this positionatheunt of
dilution air is important.

Cyl. 4 — Low load

Y e
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Figure 5.33: Mole fraction gradients cylinder 41 low load case

ConcerningCO (Figure5.30), insteadthe agreement is less precise between
experimental data and the simulation. It has to be noted that the molar fractions
are for @ much lower than for the other species. Therefore, a small absolute
difference in the amount of CO causes a great relative difference of molar
fractions. This makes the simulation and the experiments very sensitive to
assumptions and simplifications. Acead factor for the difference between
experiments and simulation is the rate of gmdtiation. Indeed, since CO is
consumed exclusively during pestidation, a reaction rate too high before
the sampling point could lead to an underestimation of CO. fibst
important parameter that influences the reaction rate is the temperature of the
gases, which is the result of the boundary conditions and the thermal condition
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at the walls of the model. Since the boundary conditions come from the full
engine simulatin, they can be considered reliable, because of the good
agreement of full engine simulations with experimental data. The only left
possibility is the thermal condition imposed at the walls of the model. For the
first simulations, the assumption of adiabatvalls has been adopted.

However, in real engine operating conditions this assumption is not realistic.

In Figure5.31is comparedhe result at Pos. 2 of the simulation with adiabatic
walls with the one assuming a fixed temperature at the walls of 700 K in the
same position. The last simulation matches bekierexperimental results
confirming that the simulation with adiabatic walls overestimates the reaction
rate of posoxidation. A further tuning of the model is not desirgblemany
reasons:

A The absolute error in CO is very limited;

A Although the compason is based on the mimic of the measurements
method used at the tdsénch, there is a number of assumptions that could
introduce small differences, which in the case of very limited absolute
values of CO have a great impact;

A The tuning consistin a modfication of boundary conditions, e.g.
numerical increase of the amount of CO that enters the volume, that
cannot be based on experimental evidences, since the full engine
simulation demonstrated a very good agreement for the most relevant
parameters;

A Thegeometrical simplifications introduced in the detailed model of the
exhaust manifold probably play a more relevant role than boundary
conditions;

>

The introduction of tuning parameters makes the simulation methodology
less flexible;

A The perfect match of eepimental measurements is not realistic also due
to the cycleto-cycle variability and experimental accuracy.

Overall, the agreement of simulation and experimental data is very good and
the validation can be considered to be satisfied.
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Figure 5.35: O» measurements high load

The same comparison is carried out also on the high load engine point, which
is characterized by a much greater amount of scavenging.

In Figure 5.34 and Figure 5.35 are reported the results for g@nd Q
measurements. The values of molar fractions can be explained using the same
demonstration used for the low load case. In the high load case, however, th
dilution of exhaust gases by means of fresh air from scavenging is even more
extreme: the molar fraction of G@& even lower and the one ob @ higher

than the ones in the low load case, meaning that the amount of fresh air in the
adaptor is highernlthis case, there is a much lower gradientrir@n Pos.

1 to Pos. 4, which is due to the fact that there is a greater amount of fresh air
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also very close to the foum-one exhaust runner. This can be seen for example
in Figure5.26, where the surface 4 is inside a fresh air cloud.
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Figure 5.36: CO measurementshigh load
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Figure 5.37: CO measurements assuming a-adiabatic wall high load

Also in this case, there is a very good agreement of experimental data and the
simulation for CQ and Q, which proves that theimulation is able to
reproduce correctly the most relevant phenomena.
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Cyl. 3 — High load
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Figure 5.38: Mole fraction gradients cylinder 3i high load case

The molar fraction of CO is lower than the one in the low load daséo the
in-cylinder mixture very close to stoichiome{igure5.38). This makes the
comparison even more delicate and sensitive to simplificatiand
assumptions. Similarly to tHew load case, the simulation predicts a lower
amount of CO at the sampling poiriigure 5.36) with some extremes at
cylinders 1 and 2 where the simulation predicts virtually no CO. Also in this
case, an explanation could be the assumption of adiabatic wiliguhe5.37,
however, the comparison shows that the substitution of the assumption of
adiabatic walls with a fix temperature of 700 K has little or no benefit for this
engineoperating point. One factor that could cause the lack of CO are the
boundary conditions from the full engine simulation. However, at the
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boundary conditions the average CO mole fraction is 2 mol%, which is
theoretically enough. siraton @graved tode e
very well validated and for the low load case provided reliable boundary
conditions, therefore it is unlikely to be the origin of the inaccuracy. Another
factor is the extreme scavenging event that is typical of this engine operatin
point and that, if only a bit overestimated, could cause a dilution of exhaust
gases that has a great impact on species like CO that are present in very small
guantities. The geometrical simplification of excluding the turbine in the
simulation may havenore effect on the simulation of this engine operating
point because the backpressures are lower and therefore probably the mass
flow rates are overestimated. Finally, the error is extremely limited in absolute
values, which makes the results overall stiali

The simulation showed a very good agreement with experimental data from

the testbench, therefore the validation of the detailed simulation can be also

considered successful. Moreover, the simulation is able to give a detailed and
realistic explanatin of the results from the telsénch.

With this final step, it has been possible to demonstrate that the methodology
used for the simulation of peskidation in the exhaust manifold is reliable
and that both the full engine simulation and the detailedilstion of the
exhaust manifold are capable of giving a deep insight in the phenomena that
characterize posixidation.

The following steps will be to use this methodology ofGBD simulatons
to describe posbxidation and to investigate other operating conditions.
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Based on the validation of the simulation methodologdy), (the following
chapter uses the engine operating points analysed in order to describe post
oxidation.

6.1 General aspects

Postoxidation consists in the oxidation of rich combustion products with fresh
air taking place inside the exhaust manifold.

The definition of the composition of the exhaust gases is the first important
step. Since the Hylinder combustion happens in rich conditions, the most
relevant species will be: NH.0O, CQ;, CO and H. Due to inhomogeneity of

the mixture inside the combusti chamber, also Os probably present,
though the overall rich combustion conditions. These components make up for
more tharf8% of molar fraction in these conditions and for 95% of the total
energy that enters the exhaust manifold during the exhawdtestmhe
remaining energy and mass is composed mostly by unburned fuel that was not
completely oxidised during combustion. In rich combustion conditions, it is
possiblethat a certain amount of hydrocarbamsnain unburned after the
combustion. These hydrarbons flow to the exhaust manifold and there they
can participate to posixidation.

From the point of view of the simulatioim order to model longchain
hydrocarbon oxidationjt is necessary to implement a detailed reaction
mechanisminto the detaild model of the exhaust manifold. The detailed
chemical reaction model, as already investigated!i fcreases by at least

a factor 10 the computational resournegded for the simulation. Therefore,

in this project, the simulation with @detailed reaction mechanism Hhaesen
limited to one engine operating pagiathichwill be analysed in the following
chapter (§), and to the exhaust manifolBor all the other engine operating
points, the unburned hydrocarbons have been neglected, which is a realistic
assumption as it will be demonstrated below.
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Out of the six mostelevant species listed above, the following three are the
main reacting ones: CO,2thnd Q. CO and H are present in the exhaust
gases, while @is present in the fresh air coming from scavenging. The
separation of reactants excludes the possibilityrefnixed posbxidation
with a flame front travelling across a mixtyg®] [29].

Exhaust gases and fresh air deegingmost of the cycle separated in clouds
Themixing of exhaust gases and freshtakes placat ther interfacebetween

two clouds. The mixing is very limited during most of the cycle; only during
the exhaust stroke of a cylinder the mixing increases and the reactants are
brought in contact.

The second requirement for pastidationis a temperature high enough to
start the reactions. The oxidation reactions for CO andeldd a temperature

of least 1000 KThe gastemperature is usuallguring the cyclegoo low to

start posbxidation. However, the hot combustion products that etiier
exhaust manifold during the exhaust stroke, reach usually such temperature.

Like all the chemical reactions with reduction of the number of moles, also for
postoxidation an increase in the pressure of the system speeds up the reaction.
The pressureshithe exhaust manifold have peaks around 1.4 bar during the
exhaust events.

Therefore, from a chemical point of view, pasidation is a nofpremixed
reaction that takes place in a thin layer where the reactants mix anfBégact

[29]. In particular, since postxidation happens almost exclusively during the
exhaust stroke when the hot exhaust gases are pushed at high velocity through
the fresh air causing a great mixing, posidation can b&onsidered a nen
premixed turbulent reaction.

The parameters that influence the pmstation are:

A Temperature: at least 1000 K;
A Mixing of the reactants: combustion products and air;
A Pressure.
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6.2 3D-CFD analysis

The validation concluded in the previous cleaptlemonstrates that the
simulationcan recreat¢he measurements of the test bench. Therefore, it is
possible to use the results of the simulations in order to investigate post
oxidation. In the following the results of the simulaitons of the engine
operd i nhg points already described as I
The results refer to the detailed model of the exhaust manifold that uses the
boundary conditions from the fudingine simulation.

The best conditions for peskidation are duringhte first part of the exhaust
when masdlow-rates at high speed of hot combustion products are pushed
into the exhaust manifold-igure 6.1, Figure6.2, Figure6.3 andFigure6.4).

In proximity of the exhaust valve, the hot rich combustion productsdind
cloud of fresh air stagnating there.rihg the first part of the exhaust stroke
there is a strong mixing of the reactants at the interface that triggers post
oxidation. Afterwards, fresh air from scavenging flows into the exhaust
manifold at low speeduring the valve overlap and accumulates close to the
exhaust valve, therefore ensuring the oxygen availability for the exhaust for
the following cycle.

In the reported pictures, there is a thin layer where most of the chemical heat
release from posixidaion takes place. This thin layer has temperatures
around.300 K, relatively low @and high CO mass fractions. These are indeed
the perfect conditions for peskidation. Interestingly, there are other areas
with similar conditions of CO, @and mixing, &3. adaptor of cylinder 3, in
which, however, there are no reactions going on because of the much lower
temperatur@round600 K.
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Figure 6.1: Local heat release rate from posgidation during thexhaust of
cylinder 41 high load
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Figure 6.2: O distribution in the exhaust manifold during the exhaust of
cylinder 4i high load
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Figure 6.3: Distribution of temperatures in the exhaust manifold during
exhaust of cylinder # high load
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Figure 6.4: CO distribution in the exhaust manifold during the exhaus
cylinder 41 high load

Theregionswith lower temperature originate the end of the exhaust stroke,
when the temperature is lower, due to scavenging, and the mixing less
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effective because of the lower speed of the gases. In these amngitist
oxidation cannot start.

The heat release takes place also behind the thin layer. Howwstrof the
fresh air has already been pushed away by the first front of rich combustion
gases. Therefore, though the high mixing and temperaturepxidstion is
limited. In these conditionsthe Q availability from the incylinder
inhomogeneity that the Lambdidap (Figure5.12; Figure5.13) pointed out
could help to carry out the reactions.

During the remaining paof the cycle, the influence of the exhaust gases on
the interfaces between fresh air and rich combustion gases of other cylinders
is limited because of the low mixing and the impossibility to raise the
temperature.

The ficloudso of tipmiskecusaodfthe 10 enrofjadagtorf f i
between the head of the engine and the-ifi;me exhaust manifold. A
stronger mixing takes place in the four in one runner, however, in both engine
operating points, the simulations show that there aremired gses flowing

into theturbine Figure6.7 andFigure6.8).

The high load case has an extremely low qoagdation, which is due to the
following factors:

A ®evunper too close to stoichiometry (0.98), therefore low amounts of CO
and H that enter the exhaust manifold;

A Excessive scavengintherefore too much cold air entering the exhaust
manifold that causes a cool down of the whole volume and blocks the
postoxidation reactions.

In the low load case, instead, the heat release is greater and more constant
thanks to the higher temperaturetire exhaust manifold, due to the lower
amount of cold air entering the exhaust manifold during scavenging and the
greater amount of CO and Hhat enters the volume.

The differences among the cylinders can be seBigure6.5 and Figure6.6.

In the high load case cylinder 2 makes no jpoddtiation becase d a better
in-cylinder mixture homogenization and an A/F ratio close to stoichiometry.
This represents an example of failure of the joaddation: mixing and
temperature can be considered to be almost the same of the other cylinders but
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thereisnob at r el e ac$ueoer s @00 elases te stoehiometry and
there is not enough CO and té start posbxidation.

Heat release rate from chemical reactions
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Figure 6.5: Heat release rate from pastidation. Numbers refer to cylinder
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Figure 6.6: Temperature before the turbine. Numbers refer to cylinder
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Figure 6.7: CO mass fraction before the turbine. Numlyefer to cylinder
exhausting
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Figure 6.8: O, mass fraction before the turbine. Numbers refer to cylir
exhausting

When consideringrigure6.7 andFigure6.8 it can be seen that, although CO

is very limited in the high load case, thésealmost always a certain amount

of it flowing to the turbine without reacting. The explanation is that the gixin

of gases is a very delicate process and there are always certain volumes of
reactants that remain separated from fresh air. A second effect is the mixing
that happens at low temperature. In this condition, although the local chemical
composition is accegble for posbxidation, the temperature is too low to start

the reactions. Consequently, there are volumes where fresh air and reactants
are well mixed together but the reaction cannot start and thenixe gases

flow to the turbine.
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In the low load cse, in the composition of the exhaust gases there is much
more CO and less:OEven though the low load engine operating point has an
overall engine operation very close to stoichiometry, that would theoretically
preserve the three way catalyst operatiomfefficiency losses, the simulation
predicts that the combination of mixing and temperature distribution in the
exhaust manifold is not enough for the complete homogenization and
oxidation of the mixture.

This is a general aspect of pastidationduring our investigationwith the

given geometry, the mixing of gases before the turbine is not complete. This
characteristic has been observed in all engine operating points that have been
analysed, so iis probably a common feature of pastidationand shdlbe

taken into accourduring the strategy desigiihe incomplete oxidation does

not always correspond to an incomplete mixing: there are volumes of already
mixed gases that flow to the turbine. The problem is that the mixing happened
a too low temperattes. A temperature increase in the exhaust manifold is
difficult to achieve Therefore, the only solution to reduce the amount of non
oxidised gases is to increase the interface of hot combustion products and fresh
air while the temperature is still high. A possible way to achieve it, is the study
and development of a geometrytbé exhaust system characterized by better
mixing of gases at high temperatures. An example is provide2i2n §

6.3 Temperature increase

One of the most relevaeffects of posbxidation is the temperature increase
due to the heat release from chemical reactions. The quantification of this
temperature increase is very interesting for applications ofgxidation in
different strategies, e.g. heating of the TWC.

One advantage @D-CFD-simulations is the possibility to separate the effects

of different phenomena. In this case, by deactivating the chemical reactions, it
is possible to quantify the differences that are due exclusteetiie post
oxidation reactionln order to investigate this point, the detailed simulations

of the exhaust manifold have been run again without activating the chemical
reaction mechanism. The simulations use the same boundary conditions, i.e.
the starting fullengine simulation is theame. These simulations are then
compared with the simulations where posidation is active.
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Apart from the lower temperature of the exhaust maniftiidre are also
smallerdifferencedn the flow field and in variables such as the velocity field
and caensity between the simulations with and without chemical reaction
mechanism activatedduch differences, however, are satary and do not
change much between the two cases.

For this investigatiorthe high load and low load engine operating points have
been simulated without chemistry. In order to have a bigger sample and be
able to make some inference, further three engine operating points have been
simulated both with and without active chemical reactions. These engine
operating points have been useddlsr the mapping of posixidation and

are analysed below igreaterdetail (8). This paragraph focuses instead on
the correlation of heat release and temperature incréasemost relevant
parameters are reported Table 6.1: the rames of the last three engine
operating points refer to the names used for the mapping cbpidsttion

(88); HR is the heat released in the exhaust manifoldotgtoxidation
temperatures are measured before the volute of the turbip€elflc is the
average temperature during one cyclgaxl is the maximal temperature
during one cycle.

Table 6.1: Engine operating points for the investigation of effect of chemical
reactions.

Rpm | Imep | Overlap| HR &hve | @hve | &Max | &Tax

1/min | bar °CA Jicyc % K % K
High
load 1600 | 14.88 90 62.67 1.92 17 9.75 118
Low
load 1600 | 12.34 90 490.90| 15.58 137 7.44 95

2 1600 | 14.99 60 554.22 | 18.07 189 18.54 227
3 1200 | 13.15 60 268.88 | 5.62 59 7.63 94
4 1200 | 15.06 60 575.41| 10.16 104 9.04 124

The engine operating points have different characteristics of imep, overlap,
rpm andboost pressure in order to have a wider and more varied sample to
analyseAll engine operating points reported, apart from high load, have an

overall engine operatiovery close to stoichiometrgg).
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Engine operating point 2 is very similar to high load in terms of imep and they
are both at 1600 rpm. However, engine operating point 2 has a lower overlap
that limits scavenging in order to achieve an ovetalckiomdric engine
operation.

Engine operating points 3 and 4 have a lower rpm and a valve overlap limited
to 60°CA. The engine operating point 3 has an imep similar to low load while
the case 4 is similar to high load.

The sample is therefore composed byegample of the most relevant engine
operating points for posixidation.

The most interesting effect of pestidation is the increase of;Ti.e. the
temperature before the turbine. This temperature has a limit around 900°C
(1200 K) due to materia]68]. On the other side, the temperature increase

be used intentionally theat up the gasés the exhaust manifold if needed,
e.g. during a coldtart operation.

All temperatures reported fable6.1 are measured before the turbine volute.

For each engine operating point the temperature increase duetxioasion

is reported for both the average temperature during the apd the maximal
temperature. The temperature increases are very different among the simulated
engine operating points. There is a clear and logic correlation between the heat
released by posixidation and the temperature increaB@\re 6.9), both

relative and absolute: the greater the heat release, the greater the temperature
increase.

It is interesting to compare the high load case aneiggne operating point
2:

A Similar imep and same rpm;

High load has a very low heat release, therefolimiged temperature
increase 17 K);

A Engine operating 2 has a very high heat release, therafageeat
temperature increasé@4 K).

The correlation oheat release and temperature increase is almost linear for
the investigated engine operating points (the linear regression haalzerof
0.74), however, it is possible that for a further increase of heat release the
engine operation becomes more cdogikd due to the very rich-itylinder
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A/F ratio required. Moreover, the mixing in the exhaust manifold must
increase in order to oxidize the greater amount of CO anentéring the
volume. Therefore, it is possible that the mixing in the exhaust menifol
represents a limit to the maximum heat release.

Temperature increase cezachalmost 190 K, which makes pestidation a

very interesting strategy for conditions like catalyst heating and cold start,
when the gases in the exhaust manifold must be hegteguickly. Heat
release is controlled mainly by means of a traffeof scavenging and in
cylinder A/F ratio; indeed, the high load case has a great scavenging but a
devLINDER Very close to stoichiometry (0.98), which results in a very low heat
release.

Temperature increase due to heat release from post-oxidation
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Figure 6.9: Correlation between heat release asmierature increase due
to postoxidation

The problem of posbxidation is that also the maximum temperature, i.e. the
highest temperature peak durirme cycle, increases as posidation
increases. The increase of maximum temperature has only a limited correlation
with the increase of average temperature but for some engine conditions the
temperatte increase can be very higg80K). In Table6.2, it can be seen that

the maximum temperature with pastidation is usually above the limit of
materials. However, these are very short temperature peaksApbi.e. 5.7

ms at 1600 rpm) and the average value is almost always below that limit.

The average temperatur@&able6.2) depend not only on peskidation but
also on more complex phenomena such as scavenging, ignition point and A/F
ratio.
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Table 6.2: Temperatures before the turbirig)(

w/ Postox. w/o Postox.
Tave Twmax Tave Twmax

K K K K
High load 905 1329 889 1210
Low load 1013 1376 877 1280
2 1231 1449 1043 1330
3 1129 1494 1025 1222
4 1112 1321 1053 1227

For example, the low load case has a very low average temperature, even
though the heat release and the temperature increabmglard his is due to

the great amount of scavenging that cools the exhaust manifold; indeed, the
average temperature in the case without-pgitation is 877K, which is
almost 10K lower than the other cases excluding high load. The difference

is mostlydue to the greater scavenging that cools the exhaust manifold. Other
engine operating points with lower scavenging start-pwistation with a
higher average temperature before the turbine. These engine points have the
same spark advance of high load & load. The most relevant difference

is the valve overlap: the points with great valve overlap have a greater
scavenging and therefore the temperature in the exhaust remains lower even
when posxidation takes place. If other parameters such ase®nsidered

there is the possibility to develop a more precise a reliable engine strategy for
postoxidation.

In conclusion, posbxidation is a nofpremixed reaction that is triggered by

the exhaust stroke of each cylinder. It depends mostly on tempesattire
mixing of the reactants. The heat release peaks during the exhaust of each
cylinder and then declines rapidly. The characteristics of each peak depend
mostly on phenomena taking place inside the cylinder such as mixture
formation and aifuel ratio ofthe mixture.

Postoxidation has the capability to increase the temperature in the exhaust
manifold by 19% in some cases, which make it a strategy interesting for
operating conditions thatgaire to heat up the exhaust gases quickly.
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In order to investigate the influence of assumptions made by using a reduced
chemical reaction mechanism in real engine condition, a ser&swoiations

with a detailed chemical reaction mechanism have been carried out. Such
simulations have been made possible by the availability of a High Performance
Computer (HPC) cluster at the IFS.

7.1 Simulation setup

The reaction mechanism chosen for the uions is the
Polimi_1412_detailedT@able4.3) with 156 species and 3465 reactions. The
reaction mechanism has the capability to simulate both C®{aogidation

as well as the oxidatiomf long-chain hydrocarbons used in gasoline
surrogate$63].

The simulation of the detailed model of the exhaust manifold implementing
the reaction mechanism Polimi_1412 detailed is numiBricxtremely
challenging and requires a very stable engine operating point in order to give
realistic results. The instability is due to the need of th€CBID tool to solve

one additional transport equation for each spg8iH432]. The dimension of

the numerical problem becomes rapidly very big and the determination of
fundamental variablesuch as density and temperatumore sensitive to
numerical instabilities.

Many engine operating points fealveen testeaindit has been chosen the one,
whose simulation proved to be particularly stable. The engine operating point
is characterized by:

A Load: 174 Nm

>

Rpm: 1200 1/min
A Valve overlap: 60°CA
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A eenoine 1

A ®evunper: 0.91

The engine operating pointygry similar to the ones investigated up to now:
low rpm, rich ircylinder combustionjong valve overlap andhigh boost
pressure that pushes fresh air directly to the exhaust, wherexation
takes place at the exhaust of each cylinder.

The analysis thdbllows focuses on the influence of the assumptioade on

the boundary conditions. The adoption of a reduced chemical reaction
mechanism requires someimplifications concerning the chemical
compositions of the inflowing chemical specieshe target of this
investigation is to test guchsimplifications are acceptable, keeping in mind
the need for a tradeff of accuracy and computational time.

The simulation campaign has been carried out gradually by changing at each
step only one assumption in ordemrecisely track the changes in the results
with the changes in the setting of the simulation. For all simulations, the flow
field and temperature distribution are very similar because the mass flow rates
and temperature boundary conditions are the sdramsfore, the changes can

be consider to affechostlythe chemistry of the simulation.

The following analysis is composed of five different simulations. The type of
boundary conditions and name of each simulation are reptetad7.1.

Table 7.1: Simulations for the detailedaetions mechanism analysis

Name Reactionrmechanism Boundary conditions
Detailed Polimi_1412_ detailed No HC
Reduced Polimi_1412_ H2/CO No HC

Detailed_HC Polimi_1412_detailed HC: gasoline
- - - composition
Detailed_Tol Polimi_1412_ detailed HC: Toluene

NOXx Polimi_1412_ H2/CE@NOXx No HC

The mostelevant investigated assumptions are:

A The use of a reduced reaction mechanism instead of a detailed one;
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A The influence of long chain hydrocarbons on gmgtation;

A The influence of NOx reaction path on posidation.

7.2 Analysis of the simulations

In the frst test, the exact same simulation has been performed with the reduced
reaction mechanism and with the detailed reaction mechanism. The
simulations are called Detailed and Reduced. The two models have the same
boundary conditions and the same settifgs only difference is the chemical
reaction mechanism that, in the first case, is the detailed one and for the second
simulation is the reduced one. Since the reduced reaction mechanism can
simulate only the oxidation of CO#hixtures, the boundary conidibs in this

case neglect the influence of HC. The simulation Reduced has the same setting
of the other simulations investigated so far, which proved already to have a
good accuracy and represents thaddad whose accuracy is tested.

Thetarget of thidest is to see the influence of a detailed reaction mechanism
using the same boundary conditions of the reduced reaction mechanism. To
analyse this assumption the simulat
now comparedn Figure7.1, it can be seen that the heat release ratessd the
two simulationss very similarduring the whole cycleonly in the second and

the third peak the Reduced simulation predicts slightly higher heat release
rates. This could simply be due to little differences in the turbulence
temperaturgoatterns of the flow field between the two simulations that could
speed up the reaction in the Reducask. IrFigure?7.2, the total heat released
during one cycle is reported; the difference between the first two cases is in
absolute values 12.5 J/cywhich corresponds to the 1.7% of the total heat
release, therefore, the two simulations have a very good agreemeigure

7.3, itis possible to sethat also the temperature signal before the turbine inlet

is very similar in the two cases and only around 90°CA there is a small
overshoot of the Reduced simulation, which can be explained with the higher
heat release rate at the same exhaust eventlyFit@ Reduced simulation
predicts slightly less CO that flows to the turbiRey(re7.4), which camagain

be explained with the slightly higher heatease rate. For what concerns the
other parameterg &ble7.2) there is always a very good agreeméniTable

7.2 masses refer to the amount of eapbdes flowing to the turbine during
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one cycle. HRaxis the maximum possible heat release considering the amount
of energy entering the system. #&e is the rate of pasixidation calculated

as the ratio of the heat released in the whole volume ofetalel model
during one cycle and HRx

This first comparison demonstrat¢hat, when using the same boundary
conditions without HC, the use of a reduced reaction mechanism does not
introduce any significant difference with respect to the adoption efaled
chemical reaction mechanism. It is therefpreventhat, in theseconditions

the use of the detailed chemical reaction mechanism does not change
substantially the results of the simulation.

Heat release rate from chemical reactions
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Figure 7.1: Heat release rate from pastidation in the whole detailed
model of the exhaust manifold
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CO mass fraction before the turbine
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Figure 7.4: CO mass fraction before the turbine in detailed model of
exhaust manifold

To answer the question if the influence of HC mustcbesideredor the
simulation of posbxidation, new boundary conditions have been produced.
The full engine simulations always report a certain amount of unburned fuel
that flows intothe exhaust manifold={gure5.9). This information has been

up to now neglected. In order to remove this assumption, new boundary
conditions have been defined, which include the species mass fractions of the
unburned fuel tht enters the exhaust manifold. The full engine simulation
gives an indication of the amount of fuel but not directly the chemical
composition of the fuel, which is integrated in the definition of the fuel scalars.
For the definition of HC chemical comptien, there are many possible
assumptions that can be made.

First of all, the fuebvaporatesthen it mixes with air duringhtake phase or
the compression strokacording to the SODue to the local mixing effects
explored by means of the lambdeap Figure5.12), some of the fuel remains
in very rich stoichiometric conditions.

It is possible thathte fuel inrich conditions desnot take partirectly to the
combustion. However, it undergoes the high temperature and pressure
gradients of the combustion inside the cylinder. These gradients are likely to
start the breakip reactions of the loaghain hydrocarbanTherefore, it is
realistic to asume that the composition is no longer the one of the initial fuel
because the cracking of the long chains of hydrocarbons has already started
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[29], [69], [42]. In order to gain some sensitivity of the effect of composition
on postoxidation, two different simulations have been performed with
completely different assumptions about the composition of HC:

A Detailed_ HC: HC are simulad using the same composition of the
original gasoline (in this case a gasoline surrogate), which equals to
assume that the fuel did not undergo any chemical reaction of cracking
and is still composed of long chain hydrocarbons such as isooctane and
n-hepane;

>

Detailed_Tol: the whole fuel is assumed to be Toluene. Toluene is a
typical HC produc{66] and is not a long chain of hydrocarbon. In this
case, the assumption is that the fuel has already completely broken into
smallerand more reactive compounds, which is more likely to represent
the real conditions.

While the real composition of the unburned fuel that flows to the exhaust
manifold remains unknown, these two simulations can define the two limits of
chemical compositionf the fuel flowing to the exhaust.

Comparing the simulation Detailed_HC with Detailed, the first one has a lower
heat release rate during the whole cyEligure7.1) and the total heat released

is definitely lower Figure7.2; -94 J/cyc, i.e-13%). The lower heat release
reduces théemperature in the exhaust manifold and increases the ammfoun
CO flowing to the turbine.

Table 7.2: Sensitivity analysis of detailed reaction mechanism simulations.

M CO|MCO | MHs [ MHO | MO | HRmax | PO
mgl/cyc | mg/cyc | mgleyc | mglcyc | mgleyc | Jicyc | rate
%

Detailed 31.77 | 475.30 0.53 193.52 | 52.14 | 2089 | 34.84
Reduced 26.58 | 473.93 0.48 190.31 | 47.08 | 2089 | 35.44
Detailed_HC| 39.58 | 464.23 0.68 19254 | 55,51 | 2399 | 26.43
Detailed_Tol| 33.14 | 473.72 0.56 193.46 | 54.70 | 2405 | 29.85
NOx 32.58 | 473.94 0.56 193.26 | 52.44 | 2089 | 34.76




116 7 Simulation of posbxidation with detailed reaction mechanisms

When comparing the composition of gases flowing to the turbiakl€¢7.2),

in the Detailed_HC case there is less,d€ss water and more oxygen, which
indicates that postxidation is proceeding more slowly. Although the total
amount of energy that enters theteysis higherTable7.2), there is less post
oxidaion in the same control volume.

Since it is realistic to assume that the flow fields are very similtre two

cases, the differences in the reaction rate are due to the chemical reaction path.
In hydrocarbons oxidation, for temperatures above ¥Q0&0% of the total

heat is released during the last step, which is common to the oxidation of all
hydrocarbon$29] [62]: the oxidation of CO by means of OH radicals

60 0@ 060 © (7.1)

The radicals needed for this last step are provided by th®. Heaction
mechanism. However, until there are hydrocarbons available, most of the
radicals are absorbed by reactions neddeoreak up the chains in smaller
components and only once the hydrocarbons are consumed there are enough
radicals available to start the oxidation of CO. In the Detailed_HC case, in the
gasoline surrogate are present isooctane aneptane, i.e. two longhain
hydrocarbons. The oxidation of these species has therefore the following
effects:

A There is more CO in the volume of the exhaust manifold because CO is
produced during the oxidation of lompain hydrocarbons and adds up to
the CO flowing into the lame as a result dherich combustion, which
is present also in the simulations with reduced reaction mechanism;

>

The oxidation of CO to C&slows down because the radicals needed are
absorbed by the reactions of oxidation of larfgin hydrocarbons,
therefore less CO can be oxidised in the same time interval and more of
it flows to the turbine;

A Sincethe CO oxidation slows down and the oxidation of leriain
hydrocarbons releases less heat, the overall heat released is lower;

A The lower heat release camnsastain posbxidation that decreases more
quickly, which explains the greater amount of O

These effects produce a reasonable explanation of the results obtained with the
simulation.
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The composition chosen for the Detailed_HC case is an extreme assumption,
which does not happen in real engine operating conditions. In similar cases,
usually, the molecules that compose the fuel undergo a process of cracking
into smaller and more reactigcempounds. A more realistic composition is the
one used in the simulation Detailed_Tol, where fuel is assumed to be Toluene.
In this case, the heatlease rateHigure 7.2) is very close to the one of
Detailed for the whole cycle. The same happens for the temperature signal
before the turbineHigure 7.3) and the molar fraction of CO flowing to the
turbine EFigure7.4). Also the composition befoithe turbine Table7.2) are

very close the ones of the simulation without THC. The great difference in the
postoxidation rate Table7.2) is justified by the greater lower heating value
(LHV) of Toluene, i.e. the amount of energy entering the model is higher than
in the othercases. This does not influenother parameters suds the
composition of gases flowing to turbine because of the limited time available
for postoxidation. The heat released during one cy€hble7.2) is 10 J/cyc

lower than the Detailed casél (4%), which can be explained with the same
effects pointed out for the Detailed_HC case: Toluene, which is more reactive
than isooctane andmeptane, absorbs at first the radicals slowing down the
oxidation of CO and reducing the overall heat released. In this case, the
phenomenon is less effective than the simulation with -tdvain
hydrocarbons because of the higher reactivity of Toluene.

The composition of HCs that enters the exhaust manifold is probabdy tdos
Toluene than to the original composition of the gasoline because of the
temperature and pressure gradients inside the combustion cHasibgz9]

that start the cracking of long chain hydndmms. Therefore, it is realistic to
assume that the chemical reaction of fmgtiation is more similar to the case
Detailed_Tol, i.e. the assumption of neglecting the THCs contribution is
acceptable and the use of the reduced reaction mechanism is a good
approximation. This is an expected conclusion since, as demonstrated in the
previous sections, the simulations with reduced reaction mechanism match
very precisely the experimental dat@robably the description of pest
oxidation most realistic ifike the simulation Detailed_Tol, in which pest
oxidation is a bit slower and the heat release is slightly lower. The problem is
that the small increase in accuracy requires a huge increase of computational
time, which makes the assumption of a reducettimamechanism even more
interesting.
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There is one more case that must be analysed in order to completely justify the
assumptions made: the effect of N@n postoxidation. In the sectiondg3the

use of a reaction mechanism that includes thex M&action mechanism
produced results that differ slightly from the simulations withoutkNThe
deviation is evident only at low temperature, when the simulation with NO
predcts no posbxidation while the simulations without N@redict a limited

heat release. For the first test a simplified model and stationary simulations
have been used, which do not reflect the real engine operating condition. It is
now possible to testdw much this assumption affects the simulation in real
engine operating conditions.

The chemical reaction mechanism Polimi_1412 H2K3QX is the only one

of the selection that includes the reactions ofxN@mation and interaction

with oxidation path o€O and H. These reaction paths are not included in the
Polimi_1412_detailed reaction mechanism, therefore a further validation is
needed and it offers the advantage to isolate the effect af dOpost
oxidation. Since the Polimi_1412 H2/@@Dx chemicateaction mechanism
cannot simulate the oxidation of long chain hydrocarbons, for the simulation
with NOx the same boundary conditions as for the Reduced and Detailed cases
have been implemented, i.e. the effect of HCs cannot be taken into account.

The effect of NOx is to slow down CO and tbxidation in rich conditions,
which has already been discussed above and increases reactivity in lean
conditions[62]. The simplified model used for the preliminary investigations
showed a dferent behaviour in the heat release rate at temperattwasd

1000 (Figure4.5) in the case of a simulation with NO

The heat release rate of pogidation for the NQ case Figure7.1) is very

similar to the Detailed and Reduced cases. Also the heat released during one
cycle is almost the same of the Detailed ce®@8%;Figure7.2) and the same
happens for all the other parameters reported: temperature before the turbine
(Figure 7.3), CO mass fraction before the turbiriégure 7.4) and the data
reported inTable7.2. It can be therefore inferred that the effetNOx on
postoxidation isin this casenegligible.

The oxidationreaction starts in absence of NQvhichis not present in the
boundary conditions. The production of N®@equires a long time, high
temperatures and oxygen availability. These conditions are not typical of post
oxidation. Indeed, temperatures for N&@rmation must be above 1800 K
[29], which during posbxidation happens for very a limited time following
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the exhaust of the cylinder and in a small volume at the interface between the
hot rich combustion products and tiiesh ai. Oxygen is available but the
limited time and low temperature typical of postdation do not allow for

NOx formation.

It is also very unrealistic that NOforms inside the cylinder during the
combustion and that therefore should be included in thedaoyrconditions
because the strategy of pastidation requires a rich (or very rich}aylinder
mixture, condition at which the NOformation is negligiblg66] due to the
low temperature.

The amount of N@that is involvedm postoxidation is very low because it

is not created neither during combustion nor during the heat release in the
exhaust manifold. Therefore, the inclusion in the chemical reaction
mechanism of reactions of N@oes not improve the accuracy.

This invesigation shows very well the differences between a simulation with
a simplified model with steady state solutions and a simulation of real engine
conditions in transient time solution. In the simplified model the solution is in
steady state, therefore th®©Nare created and enter the reaction path, which
leads to an overestimation of their effect. In the real case, instead, the
conditions for NQ formation are too short and the effect negligible.

It has beershownthat the assumption of using a reduced reaction mechanism
is a very good approximation. HCs have an influence on-gagation
slowing down the reaction; however, when considering a more realistic
composition of HCs, this effect is again negligible. Als®simulation of NOx

has a negligible effect on pesxidation because there are not the conditions
for NOx formation in the first place.

Finally, the limits of computing resources and time availability for the
simulations represent a decisive criterfon the final choice of the reaction
mechanism for the simulations. To conclude the analyse of the different
simulations reported in this paragraph, it is important to give also some
information about the resources required by each type of simulations.

The implementation of the detailed chemical reaction mechanism has been
possible only thanks to the availability of a HPC cluster at the IFS. The HPC
is composed of 108 CPU nodes, 1.5 TB of RAM and Infiniband
Interconnection.
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The simulations with the detailezhemical reaction mechanism have been
performed on one node characterized by 36 CPU and 400 GB of RAM, which
was the very least amount of resources to perform the simulatidhedn
conditionsthe simulation of one cycle required usually more than &y of
simulation {Table7.3), i.e. more than a week for the convergence of simulation
after three engine cycles. The result does not change much if different
boundary conditions are considered.

The great effort requiredor each simulation with the detailed reaction
mechanism drastically reduces the total number of engine operating points that
can be analysed within the time of project. Moreover, it is demonstrated that
the detailed reaction mechanism increases onlyalisrthe accuracy of the
results, which are much more dependent on the assumptions done on the
boundary conditions and geometrical simplifications.

Table 7.3: Computational resources and time needed for timelation of
postoxidation using different chemical reaction mechanisms

CPU Timelit Time/stp dd/cyc
# S S dd
Detailed 36 17.51 175.06 2.92
Reduced 16 5.70 57.02 0.95
Detailed_HC 36 15.95 159.51 2.66
Detailed_Tol 36 14.39 143.91 2.40
NOXx 18 9.10 91.04 1.52

Simulations with the reduced chemical reaction mechanism showed a very
good agreement with tebench data, while requiring much less computational
resources and time. This makes the simulations with a reduced chemical
reaction mechanism extrely interesting and allows for a greater number of
investigations of different operating conditions.

The simulations with the NOchemical reaction mechanism do not increase
significantly the accuracy of the simulation in comparison to the reduced
chemicad reaction mechanism and require at least 60% more time, which
makes this chemical reaction mechanism not interesting.



7.2 Analysis of the simulations 121

The bestsuited solution for the simulation of pestidation for the gals of
this project is the choice of the reduced chemical reaction mechanism. This is
the solution adopted for all the further simulations.






8 Mappi ng-oxfi dmaston using
simul ati on

It is now possible to fully exploit the potential of SLFD simulations to
analyse different engine operating conditions in order to understand hew post
oxidation behaves, whidts limits areand whichthe best operating conditions
are

8.1 Investigated engire operating points

For the analysis that follows, the simulation methodology developed and
validated in the previous chapters Hasen used for the simulation of seven
further engine operating poinfEgble8.1). Such engine operating points have
been chosen considering the conditions that are more interesting for post
oxidation:

A Low rpm;

A Low and medium boost pressure;

A Rich in-cylinder mixture;

A Scavenging by means of great valve overlap;
A Overall stoichiometric engine operation.

The overall stoichiometric engine operation is a constraint for all engine
operating points in order to reduce as much as possible the efficiency losses at
the TWC, whichis one of the targets of the project. The results are indeed all
very close to a stoichiometric engine operation. The constraint of
stoichiometric engine operation forced the reduction of the valve overlap for
almost all the analysed engine operating fgoirdm 90°CA to 60°CA, which

is still along valve overlap. The valve overlap of 90°CA has two main
disadvantages:
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>

The amount of scavenged air is usually too high, e.g. in the high load case,
causing an overall lean or very lean engine operation. A reductithe

boost pressure to reduce scavenging is not always possible especially for
medium loads, where the boost pressure is necessary to achieve the target
imep; this increases the mass flow during the valve ovefapther
problem is that the high amouof fresh air from scavenging reduces too
much the temperature of the exhaust ga8epossible solution for a
stoichiometric engine operation with great amount of scavenging is to
enrich the ircylinder mixture, which in turn has an effect on imep.
Moreover, to counteract the scavenging the in cylinder A/F ratio should
be so rich that the combustion becomes unstable. The best solution is to
reduce the amount of scavenging by reducing the valve overlap;

>

The engine operation and the simulation becomeabtesbecause of the
propagation of pressure waves from exhaust manifold to the intake
system, as already pointed out in the analysis of the low load case. This
problem affects mostly the engine operating points with low imep due to
the lack of boost pressuthat overtakes the pressure fluctuations. Also in
this case the simplest and more effective solution is to reduce the valve
overlap to 60°CA. In this way the time with both valves open is limited

to when the lift of the valves is lower, which makes ititeraction of

intake and exhaust less problematic because the mass flow rates and
pressure waves are lower.

Table 8.1: Parameters of the enginperating points used for the mapping of

postoxidation

Rpm imep | Valve overlap | @evLinDER Scavenging ENGINE

1/min bar °CA - % -
1 1600 12.34 90 0.91 16.14 1.05
2 1600 14.99 60 0.93 6.16 0.99
3 1200 13.15 60 0.97 3.84 1.01
4 1200 15.06 60 0.91 9.00 0.99
5 2000 15.87 60 0.96 3.82 1.00
6 2000 14.38 60 0.98 2.24 1.00
7 1600 13.67 60 0.98 2.16 0.99
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The incylinder A/F ratio differs among the engine operating points because it
has been adapted to the different conditions in order to keep the overall engine
operation very close to thetoichiometry but remains always in rich
combustion conditions.

8.2 Maps of postoxidation

Using these data, a mapping of posidation has been attempted. Such
mapping is not the result of an engine optimization based on extensive testing
but the analysis othow postoxidation changes in different operating
conditions. Starting from this analysis it is possible to perform further
refinements to exploit better the advantages of-pxistation.

The most important variable for the quality of posidation is tle heat
released during one cycle in the exhaust manifold by the chemical reactions
(Figure8.1). Postoxidation heat release is higher in regions of im&p bar

and 1600 rpm and for the same engine speed at imep 12 bar. Elsewhere the
heat release is much lower; in particular, for conditions of 13 bar imep at all
engine speedand at higher imep for engine speeds of 2000 rpm the heat
release rate is partiarly low. In order to understand the reasons for this
result, scavenging={gure8.2) and incylinder A/F ratio Figure8.3) must be
analysed.

Scavenging has a peak for low imep and 1600 rpm that corresponds to the
engine operating point 1, which is the only ondwaitvalve overlap of 90°CA.

There is a second area with a relatively high scavenging for higher imep, i.e.
higher boost pressure, and rpm up to 1600 rpm. For intermediate imep there is
a very low scavenging for all engine speeds. There is a direct comelat
between heat released and scavenging: the points with higher scavenging are
also the ones with higher heat release. Indeed, by means of scavenging the
fresh air needed for post oxidation is pushed into the exhaust. A higher
scavenging means more oxyganmilability and the possibility to release more
heat.

T h eyuser is adjusted as a function of the overall engine operation, i.e. the
higher the scavenging the richer must be the mixture inside the cylinder.
Consequently, there is a strong correlabietween the mapping of scavenging
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and t hevu@dk:ehe ardas veith low scavenging are also characterized
by an incylinder mixture close to stoichiometry and areas with greater
scavengi ng hav avwwer Theweytindef mixturehisthe ) >
parameter used to control the total energy entering the exhaust manifold and it
must be in equilibrium with the amount of oxygen available provided by
scavenging. These two parameters together determine the possible total heat
release from posixidation and indeed the areas with higher heat release are
the ones with higher scavenging and richezyitinder mixture.

The availability of both reactants (mostly CO ang) Hnd oxygen in the
exhaust manifold is not a condition sufficient for the completé@adation.

There are other factors, such as temperature and mixing, that influence post
oxidation and that can change among the different engine operating points. An
information about how the efficiency of peastidation changes in different
conditions § the posbxidationrate Figure8.4), defined as the ratio between

the actual heat release rate from pmstlation taking place in the whole
volume d the detailed model during one cycle and the maximal possible heat
release rate, i.e. the total energy entering the exhaust manifold.

Postoxidation rate is always between 40% and 65%. In these conditions, the
massflow-rate flowing to the turbine is nabmpletely mixed and clouds of
fresh air and rich combustion products flow separated to the turbine. It is
probable that a further mixing and reacting takes place inside the volute of the
turbine and afterwards inside the turbine itself; however, in dodezduce
efficiency losses at the TWC the pasidation rate before the volute should
probably increase substantially. An improvement of4pagdation rate can be
obtained by means of an optimized geometry of the exhaust system and a finer
tuning of theengine operation.

On the other hand, peskidation proved to be stable in many different engine
conditions. Indeed, by controlling few parameters such as scavenging and
SeYLINDER, it wWas always possible to achieve on average agpadation rate

of 56%,which means posixidation is a simple and flexible strategy that can
be adopted in many different conditions.

The pattern of postxidation rate mapping is completely different from the
ones analysed before, which meanstialeat release is not alwathe result
of an efficient reaction, as well as that low heat release can be theofesult
effective posbxidation.
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Heat released by post-oxidation [kJ/cyc]
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The highest points of pesiidation rate are close to engine opapoints
characterized by an-eylinder mixture closer to stoichiometry. timese cases

the total energy entering the system is lower, which makes it easier to be more
efficient because the mixing necessary for the complete oxidation is also
lower. On he contrary, the engine operating point with the lowest value of
postoxidation rate (40%) can be explained with the great amount of energy
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that enters the vol ucmgoer 0MORI. Therefarep r r e
the lower the entering energy, the lpsstoxidation is needed and the more
efficient is the mixing and reacting. This can be improved by means of the ad
hoc developed geometries of the exhaust system, which allow an efficient
mixing for a greater amount of gases.

Another variable that influeces posbxidation is the average value of
turbulent kinetic energy (TKE) in the exhaust manifold, which in general
increases as poeskidationrateincreasesKigure8.5).

Correlation between post-oxidation rate and TKE
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Figure 8.5: Correlation of TKE and posixidation rate. Dotted line is the
trend line

TKE is a very general parameter, but gives some information about the mixing
in the exhaust manifold: the higher the TKE, the greater the mixing. It is
realistic that a better mixing enables for a more completeqadation,
therefore a higher pesixidation rate, because the reactants are more quickly
brought in contact during the exhaust of each cylinder. A good mixing is
influenced by many parameters: geometry of the exhaust system, flow fields
in the exhaust manifold,{oylinder pressure and tempernag at EVO, velocity

of mass flow rates, temperature distribution in the exhaust manifold, pressure
patterns, valve timingé Therefore,
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specific combination of factors of the engine operation and TKE can be
considered mindication of the quality of mixing.

As already discussed @8 the temperature before the turbidgg(re 8.6)
increases because of pasidation andnust be controlled for a safe engine
operation. The temperature of gases flowing to the turbine must remain below
the tolerance of the materials, which is usually <900°C (XK)(68], in order

to avoid damaging the turbochargdn postoxidation, there are three
phenomena with counteracting effects that influence the temperature of gases:

A T h eyuner influences the temperature of exhaust gases at EVO; the
richer the A/F ratio in the cylinder, the more fuel evaporates andesd
temperature and pressure inside the cylinder. Therefore, engine operating
points with rich incylinder mixture start posixidation from a lower

temperature;
A Heat release from peskidation raises the temperature of the exhaust
gases;
A Cold air from savenging reduces the temperature in the exhaust
manifold.
Temperature before the turbine
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Figure 8.6: Mapping of temperature before the turbine
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Heat release from post-oxidation

Scavenging [%]

- r N T * T - T v T b T N T - T N 1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98
In-cylinder lambda at IP [-]

Figure 8.7: Limits of postoxidation in stoichiometric engine operation

Other engine parameters that influence thsuth as the ignition point can be
neglectedn this analysis because are kept constant.

In Figure8.6 is reported the temperature at the inlet of the turbine volyg}e (T
In general, the Fremains below the limit of 120Q ensuring a safe engg
operation.

There is only one engine operating point that hasightly above the limit
(1230K). This engine operating point is characterized by intermediate imep
(13 bar), |l ow engi n®uwsrpe0Dd, which is, In2 0 0
comparisorto the other engine operating points, close to stoichiometry. The
heat release is 0.27 kJ/agdow and suggests that its influence on thenhy

be limited. The most relevant factor is in this case the amount of scavenging.
Indeed, this engine operatipgint has the lowest scavenging (0.70 kg/h) and
the lowest volumetric air consumption (17.63 kg/h) of all engine operating
points due to the low boost pressure. Therefibre amount of gases in the
exhaust manifold is limited and hot because of the loawestging. Post
oxidation in the exhaust manifold, therefore, heats up a limited amount of air
and burned gases, which results in a greater temperature increase due to the
lower heat capacity.

The lowest Fis 1000K and happens for the engine operatinghpai (imep
12 bar; tvonBeR 0.91)p The incginder mixture is rich and the
amount of scavenging is the highest of the sample both in relative terms (16%)



132 8 Mapping of posbxidation using full engine simulation

and in absolute terms (4.71 kg/h). The heat release froropidsition is 0.56
kJ/cyc, wheh is high and confirms that the heat release has a secondary
influence on the temperature in the exhaust manifold. In this case, the
temperature remains low because of the great amount of fresh air at low
temperature that enters the exhaust manifold.

Between these two extremes, thgdf the other engine operating points are
always very similar one another despite the great differences in scavenging
and incylinder mixture. The conclusion is that in general the temperature at
the exhaust is around 1100 and scavenging is the parameter that most
influences the 3. a high value of scavenging cools the exhaust system, while
a low scavenging may cause a too highThis conclusion has been observed
also at the tedbench[61].

In Figure8.7 is reported the heat release rate from-pagiation as function

of in-cylinder mixture and relative scavenging. The best conditions for post
oxidation are a rich keylinder mixture around.02 and a scavenging of 8%.
These conclusions are consistent with what analysed until now: the +ich in
cylinder mixture provides the amount of CO andfkét is oxidized by the ©
provided by the scavenging air.

The diagram irFigure8.7 is also useful to display the limits of pastidation
that this investigation encountered.

The first | i syinber @pmoadhingehe stoichionfetdcrvalus:
in these conditions CO and Hannot be exhausted because the combustion is
completed inside the cylinder, therefore it is impossible to carry out post
oxidation in the exhaust manifold.

The second limit is the amount of scavenging (upper regibigimre8.7): for
a f i xedcymsestheeamaourit of seavenging cannot be raised above a
certain value at which the overall engine operation becomesThanis the
reason for the shape of the upper limit of the heat release: the closer the in
cylinder mixture to stoichiometry, the lower that must remain the scavenging.

The third | i mitcvinsgr(lowepregiersireigute@?@tfoby t h
a fixed amount of scavenging thedglinder mixture must remain in the range

that assures an overall engine operation close to stoielig. Therefore, it is

i mpossible tewlha@ave a too rich @&
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There is one region left, for which no simulations have been performed (light
dark blueregion on thdeft in Figure8.7), which is characterized by a very
rich in-cylinder mixture (<0.91) and a medium to high scavenging. It is
theoretically possible to operate the engine also in these conditions with a post
oxidation strategy. However, twivoblems may arise:

A The amount of CO andzbecomes very high. In order to be oxidised,
they must mix with fresh air in the correct temperature conditions.
Therefore, there is a limited time during the exhaust stroke, when the
whole CO and Bimust effectiely mix and react. For great amounts of
CO and H, the mixing during the exhaust stroke might not be enough and
the amount of nowxidised CO and Hthat flows to the TWC causing
efficiency losses becomes a critical problem.

>

Assuming that most of the engrgntering the exhaust manifold is
released during posixidation, this might increase the temperature of
gases at the turbine inletgdTabove the limit of materials, damaging the
turbine. As already analysed, scavenging can mitigate this effect;
however for high heat release rates it is possible that the cooling effect
of scavenging is not enough.

The mapping of posixidation enabled for an analysis of how the
phenomenon changes in different engine operating conditions. It has been
demonstrated that is possible to perform pesixidation in many different
conditions of interest, while keeping always the overall engine operation very
close to stoichiometry. The most important parameters are scavenging and in
cylinder A/F ratio. Scavenging is mostly cmited by means of the boost

pr es s ud¢yoer rdtilnoan be regulated by means of the injection law.

Mapping of posbxidation pointed out also the limits of these two parameters
and ckfined the conditions in which the equilibrium of scavenging and
devLinDER Fesulted in an effective peskidation.
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In this section is carried out a sensitivity analysis that fully exploits the
possibility of the 3BCFD simulation of testing many differecdnfigurations
and of isolating the single contributions. The target is to investigate the
phenomena that the mappiof postoxidation pointed out that may have an
important role in posbxidation and whose influence must be understood:

A Exhaust gas temperature sensitivity;
A Geometry variation;

The analysis is performed using the same simulation methodology validated
and adopted in the previous chapters.

9.1 Exhaust gas temperature sensitivity

For the temperature sensitivity analysis one single engine operating point have
been used. The choice is due to the stability of the simulation. The engine
operating point has alreadyeen analysed during the mapping of post
oxidation (8; engine operating point #2 Fable8.1) and its most relevant
parameters are reportedliable9.1.

Table 9.1: Most relevant parameters of the engine operating point used as
base case for the temperature sensitivity analysis

Rpm Load Overlap SEYLINDER OENGINE Scavenging
INm] ["CA] [ [ (%]
1600 180 60 0.93 0.99 6

The engine operating point is representative of the engine operation-n post
oxidation conditions because of the rickciylinder mixture, the great amount

of scavenging and the overall engine operation very close to stoichiometry.
The imep is 15 bar, which means the engine is operated at high load.
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The analysis focuses on a series of simulations performed using the detailed
model of the exhausnanifold.

The boundary conditions from the full engine simulation remain constant for
all simulations. Only temperature of gases flowing into the exhaust manifold
has been numerically changed while pressure, mass flow rates and
composition of the exhausages remain the same for all the cases. Therefore,
all simulations have the same total amount of energy flowing into the system
because the amount of CO angligithe same in all caseBhe differences in
temperature of the exhaust gases change the awileat released by pest
oxidation because the efficiency of posidation changes, not because the
inflowing amount of energy changes.

In order to have a realistic shift of temperature, some effect must be
consideredFirst, the exhaust stroke is compdsef two very different parts:

the exhaust of combustion products and the scavenging of air. It is
theoretically possible to change the temperature of both combustion products
and fresh air; however, the temperature of fresh air, which is already at a
temperature close to the ambient one, cannot realistically change much, i.e.
cannot be further reduced. Therefore, combustion products and scavenging air
have been separated and only the temperature of exhaust gases has been
changed.

For each change of the tparature in the boundary conditions a simulation
have been carried out of at least two engine cycles until the solution converged.

In Table9.2 is an overview of the simulations carried out for the analysis. The
definition of heat releasktom postoxidationused here considers the whole
volume of the detailed mesh from the exhawabtes up to the turbine volute;

the reference case isindicated t h BASE, aibRfhearelétabee v a
during one cycle with respect to the base case in percemtagses of CO

and H are measured before the turhifeis the temperature measuteefore

the turbine

The investigation is based on five simulations: the reference case, called
BASE, plus four simulatiomin which the temperature of exhaust gasas

been changed. These cases are indicated using as name the shifter applied to
the tempemture of exhaust gases. There are three simulations in which the
temperaturdnasbeen reduced and one simulation in which the temperature is
increased of 100 K.
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Table 9.2: Temperature sensitivignalysis.

Shifter HR &HR Postox Mco M2 T3

(K] [J/cyc] [%] rate [mg/eyc] | [mg/cyc] (K]
[%]

+100 | 580.02 | +14.44 62.69 16.36 0.40 1293

BASE | 506.82 - 54.78 26.08 0.64 1178
-100 380.00 | -25.02 41.07 36.96 0.66 1067
-200 211.31 | -58.31 22.84 48.18 0.85 933
-300 76.06 | -84.99 8.22 56.67 1.15 828

The results show that pesxidation is extremely sensitive to temperature.
Assuming that the mixing of exhaust gases and fresh air can be considered
very similar in all cases, the contribution that is mosgtuenced by the
temperature variation is the chemical kinetics of jpoddation.

For the oxidation of CO andJHthere are two possible chemical paths: one at
high temperature and one for temperatures below 10@0]K[29]. The low
temperature chemical reaction mechanism is much slower due to the lack of
highly reactive radicals. Therefore, when reducing the temperature in the
exhaust manifold, a greater amount of gases will beoimditions of low
temperature, therefore reacting slowly and lowering the heat release.

In Figure9.1, the heat release rate from pogidation in thewhole volume of

the detailed model of the exhaust manifold is reported for the different
simulations andn Figure9.2 is reported the temperature befdhne turbine.
Finally, Figure 9.3 shows the heat release of postdation in the exaust
manifold during one cycle.
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Heat release rate from chemical reactions
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Heat release from chemical reactions
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Figure 9.3: Temperature sensitivity analysis Heat releasefrom post
oxidationduring one cycle

As temperature of the exhaust gases increases of 100 K, 14% more heat is
released during one cycle and the pmgtiation rate raises to 63% (+8%). The
relatively small temperature increase of the exhaust gases increases the
efficiency of the posbxidation reaction, which in these conditions exploits
better the energy of rich combustion products and increasesthalpy of

gases before the turbine. Another effect of the temperature increase is that the
mass of CO and Hlowing to the turbine during one cycle drastically reduces.
This is not connected to a better mixing in the exhaust, which can be
considered tbe constant; it is more probable that there are volumes of already
mixed CO, H and air that cannot react due to the too low temperature. With
an increase of temperature these volumes are in the conditions to start the
reaction and release heat, increagmgn more the total heat release. For all
these benefits, temperature increase of the exhaust gases can be a good
solution for posbxidation.

However, the temperature increase does not have only positive effects: the T
increases above the limit of 12BQhat is fundamental for the safe operation

of the turbine. Although in real engine conditions the temperature increase of
the exhaust gases is possible by, e.g., delaying the ignition point, for this
engine operating point this is not possible becaugbeots limit. There are
other conditions analysed during the mapping of-pgitation characterized

by a lower E& due to the greater scavenging and in which an increase of the
temperature of the exhaust gases can be a good strategy.
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In general, due tche great sensitivity of posixidation to temperature, the
engine should be operated in a way to maximiz¢etimperature of the exhaust
gaseswhile remaining in a condition of safety for the turbine.

On the other hand, if temperature is reduced, therbleaseof postoxidation

in the exhaust manifoldecreases drastically and the amount of CO and H
flowing to the turbine increases. In the case with a shifte3@d K, the heat
release is so limited that it can be considered very close to the lmgsgilp
temperature for posixidation, i.e. for even lower temperatures the heat
release of posbxidation becomes negligible.

The pattern of heat release rate remains the same for all cases: at the EVO of
each cylinder there is a peak of heat releasethat afterwards decreases. As
temperature decreases, the peak of heat release becomes lower and the heat
release decreases more rapidly. The cases with sh2@@sK and-300 K

have a heat release rate that is much lower than the other ones, which is
probably due to the limited volume of gases that are in temperature conditions
enough to start the reactions. Deep chemical investigation revealed that also
in these cases the reaction path at low temperatures is negligible.

Due to the lower reaction ratiess heat is released by pogidation and the
temperature increase is lower. The lower increase of temperature is not able to
sustain the reaction of peskidation and the heat release rate decreases
rapidly until it completely stops as for the casewsihifter-300 K.

The average temperature before the turbine decreases. The26@sksand

300 K have a Jon average below the limit of 1000 K; this value is, however,
the average temperature on the surface, i.e. there ammired volumes of
gases atvery different temperatures that flow through the surface. The
difference is that the amount of gases at high temperature is more limited.

In conclusion, posbxidation is extremely sensitive to temperature changes.

In particular, if the temperature of mbustion products decreases, the heat
release decreases and more CO anfliod to the turbine. If % is lower than

1000 K, the reaction rate drops because the chemical mechanism shifts to the
low temperature reactions that are much slower than the high temperature
ones. The best strategy to operate joagdation is to keep thesTas close as
possible tathe limit of materials in order to increase the pmstation rate

and the enthalpy before the turbine.
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9.2 Geometry variation

Postoxidation requires a good mixing of exhaust gases and fresh air in the
exhaust manifold. The mixing is strictly relatedhiie geometry of the exhaust
manifold; therefore, different shapes of the exhaust manifold may affeet post
oxidation. The geometry analysed up to now is characterized by a 10 cm
adaptor Figure 9.4) between the head of the engine and the-ifmuaone
exhaust manifold. The adaptor is necessary for the installation of the sensors
at the tesbench, however, it changes the flow field in the exhaust. In
particulr, the adaptor creates volumes close to the exhaust valves where the
mixing is very limited. In these volumes gathers the fresh air from scavenging
that remains not mixed until the following exhaust stroke.

This geometry has the great disadvantage of ikgegir and combustion
products separated for most of the cycle. Another problem is that the gases
from different cylinders remain separated in clouds inside the adaptors and
mix only once they reach the feimr-one exhaust manifold. In order to
overcome liese problems, two further geometries have been tested in the
detailed simulation.

One possibility is to use the original geometry of the engine without the 10 cm
adaptor Figure9.5). This choice has the advantage to test how@siation
behaves in a general engine without any specific adaptation. The volume of
the exhaust manifold reduces as well as the time needed by gases to reach the
turbine, whichare both factors that reduce posgidation. However, the

mixing improves, due to absence of the 10 cm adaptor.

Another possibility, which has been proposed first at the test bench and later
on implemented in the simulation, is to introduce theatedby-pass adaptor
(Figure9.6). The bypass adaptor is built on the 10 cm adaptor and it consists
in a pipe (@ = 2.5 cm) that connects the four different the adaptors by means
of four relatively long (7 cm) vertical pipes. The target of thephgs adaptor

is to increase the mixingade to the exhaust valves andesemble the mixing
conditions of the original geometry. However, since it consists of a pipe that
adds to the already existing adaptors, the volume of the exhaust runner
increases and the flow patterns drastically change.
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Figure 9.4: Base geometry with 1(Figure 9.5 Geometry without 1C
cm adaptor cm adaptor

Figure 9.6: Geometry with 10 cm adaptor and-pgss adaptor

Such important changes in the geometry of the exhaust manifold influence the
behaviour of the whole engine. However, the first step has been to focus on
the effects ofjeometry changes limited to the detailed model of the exhaust
manifold.

For this first analysis, the same engine operating point used as reference
simulation in the temperature sensitivity analys& {8has been chosen.The
only difference among the three simulations is the geometry of the exhaust
manifold.

An overview of the most important variables is reporte@able9.3, where

the heat release is defined in the volume of the whole detailed model; Volume
refers to the volume of the exhaust manifold from the exhaust valves to the
turbine volute; BPA refers only the volume of the bypass adaptor
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Table 9.3: Geometry sensitivity analysis.

Geometry HR @&HR Postox Ts Volume | &@Vol u
[J/cyc] (%] rate (K] 1l [%]
(%]
Adaptor 506.82 - 54.78 1178 1.393 -
No adaptor | 494.71 -2.39 53.47 1222 1.094 -21
By-pass 598.93 | +18.17 64.73 1117 1.602 +15
BPA 8.79 +1.73 1.47 - 0.209 -

The geometry without adaptor is characterised by less time available for post
oxidation and shorter length the gases travel beforetuhgne. Both
conditions could reduce the overall heat released and th@xidation rate.
However, the reduction of heat release is negligible both in absolute values

and

A

>

in percentagd 4ble9.3), which proves three important facts:

Even though the volume is 21% smaller, the reduction in heat release rate
is only of 2%; therefore, the volume of exhaust manifold is less relevant
than itsgeometry, i.e. it is more important to have a good mixing in the
exhaust rather than a greater volume;

The 10 cm adaptor does not improve significantly the-pristation rate
because keeps the exhaust gases separated and reduces thetoylinder
cylinder nteraction. The shapes long and thin of the adaptor do not
increase the postxidation rate because most of the heat release is
concentrated on the thin interface between fresh air and exhaust gases,
which is mostly proportional to the transversal arethefpipes and not

to the length;

Postoxidation with high reaction rates and efficiency can be obtained
also in standard engines without geometry changes.
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Heat release rate from chemical reactions
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Figure 9.7: Geometry sensitivity heatrelease rate of pesixidation
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Figure 9.8: Geometry sensitivity Temperature before the turbine)T

In Figure9.7, the heat release rate of the No Adaptor case is very similar for
the case with the reference geometry. Therefore, the-opahtion
phenomenon must bike the one already described for the case with 10 cm
adaptor. The Fprofile is also similar in the casegth and without 10 cm
adaptor; only the temperature peaks close to the exhaust of one cylinder are
higher, due to the less time needed by the gas to reach the intake of the volute.
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Chemistry Heat Release Rate (J/Im# 3-s)
-5,0e+08 -2,5e+08 0,0 2,5e+08 5,0e+08

Figure 9.9: No adaptogeometryi heat release rate of pastidation

s Ot
Temperature (K)
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Figure 9.10: No adaptor geometrtemperature

In Figure9.9 andFigure9.10, it can be seen that the patterns of ymogtiation
remain very similato the case alreadynalysed with the 10 cm adaptor. Also

in the case without adaptor, there are clouds of cold air that accumulate close
to the exhaust valves. When the exhaust stroke starts, the hot combustion
products are pushed through the fresh a@iud$ and mix. Also in this case
there is a thin surface characterized by the correct mixing and temperature
conditions where the highest heat release rate ofgxidation takes place.

The most important differences are that in the case without 10 crioattere
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is greater mixing and a more relevant cylinttecylinder interaction. Both
effects are due to the fact that the 10 cm adaptor isolates each cylindee

other hangdless fresh air can be stored close to the exhaust valves due to the
smallervolume, which can explain the small decrease in heat release rate
during one cycle.

Another possible way to increase the cylintiecylinder interaction is the
installation of the bypass adaptor. Theoretically, the pgss exploits thieigh-
pressurepeak of the exhaust of each cylinder and redistributes the hot
combustion products to the other cylinders, exactly where the cold air clouds
are.

The most relevant factors to be considered are

A The bypass adaptor is big relative to the volume of the estmanifold
(+15%), therefore, before the mass exhausted by one cylinder reaches the
othercylinders, a great amount of gases must be pushed through the pipes
of the bypass;

A The bypass has long (7 cm) pipes perpendicular to the flow of the gases,
which limits the effective interaction with other cylinders;

A In the bypass the gases exchange heat with the walls and cool down
reducing the possibility of pesixidation.

The simulation showsT@ble 9.3) that the bypass geometry substantially
increases the heat release (+18%); however, only less than 2% of the total heat
release rate takes place inside thephgs. InFigure9.7 can be seen that the

heat release rate in the case of the geometry wifabg adaptor has lower
peaks but the curve decreases much more slowly than the other two cases.
Thereforethe bypass introduces for sure some change in the flow field that
permits to increase peskidation but the increase of heat release does not
happen inside the kyass.

In order to understand how the-pgss influences poesixidation we must first
undersand how the gases move inside thephgs. As an example, the exhaust
of cylinder 3 is analysed.
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A

Figure 9.11: Velocity vectors on a section plane cutting through the mi
of the bypass at thbeginning of the exhaust of cylinder 3

Figure 9.12° Velocity vectors on a section plane cutting through the mi
of the bypass 40°CA after the exhaust of cylinder 3

In Figure 9.11 the flow field inside the byass shortly after the exhaust of
cylinder 3 shows that there is a mass flow rate going into tigaby due to

the high pressure generated by #xhaust event and by the mass flow rate of
exhaust gases. Even though the gases flow with high velocity, the influence to
the other cylinders is limited because of the great volume of tpads.

Few °CA later Figure9.12; 40°CA after the exhaust of cylinder 3) the mass
flow rate inverts the direction and flows from the-fgss into the 10 cm
adaptor. This ewvs is shorter than the previous one but happens many times
during the exhaust stroke of the cylinder: as soon as the pressure decreases
slightly in the 10 cm adaptor, a short but fast mass flow rate from thadsy
happens. The resuwlttoi mp mef fgemtdaptod ntt @
during the exhaust.



9.2Geometry variation 147

It must now be determined the composition of the gases that flow into the
adaptor and that atdater injected into the adaptor by the-pgss. At the
beginning of the exhaust strokeiqure9.13), the fresh air clouds that gather
close to the exhaust valve are pushed by the hot combustion gases into the by
pass. Because the vertical pipes of thgass are long, the fresh air does not
reach the other cylinders but remains inside the vertical pipe, readwto flo
again into the 10 cm adaptor.

Mass Fraction of 02
0,0 0,042 0,084 0,13 0,17 0,21

Figure 9.13: Mass fraction of @on a section plane cutting through t
middle of the bypass at the beginning of the exhaust

cylinder 3
Mass Fraction of 02
0,0 0,042 0,084 0,13 0,17 0,21

Figure 9.14: Mass fraction of @on a section plane cutting through t
middle of the bypass 40°CA after the exhaust of cylinder

During the #Ainj ectFigmwaddd), the feeshtair lolvsa t  f
again into the 10 cm adaptor. In this case, the effect on the other cylinders, in
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particular cylinder 4, is more evident: a small amount of air is sucked into the
by-pass.

The bypass acts in a first moment as a storage fofrésh air that gathered
close to the exhaust valve. After few °CA, the pressure in the 10 cm adaptor
drops and the fresh air flows back into the exhaust manifold.

The first part Figure9.15) of postoxidation does not change much from what

has been already described: there is high heat release rate at the interface
between the hot combustion product and the fresh air. The shape of the
interface changes ldtle, which may explain the lower peaks of heat release
rate at the beginning of the exhaust stroke, but the phenomenon remains
substantially the same.

In the secongbhase Figure9.16), i.e. when the mass flow rate inside the by
pass reverses towards the adaptor, a seoterace creates on which another
strong heat release starts. The second interface is formed on one side by fresh
air coming from tke bypass and on the other side by hot rich combustion
gases. The greater interface increases the total heat release rate, which
therefore decreases less rapidly than in the other cases.

The bypass changes the mixing and brings into contact the two teages
otherwise remain separated in clouds. It increases the cytmdglinder
interaction only limitedly because its volume is too big; nonetheless, it has
been demonstrated that the cylinttecylinder interaction is not fundamental

if the already exting gases can be better exploited.

The better mixing achieved with the-pgss is visible also in the temperature
profile before the turbine inlet: the profile is smoother than the other cases and
in general more homogeneous, which means that less dbselsarated gases
flow to the turbine increasing the efficiency of the TWC and reducing the risks
for the turbine.
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Chemistry Heat Release Rate (Jim#3-s)
-5,0e+08 -2,5e+08 0,0 2,5e+08 5,0e+08

Figure 9.15. Heat release rate by pestidation reactions at the beginnir
of theexhaust of cylinder B by-pass adaptor geometry

Chemistry Heat Release Rate (JIm/3-s)
-5,0e+08 -2,5e+08 0,0 2,5e+08 5,0e+08

Figure 9.16. Heat release rate by pastidation reactions 40°CA after tt
exhaust of cylinder B by-pass adaptor geometry
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It must be nowclarified why the amount of heat release happening inside the
by-pass is negligible. Two factors mostly block the gmdtiation inside the
by-pass:

A Temperature is low (1000 K) during the whole cycle, therefore the
reactions slow down dramatically, as allg stressed. Temperature
remains low because the mass flow rates that enters the volume are mostly
composed by fresh air and because thpdgs adaptor has a great surface
to volume ratio that increases the heat exchange with the cold walls,
which, as akeady demonstrated 8.2, has a fundamental impact on
postoxidation;

A There is not the possibility to create an interface at whichgadation
can starbecause the mixing is very limited.

The gases inside the 4pass remain separated and at low temperature during
the whole cycle, which are the worse conditions for-pagtation. Therefore,

the positive effect of the bgass does not consist in a greatelume and
cylinderto-cylinder interaction but in a better use of the already available
gases. There could be a better design with shorter pipes and smaller volume
positioned more in the direction of the flow in order to increase the positive
effects.

The three geometries have been also simulated using thenfgithe model

and applying the boundary conditions of the engine operating point Low load
already analysed.he results are reported Tiable 9.4, whereAir cons. is the

total air consumption; Volumetric air cons. is the consumption of air without
scavenging; Scav. is the scavenging.

The engine operation does not change substantiifipl€ 9.4). The air
consumption remains very similar in all engine operating points; however, due
to different pressure wave patterns in the exhaust manifold, the ewicmir
consumption, i.e. the amount of air inside the cylinder, changes. This means
that there is more air inside the cylinders during the combustion, therefore a
2evLinper Closer to stoichiometry. The changes in pressure patterns do not
affect only theexhaust manifold but also the intake, as the valve overlap is
extremely long.

In order to keep the overall engine operation close to stoichiometry, the
scavenging air must be reduced.
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In conclusion, it is possible to have a very similar operation wittihall
investigated geometries, ensuring a safe-pritation operation.

Table 9.4: Full engine simulation with different geometries.

Air cons. Volumetric air Scav. | Scav. | 2eNGINE | 9EYLINDER
[kg/h] cons. [ka/h] | [%] [-] [-]
[ka/h]
Adaptor 29.62 24.49 5.12 | 17.23 1.07 0.91
No 29.29 25.86 3.43 | 11.70 1.06 0.94
Adaptor
By-pass 29.69 26.12 3.57 | 12.02| 1.07 0.95

The most efficient solution frorthe point of view of posbxidation is the
geometry withthebpass because it Ainjectso

cloud of rich combustion products, therefore increasing the interface where
postoxidation takes place.
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Qui ckSim

The experience gathered during this project has been used for the validation
of a postoxidation model in QuickSim.

The model, althoughpecifically designetbr QuickSim, can be implemented
in every 3DCFD tool.

10.1 Model description

The aplication in QuickSim must take into account the targets and the
characteristics of the simulation environment in order to be consequently
developed.

The implementation of posixidation in QuickSim must rely on the
description of the working fluid by mea of ten scalars described abov& I

[28]. The scalars are able to precisely describe the most relevant phenomena
as well as the chemical and thermodynamic properties of gases. The
simplifications introduced with the scalars description of the fluid are that the
chemical species are not direcjmulated as in the detailed simulation.
However, the chemical composition can be always calculated by means of the
thermodynamical propertieR8], which converts the information of the
scalars into a chemical composition atetermines for each cell the amount

of energy in it as function of the chemical composition.

The implementation of the peskidation model in the full engine simulation
environment exploits some important advantages:

A The geometry of the model includes thigole engine, therefore reducing
assumptions about boundary conditions;

A The mixing process in the exhaust manifold is well simulated because the
movement of exhaust valves is simulated as well as backflows from the
exhaust manifold into the cylinder;
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A Thesimulation is faster and more stable.

The more realistic simulation of mixing plays a key role for jpogdation, as
both 3D CFD and 1D investigations demonstraféd].

Another factor that must be implemented is $ivaulation of thechemical
reactions without the direct use o€laemical reaction mechanism. The post
oxidation model for the 3BCFD tool evaluates at each tiratep and in each

cell the chemical composition and the thermodynamic properties (pressure,
termmperature). Afterwards, if the conditions are ectrfor postoxidation, a
simplified reaction mechanism starts and follows the steps:

A Control if in the cell is present fuel; if yes, the fuel is the first to oxidize,
which is what the investigations bothitiwv the detailed reaction
mechanism and with Cantera confirmed. The composition of the cell
changes accordingly to the oxidation and the heat release is calculated
based on the characteristics of the fuel;

A If there is no fuel inside the cell, the 3TFD tool evaluates the chemical
composition of exhaust and determines the amount of mass that is-in post
oxidation conditions. The simple reaction mechanism than determines the
changes in scalars and the amount of heat released.

This very simple model has theegt potential of being very fast and
numerically stable. Moreover, only few assumptions are introduced because it
relies on 3BCFD for the mixing and composition of the mixture.

The model can tune themperaturehreshold at which thpostoxidationis
adivated. The threshold consists in the temperature of the cell at which the
chemical reaction mechanism staifbe velocity reaction can be calibrated
using a model based on an Arrenhius appro&eieloped for the 1D model in
[62]. Below is reported the resulting formula for the reaction speed, as already
described in 8.1

QN oYM (2.13)

On the basis of the investigations so far,ttiveshold temperaturghouldbe
1000 K.The threshold useba averagaemperature on the whole Lelhich
is of course only an approximation of the real local fluid temperature. The finer
the computational grid, the closer should be the threshold teahehysical
value for the start of the chemical reactionse mesh used in the 3DFD
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full engine simulatioris coarser than the one of the detailed model of the
exhaust manifold, it ithereforepossible that théhresholdtemperature must
be lower inorder tomatchthe saméneat release of the validated simulations

10.2 Model tuning and testing

To determine the value of the threshold that best fits the results, the validation
has been carried out on an engine operating point that has already been
simulated using the detailed model of the exhaust maniféid simulation

has the same boundary cdiahs in order to achieve two engine operating
points that are as similar as possible, so that the results can be compared.

In Table 10.1 the most impdant parameters of thengine operation are
reported.The results refer to exclusively to the full engine simulation carried
out in QuickSim.

Table 10.1: Engine operating points for the validation of fhestoxidation
model in QuickSim

No postox Postox aBs &
RPM 1/min 1200 1200 - -

Air Consumption kg/h 22.34 21.94 0.40 1.81
Fuel Consumption kg/h 1.59 1.57 0.02 1.07
Air Mass @ IP mg 563.47 552.90 10.57 1.89
Fuel Mass @ IP mg 43.37 42.89 0.47 1.10
IMEP bar 15.11 14.88 0.23 1.51
SEYLINDER - 0.92 0.91 0.01 0.80
Volumetric air cons. kg/h 20.28 19.90 0.38 1.89
Scavenging kg/h 2.05 2.03 0.02 0.97
Scavenging rel. % 9.19 9.27 -0.08 -0.84
ENGINE - 0.99 0.99 0.01 0.74
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It can be seen that, although the geometry and the boundary conditions are the
same, there are small differendestweenthe two engine operating points
chosen for the comparison. This is more probably due to the normal
differences from cycle to cycle dag engine operation than the effect of post
oxidation on the engine operation. Indeed, the application of this strategy
effects mostly the behaviour of turbocharger and TWC, which are not
simulated in this model and whose effects are already includeel lirmtimdary
conditions, which remain the same in both cases. For a reasonable comparison
the variables that most influence posgidation must be very similar. In this
case, there is a very good agreement between the engine operating points. In
particular & and fuel consumption are very similar, as well as scavenging,
ScYLINDER & N @ncines

The model of posbxidation has been tested on this engine operating point
using various temperature values of the threshold in order to have a sensitivity
of the inflience of this parametetn Table 10.2 are the results of the
simulations.

Table 10.2: Postoxidation validation. HR is the heat released in the exhaust
manifold by posbxidation

TrhresHoLp [K] HR [J/cyc] aass [J/cyc] a8, [%)]
Detailed 575 - -

800 679 104 18.08

900 570 -5 -0.94

1000 12 -563 -97.86

The model isvery sensitive to the threshold temperaturer&EsHoln). For
thresholdvaluesof 1000 K there is virtually no posixidation £€98% of heat
release); for 900 K there is a very good agreement of detailed simulation and
the postoxidation model in the 3ECFD tool; if the threshold is too low (800

K) the heat released is much highet&%o) then the targethis is probably

due to the averaging of temperature in eachtmghuse there are probably
very few cells with a temperature higher then 1000 K, while the majority are
in the range of temperatures between 900 K and 1000 K.

The sendivity of the postoxidation model is mostly concentrated in this range
of temperatures: for even higher thresholds, the heat release cannot diminish
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much and for lower temperatures of threshold it does not increase remarkably
because most of the energytering the exhaust manifold has already been
oxidized.

The valuethat best fits the heat release of the detailed chemical reédgtion
around900 K. This value is not based on dfitiing, but itcan bephysically

and chemically motivatedThis implies thg for the simulation of post
oxidation in the 3BCFD tool, it is more important to have a good agreement
of engine operating conditions to which @nealuation of théneat releasef
postoxidationwill follow.

Figure10.1 shows the progress of pastidation in the exhaust manifold. The
detailed curve is the heat release calculated irn(STdi+ using the reduced
reaction mechanism; the other curvestheesimulations in the 3I@FD tool
using the posbxidation model with different threshold temperatures.

The simulations both in the 3DFD tool and with the detailed model have a
very similar shape, meaning that the implemented model in tHeFDtool
carrectly simulates postxidation. The shape of the heat release has fast
increases (fistepso), which correspo
which most of posbxidation takes place 8 Between the two exhaust
events, the heat release rate diminishes and the curve becomes more
horizontal, which is also a characteristic phase of-prstation. Therefore,

the postoxidation simplified modelis capableof simulaing the different
phases of posixidation.

Figure10.1 showsthe influence of the threshold temperature.

The detailed simulation and tlsgmulation with threshold at 900 K show a
very good agreement during the whole cycle. One differbatieeen the two
simulationsis that the heat release just after the exhaust of the cylinders is in
some cases faster in thienplified model This is dued the simplicity of the
model, in which the reaction rate of pastdation is mostly sensitive to
temperature and could be better tuned. Another difference is tisathidied
model uses for the calculations the assumption of chemical equilibrium,
therefore is not taking into account the ignition delay.

Postoxidation simulatedwith the simplified modeldecreases strongly
between two consecutive exhaust events. As already analysed, the heat release
rate of posbxidation predicted using a chemical réaetmechanism does not
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generally completely stop: there is always a small volume whegetatare

and composition enabléthe selfsustaining effect of posixidation. The
problem is probably du the simplified posbxidation reactiomateused in

the D-CFD tool model; however, since the final result has a very good
agreement, such discrepgraan be considered acceptable.
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Figure 10.1: Heat release of posixidation in the exhaustanifold

It is possible to further improve the pastidation model in the 3EZCFD tool

by introducing abetter tuning ofthe reaction rate and redng the non
realistically high heat release rate. At the same time, the computational time
of the model mushot increase significantly. The current model causes no
appreciable increase of computational time, which is a very important feature.

Thetargetof thesimplified postoxidation model is to be fast, reliable amell
integrated in the already existing simulation environment: it serves as an
estimation tool once that the most relevant data concerning full engine
operation (air and fuel consumption-aglinder press r e € ) are mat
Considering that these are the goals, the result of the implementatioe of
simplified postoxidationmodelis satisfactory
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A 3D-CFD simulation has been developed and validated for the simulation of
postoxidaion. The methodology consisted of two simulation steps3ibe
CFDfull engine simulation and the detail@d-CFD simulation ofthe exhaust
manifold

The full engine simulation has been validated against experimental data from
the testbench and demonsteat to be able to predict the complex full engine
phenomena such as scavengioglinder to cylinder interactiomand local
mixture distribution. The simulation has been usedrtderstand the engine
operation and tgroduce boundary conditions for thietailed 3DCFD
simulation of the exhaust manifoJdwhich focused on the volume of the
exhaust manifold up to the turbine volute. The detailed model of the exhaust
manifold is characterised by a finer mesh and the im@igation ofx detailed
chemical reaction mechanism for the simulation of the chemical reactions that
take place during posixidation. Three different chemical reaction
mechanisms have been tested, from the detailed to the reduced one. It has been
demorstrated that the assumption of usingeduced reaction mechanisor

the simulationis realistic for the simulation of poeskidation. The whole
methodology has been tested against experimental data and it demonstrated
not only that the simulation is able tatch the results of the tdstnch, but

also to give a detailed explanation of the results, therefore a better
understanding of postxidation

The 3DCFD simulation enabled the description of posidation, which
takes place at the interface betweessli air clouds and rich combustion
products during the exhaust of each cylinder, when the conditions of
temperature and mixing are best.

The implementation of the detailed reaction mechanism enabled the sensitivity
analysis of the composition of boundargnditions. The presence of leng
chain hydrocarbons as boundary conditions causes a reduction of the heat
release rate of pesixidation. However, experimental evidence shows that this
effect is in the case of peskidation negligible.

Also the effect oNOX on postoxidation has been analysed and it has been
demonstrated that its influence is negligible.
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A mapping of posbxidation in different operating conditions has been
performed in order to define the limits and best applications ofgpadation

by means of scavenging. The mapping showed thatgpdgétion is a stable
strategy that is easily achievable; on the other side it also demonstrated that
there are nomixed clouds of fresh air and rich combustion exhaust products
that flow to the turbinerad to the TWC.

A sensitivity analysis demonstrated that pmsiiation is extremely sensitive

to the temperature of the rich combustion exhaust gases: below 1000 K the
reaction rate becomes too slow; increasing temperature, on the other hand, the
efficiency of postoxidation increases greatly. The simulation demonstrates
that postoxidation carnincrease the temperaturetbe exhaust gasdsy 190

K and +19%.

The simulation methodology has been applied to three different geometries in
order to understand thedfects of mixing in the exhaust manifold. The most
interesting geometry is the one with-pgss adaptor because it is able to better
exploit the amount of fresh air by
combustion products, therefore creating a sécmixing front where the
chemical reactions take place and the heat is released.

The information gathered during the investigation has been usatidatea
simplified model ofpostoxidation modelspecifically designed for the 3D

CFD toolQuickSim. Thdirst results match well the detailed simulation of the
exhaust manifold in the same engine operating point, while the model does not
cause any appreciable increase of computational time.

Postoxidation strategies have a potential application for thedigngines as

a simple and efficient tool to increase the temperature of the exhaust gases,
especially for catalyst heating operating points. The analysis carried out in this
work lays the first detailed analysis and understanding of this strategy: its basi
functioning system, the most influencing factors and its limits. On these
understandings the future pastidation strategies will be developed and
finely tuned.

As the future of internal combustion engines remains uncertain, one thing is
for sure: the next generati@f engineswill have to ke cleaner and more
efficient, while remaining simple and cheap. In this frame,-pristation fits

very well.
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