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ABSTRACT

Comparing to conventional Electric Vehicles (EVeilalybrid Electric Vehicles (HEV), Plug-in
Hybrid Electric Vehicles (PHEVS) have gained motwaation from researchers due to their
advantages of extended all-electric range, decdeaseission and being less dependent on
recharging infrastructure. In order to develop powentrol and management for diesel
engine-generator set in a series PHEV system, tana®n mechanism based on the NOx and
soot emission with the impact of Exhaust Gas Retaton (EGR) is developed in this thesis. In
particular, the single zone combustion thermodycaemgine sub-model, NOx estimation
sub-model (based on extended Zeldovich mechanisaot estimation sub-model (based on
Hiroyasu'’s two-step empirical model) and EGR suldel@re incorporated together. In order to
illustrate the impact of EGR on the NOx and sooissian, the EGR sweep experiment has been
carried out under certain working conditions. Atite simulation results have been validated
with the empirical data. Finally, based on the datlion of the emission estimation mechanism
and the selected eight operating points workingditmm, the results EGR sweep results have
been generated for the series PHEV engine-genarandrol design. In general, the present work
targets on estimating real-time NOx and soot emisbased on the inputs information, such as
intake boost, fuel injection, injection timing etand the purpose of this thesis is to aid
development of engine emission management withystalwbut the effect of EGR on the

reduction and the soot trade-off.

Key words: diesel emission estimation, PHEVs, treymamic engine model, EGR,;
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[CHAPTER 1]

CHAPTER 1 INTRODUCTION

Due to the increasing oil price and stringent ragjahs on emissions around the globe, Electric
Vehicles (EVs) and Hybrid Electric Vehicles (HEV&] have received much research attention
in the past few decades. Recently, many studie@ lh@en carried out in the field of Plug-in
Hybrid Electric Vehicles (PHEVSs) [3][4], which amdnsidered as the new generation of HEV,
because of rapidly improving battery technologys@ime engine (or other spark-ignition engine)
equipped with an electric motor is still the mospplar hybrid powertrains [5]. Comparing with
conventional gasoline engine and HEVs, gasoline VWHiEeduce CQ emissions by 37%-67%
and 19-54% [6]. But being encouraged by the Diesgine (also known as compression-ignited
engine) fuel economy benefits and high engine pexdoce potential under low speed condition,
researchers have increasing interests in the dawelot of combination of diesel engines and
electric motor in HEVs and PHEVs. Especially in &ue, automakers such as \olvo,

Mercedes-Benz and Volkswagen are paying much aitetd the investigation of diesel PHEVs.

1.1 Diesel Engine Emission Estimation

Emissions from internal combustion engine are s#dao the environment mainly into air and
sometimes it is absorbed in water in marine apgtinal he impact of air pollution is significant

and few areas around the world are not impacteitsisffects. Road transportation is considered
a significant contributor to air pollution in ciielt’s the main contributor for the emission of

nitrogen dioxide. In recent decades, the epidergiodd and toxicological evidence on the
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effects of transport-related air pollution on hlkahas increased heavily [6].The National
Pollutant Inventory Guide list and detailed therfaypes of emission estimation techniques,
which are sampling or direct measurement, massnbalafuel analysis or other engineering

calculations and emissions factors [10].

Since an early successful diesel engine was denavedtby Rudolph Diesel at the 1900 Paris
Exhibition [8], this technology has changed the ldioHigh compression ratio and lean fuel
running condition bring the high thermal efficieegito Diesel engine. Comparing with gasoline
engine, today’s turbocharged diesel engine has B&&er fuel economy [8]. The most difficult
challenges for diesel engine designers are thediom of soot particles and NOx. When the
high velocity injected diesel fuel is directly spea into the air in the main combustion chamber,
which is compressed to a high temperature and ymesi$ vaporizes quickly and mixes with the
air. Without spark plug applied, the mixture isitgd after undergoing a series of chemical
reactions. Because the fuel distribution is norfarm, NOx forms in the high flame temperature
area, and the highest formation rate is in the ectosstoichiometric regions [9]. The soot
particles are generated from the incomplete condousif hydrocarbon fuel because of the
highly non-homogeneous environment. Over the past ears, due to the imposed emission
regulations, extraordinary achievements of develpgiean diesel engine have been made when
new techniques are utilized such as common raiésysfuel injection control strategies, exhaust

gas recirculation and exhaust gas after treatnteri2].
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Figure 1- 1 Typical Direct Ignition (DI) Diesel Emg Heat Release Rate Diagram

To order to predict the engine performance and ldfk soot emission formation, it is necessary
and important to understand the details of diesgiire combustion process [1]. For Diesel
engine, the pollutant formation processes are malatermined by fuel mixture distribution in

the cylinder. Figure 1- 1 shows the typical Dirggtition (DI) Diesel engine heat release rate
diagram. After the ignition delay period, the fwelmbustion takes place rapidly with the high

heat-release rate during the premixed combustiaseh

To cope with the air pollution problem, stringemhission limits have been implemented to
diesel engine. The following diagrams Figure 1-hPvg the European Emission Standards for
HD Diesel Engine with respect to NOx and soot eimrssanging from the 1992 to 2013.These

two diagrams reveal the restriction of the emissstandard over time. For example, the
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concentrations in 2013 are expected to be roudbfly af those in 2008.

An estimation of Diesel engine emission is esskfdiathe Diesel engine-generator set control

design. The real diesel engine works as a highly-lmeear mechanical system [14]

, it is

extremely hard to produce a model with truly préde capabilities to achieve more precise

estimation. With the rapid development of microgssor technology, these engines models can

be applied in the field of real-time state estimaticontrol and fault diagnostics [15][16]. Early

efforts in diesel engine modeling were focus orceeclosed part of the engine cycle, and the

linear dynamic models were developed based on shgeuof empirical data [17][2]. The great

drawbacks of these quasi-linear models are thege ldependence on the empirical data, which

need to be collected prior to the simulations, poor performance to the transient response.

NOx (g/kWhy

Em ol

Emo 2
-Emo

T 1996 1999
Year

1992

Eluo-l

2005

2008

CTEuoSs—

' . Eum C

2013

PM (g/kwh)

=

1992 :
1996 |4
1999 s405

Emo 3 E11104 -
Eum 5

Year

Figure 1- 2 European NOx and PM Emissions Stanfdardeavy-Duty Diesel Engine

1.2 Literature Review

Nowadays, most of the phenomena related to condsuktive been revealed by empirical study.

4
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However, there is no experimental equipment orriggke which can provide and clarify all
detailed relevant chemical reactions. Based onutiderstanding of chemical processes, the

simulation modeling and analysis investigationesassary.

NOx emissions consists of NO and NO'he NQ formation is via the oxidation of NO.
Therefore, the simulation of NOx formation is redddo understanding of NO formation [21].
Based on the mechanism developed by Ahmed and[Pi¢¢hat the majority of NO formation

is via thermal path, Zeldovich mechanism and exdndeldovich mechanism were postulated
by Zeldovich and further developed by Lavoie [9heTempirical heat transfer correlation was
utilized in these phenomenological models. Millelak[18] and Sundar R. Krishnaa al [19]
improved the mechanism to super extended Zeldowiebhanism. Sundar R. Krishnahal’s
model accounts for 43 reactions and 20 species\vilher et al's model includes 67 reactions
and 13 species ,which provided more accurate gredicesults, instead of the typical three
reactions used in the extended Zeldovich mecharBrmthen more reactions and species are

included in the calculation results in higher cotapional complexity.

Although the soot formation phenomenon in the ihircher turbulent spray combustion is far
from being fully understood, various models haverbeleveloped for soot predictions [21].
Khan and Greees first presented the model for thdigtion of soot for diesel engines. Later on,
detailed kinetic soot models were proposed [22§ldscribe soot dynamic formation. Complex
gas phase chemistry reaction and particle growth dastribution were considered in detailed
kinetic approach. Due to the complexity of turbaenthermochemistry, and the appearance of

Arrheius terms in detailed kinetic models, thergehbeen concerns about using this approach to
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simulate diesel combustion condition. Hiroyasu letpaoposed a two-step phenomenological
model to predict soot formation distribution [23Jr fcombustion engines. Because Hiroyasu’s
model is easy to be implemented into CFD simulatode, most of the modern prediction of
soot formation for multidimensional diesel enginalcalation was based on this empirical
approach. Comparing to the detailed kinetic sootlehathe phenomenological model consists
one Arrhenuis term in the soot formation step wilo empirical constants and the patrticle
growth and the dynamic of soot has not been tak#a account. Niklas Winkler [25]
incorporated a multi-zone diesel engine model fddxNprediction with a simplified soot
formation estimation model, which were tuned witingtant parameters during the entire engine
operating range. The calculated engine performarteh was produced from a 1-dimensional

fluid dynamic code GT-Power for transient operaticas validated with the experimental data.

1.3 Research Objectives

Figure 1-1 represents the clean diesel seriesipliigbrid electrical vehicle (PHEV) powertrain
system. The author has been working on this preyébt other colleague at Clean Diesel Engine
Laboratory. As shown in Figure 1-3, the developmanthe Diesel Engine model and the real
time emission estimation model have been carrig¢dguhe author. The series HEVs proposed
in this thesis has three power sources: the primppawer sources are the high voltage battery and

the super capacitors while the assistant powercsaarthe diesel -generator set.
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Super Management Unit
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Figure 1- 3 Series PHEV Powertrain System

The main goal of this thesis is developing an eagirermodynamic model and emission (NOx
and Soot) estimation for a smart engine, incorpagadf the EGR model into the engine model
and the validation of the engine and emission egion. The proposed single dimensional
engine thermodynamic model provides the in-cylingderssure, temperature, heat release rate
(HRR), species fraction during the combustion pssc&ub-models include:

1) Ignition delay model

2) Heat release model

3) Heat transfer model
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These models are integrated together to predicinengerformance and estimate emission
formation. At the end of the thesis, the calculatiesults of the 8 operating points for the smart

engine are also included.
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Figure 1- 4 NOx and Soot Emission Estimation Block
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CHAPTER 2 BACKGROUND

PHEVs are a potentially important technology fatueing the fossil fuel consumption and CO2
emission because they can run on electricity foeréain distance after each recharge, depending
on their battery’s energy storage capacity, whglkexpected to be typically between 20km and
80km [1]. PHEVs offer great promise for petroleumpthcement [29]. According to the 2009
National Household Travel Survey [28], in 2009, plearavels 36.1 miles per day and average
daily trips per person is 3.8. Although PHEVs wi# more expensive than conventional and
hybrid vehicles, the cost can be recovered by $aging. Meanwhile, people will benefit from

emissions reduction.

The powertrain configurations include series, parand power split vehicle configurations.
Comparing with other configurations, the seriesimagonfiguration is often considered to be
closer to a pure electric vehicle. Since engingatpm is directly related to fuel efficiency and

gaseous emissions, it plays an important partarhiibrid vehicle control strategy [30][27].

Engine operating point is one of the important peeters affecting the vehicle control strategy.
Engine operating point is directly related to fediciency and emissions [31]. As mentioned
before in Fig 1-2, in the case of series PHEVs igomation, the propulsion power for the vehicle
is exclusively coming from the electrical energyse traction motor. As a result of that, engine
speed is entirely decoupled from the wheel axled,the engine operation point is independent
of vehicle operations [31]. From the diesel engueespective, as shown in Fig 2-1 the brake

9
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specific fuel consumption (BSFC) curve, with theaicdtteristic series PHEVs system, diesel
engine can work along the best efficiency cure avBitisfying the power demand. Meanwhile,
when the diesel engine works in the optimal engiperating points, NOx and PM emission

increase dramatically. It bring another challengtngstrain in the control strategy.

In the Argonne National Laboratory, Maxime reseagcbup conducted the project to test the
effect of powertrain system control on diesel ergemissions and fuel efficiency, base on the
conventional diesel engine and PHEVs. The tradereiition between fuel economy and
emission from different configuration was studibdywever, the NOx and PM emission was not
considered as one of constrains in the controlrthimosimulation model. Aymeric Rousseau [29]
tested the fuel efficiency of power split and semenfiguration midsize vehicles on more than
real world driving conditions cycles. In Oak Ridiational Laboratory, Vehicle Technologies
Program started the advanced PHEV Engine SystemisEamssions Control Modeling and
Analysis program at 2005. One of the project oljestis to apply the simulation to test the fuel
efficiency and emissions impact of advanced comugHCCI, PCCI) versus conventional Sl

and diesel engine.
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Chemicalreaction inside cylinder during the combustion psxcis very difficult to model dito
its transient and heterogenealmaracer, primarily controlled by the turbulentixing of injectec
fuel and the fresh intake air [3Zo0 it is hard tgredict the NOx and Soot emissi Researchers
attempted to develop twmene combustion mod multi-zone combugin modes driven by the
desire to predict accurate exhaust emissiHongusk Kim [33]investigated the effect «
Exhaust Gas Recirculation on he-duty diesel engine performance and developed
modified KIVA-3V code to telsthe NO and Soot emissiorThe multidimensional engine moc
was used in investigatioia Kilpiner [13] improved a sulprodel for NO emission predictic
for medium-speed, fowstroke, direc-injection marine engine and theemd of increasing N(

emission with increasing load was correctly presti
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Comparing with lower zones diesel combustion mqdtie advantage of multi-dimensional
models is available for the detailed spatial infatimn and interactions of phenomena. However,
the accurate prediction results from multi zone el®dre based on the relative inadequacy of
turbulence, combustion chemistry sub-models. Andtirdimensional models require longer
computing time and storages capacity [9]. Therefareour case, the single-zone model is a

reasonable choice for our control purpose.

EGR was considered as an effective means for redutame temperature and NOx emission
[35]. The control inputs to the diesel engine induhe fuel injection, injection time, boost and
EGR, while the outputs are the in-cylinder pressimeylinder temperature and heat release rate
etcetera. Figure 2- 1 shows a flow chart of theseali¢thermodynamic model and NOx and soot
emission model. As mentioned before the thermodymanodel receives the input signals of
fuel injection, injection timing, boost and EGR o this, in-cylinder pressure, heat release rate
and in-cylinder temperature can be calculated. Tihgantaneous in-cylinder pressure,

temperature and heat release rate can be usepuas of the emission estimation models.

After comparing the experimental data from Cleardel Engine Lab to the estimation results,
the model was tuned in order to complete the medbtiation. In the following sections the
detailed information about the diesel thermodynamadel and sub-models and the emission

estimation model is shown.
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Figure 2- 2 Thermodynamic Engine Model and Emis&estimation Model

2.1 Combustion Mod€l

According to the first law of the thermodynamidse thange of the internal energy of a system
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during a process is the sum of the changes inatd transfer and work transfer. Figure 2- 3
indicates the thermodynamic engine model. The fast of thermodynamics is implemented
with the ideal -gas equation of state [34].

dQ =dE + pdv (2.9
[OH] =2.129x 1G x T " x e *% )x 0]°%% [H,0] ¥ (2.2)

Where:R is the universal gas constant (R=8.31447kmol - K);

P (pa) is the absolute pressure;

T (K) is the absolute temperature;

V (m°) is the instantaneous cylinder volume;
The instantaneous cylinder volume consists of aralece volume Y and the instantaneous
displacement volume. The instantaneous displacemeanime is a function of crank angle,

cylinder bore, crank radius, compression ratio tiedength of connecting rod.

_ Maximum Cylinder Volume _V, +V,
Minimum Cylinder Volume V

C

(2.3)

c

V =

m?| S S 1 T 1\/ y o T

—~ +Z||1+= —COST@ —.| FR? siA ?6’ 2.4
4 {rc—l ZK Rj 80 )_R 80 % (29
WhereV. is the clearance volume;

Vq is the displaced volume;

rc is the compression ratio;
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Figure 2- 3 Thermodynamic Engine Model

For the air surrounding the injected fuel, thetfi@v of thermodynamic can be written as
following equation:

du dv d d
= p_—_Qb—& (2'5)
dé dé dé d&

(Majr + X(i) xM fuel )Cp (T(i) _T(i—l)) =LHV x Mv ><(‘9@) _H(i—l)) ~ Pi-y (Va ) _Vd—l)) _qu)

(2.6

The equation for the mean mixture temperature livele as follows:

T =T 4 LHVvax(‘g(i) “90—1))_ Pi-1) (Vo) ‘Va—l))_Qwa)
R M, + x(i) XM (g

al

(2.7)

Where:LHV is the lower heating value; (AssumihglV=42.5 MJ/kg)

Mrue (KQ) is the injected fuel;
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C, is the specific heat capacity;
Mair (k) is the mass of in-cylinder air;
M(kg) is the evaporated fuel at each step size;
Quw is the heat transfer from cylinder wall, cylindesad and piston;
Xis the burn fraction of the injected fuel,
T is the in-cylinder temperature;
The compression process is assumed as a polytropimpression process;
PVY =PV (2.9
Where:Pq (pa) is the in-cylinder pressure when the crankestarts from 180
Vo (M®) is the in-cylinder volume when the crank angissfrom 188
P (pa) is the in-cylinder pressure when the crankeaisgafter 180
V (m?) is the in-cylinder volume when the crank anglafter 186;
The equations for the in-cylinder pressure andylmder temperature are as follows during the

compression process.

R = Po(—v(i) )’ (2.9
i+1 | :
Vi
P..V.
— (i) 7 (i+1)
)= "py_ 0 (2.19

(OO0

2.2 Heat Release M odd

The in-cylinder combustion is a very complex praceand the extensive modeling would be
helpful. The analytical functions computing the ouate is used in this thesis. The prevailing of
these functions is the Wiebe function, which canubed to predict the burn fraction and burn

rate for different engine systems [43][44].
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Equation (2.11) and (2.12) are used to calculagemiss burning fraction and absolute value of

heat release [42].

Where :

X, = (1= ){1— expra =%y )}+awd. { L expfa L%y } (219
N K 26
a0, X,
—= =M XLHV x 2.1

Xy is the mass fraction burned,;

6 is the crank angle;

0, is the crank angle when the combustion starts (SOC

A6 is the total combustion duration;

M is the adjustable parameter;

A is the adjustable constant relating to the combusturation;

awan 1S the fraction of the mixture that burns in th@xscombustion region;

Kwani is the ratio of slow burn duration to the staidawurn duration;

— — 1 U(m+1) _ 1 1/ (m+1 m
a_alo—go_((ln(l_—(lg)) e (In( 1__ 0}.) ( )j (2.13)

For diesel engines, the in-cylinder pressure, teatpee and swirl ratio directly affect the

ignition delay (ID). Many corrections have been mdd predict the ignition delay for diesel

engines [45][46]. The most widely accepted correfatvas given by an Arrhenius expression

[45], which is a function of ambient gas pressureé gemperature.

I =
ID=Fp exp%) (2.14)

Where:p and T are the cylinder pressure and temperathres the activation energf, is the

universal gas constari,andF are experimental constants.
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For diesel fuel, Wolfer (1950) [23] achieved a waeble estimate from the following equation.

ID =3.45ex #00 % (2.15)

2.3 Heat Transfer Modd

Convective mode of heat transfer contributes to &8%he total engine heat transfer [9] .For
typical diesel engines, the heat transfer proctmsssfrom the in-cylinder mixture within the

cylinder via the combustion chamber wall to thelanb Both the convective heat transfer and
radiation heat transfer contribute to the heat flasough the wall. Based on the experiment
results, Annand [9] developed the convective hetsfer correlation for cylinder head. In this

thesis, Woschni’s approach is used.

&:3&:£x3 XA X(T -

Where:T is the in-cylinder temperature (k).
Tw IS the temperature of cylinder wall, cylinder heaudl piston head.
he is the coefficient of convective heat transfer;
i=1: Cylinder headi=2: Piston;i=3: Cylinder wall,
Ais the heat transfer area¥m
According to Woschni's correlation, the equatiorr fihe coefficient of heat transfer is

summarized as:
h, =3.26xD%x p®®x T~ w * (2.17)
Where:D is the cylinder bore (m);
pis the in-cylinder pressure (kPa);

T is the cylinder temperature (K);
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W is the average cylinder gas velocity (m/s);
The average cylinder gas velocity for a four strakeect injection compression ignition engine
was expressed as follows:

V“\T; (P- P (2.19

rer

w=CS, +C,

Where:Vy is the displaced volumgg is the instantaneous in-cylinder pressirgl,,V; are the
in-cylinder pressure, temperature and volume wihencrank angle is 180py, is the motored

cylinder pressure at the same crank angle a& = 2.28;C, = 3.24 x 1073;

2.4 EGR System

EGR systems work by recirculating different amouniftsan engine’s exhaust gas back to the
engine cylinder. Combining the exhaust gas rectauh technology is recognized as the only
possible way to achieve future emission restrictimmget by internal measures [54]. EGR is
defined as the ratio of intake manifold £€dncentration to exhaust manifold £&ncentration
[53]. EGR system interferes with the diesel comionssystem through thermal, chemical and
dilution effects. When an EGR system is incorpatatgo the diesel engine, the amount of NOx
emissions are reduced due to lower in-cylinder &nampires during the combustion process. The
application of EGR is regarded as one of the esdemieans of reducing oxides of nitrogen
(NOx) emission from diesel engines. However, for intedmate and low engine loads, EGR
increases the particulate emissions and speciicconsumption [36]. Equation (2.19) describes
the complete combustion process without EGR while tquation (2.20) describes the
combustion process when diesel engine incorpota&R system. In the diesel engine model
calculations for this work, the second equation waed. In order to validate the simulation
results, the calculation was conducted by usingpacal diesel fuel formulation. Ultimately, the
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formula GH1 7 was used in the simulation.

The complete combustion equation (without EGR) wihambda > 1

C,H, +A(a+§j(oz +3.76N,) - aCOz+§HZO+ 3.76 [a+€jN2+()l -] Q'+% D,
(2.19
The complete combustion equation (with EGR)
B
~EGR
C,H;+ a(O2 +3.76N2) +(ax EGchoz +| 2 H,O+3.76xax EGR N, +
1-EGR 1-EGR 1-EGR
B B B
a-| o+~ )EGR = - o
( ( 4 ) a 2 3.76xa a (a+4)
2 7 | 1_rFreD 7 el LR PS N+ ——— 10>
1-EGR 1-EGR 1-EGR 1- EGR 1-EGR
(2. 20
Nco ,intake B
Where EGR =—2—— a=AX(a+>)
CO3,exhaust 4
The mass fraction of the G@&om exhaust:
ax EGR><44
MASS_CON _CO, = 3 1-EGR 7
P EGR (a-(a+2))EGR
aXECR 44+ 2«18+ 3.76ax- N x 28 4" "
1-EGR 1-EGR 1-EGR 1-EGR
(2.2)
Where: a = a +§
Amount of Q (mole) consumed each step size (0.1 Crank Angle):
n_rac_O,=n_fudx @+[/4) (2. 29
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Where:n_fuel is the amount of fuel consumed each step sizeQfahk Angle);

Amount of CQ, H,O produced each step size (0.1 Crank Angle):

n_rac_CO, =n_fue x ( a _axEGR) (2.23
1-EGR 1-EGR
£ Lo
n_rac_H,O=n_fue x - 2.2
-rac RO =N T R "1 EGR (229
n_0,()=n_O,(—-1)+n _rac _O, (2.29
n_CO,([)=n_CO,[{-1)+n_rac _CO, (2. 26)
n_H,0()=n_H,0(-1)+n _rac _H,O (2.27
n_total (()=n_CO,({)+n_H,O0()+n_O,{}*+n _N, () (2.29

The mole fraction of @ N,, CO,, H,O are as follows:

n_o,()

Oz_mole_fraca):n_Ttal(i) (2.29)
Nz_mle_fraca):%t;(i(i)) (2.30)
Coz_mle_fraca):r:]:tco—%((ii)) (2.31)
Hzo_mo|e_fraca)::::'0—£g; 2.3
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CHAPTER 3CONTROL ORIENTED NOx AND SOOT

ESTIMATION

3.1 NOx Emission Estimation

In-cylinder NOx formation occurs from three fundantadly different reactions. In year 1946,

Zeldovich [9] was the first to suggest the impoc&armf reactions equation (3.1) and (3.2). For
internal combustion engine, the primary sourcehes thermal NO forming from the thermal

dissociation equation (3.1) and the subsequentiogaof nitrogen and oxygen molecules from
the combustion air [10].

The governing equations for the thermal NOx fromeuolar nitrogen are as follows:

O+N, = N+NO (3. 1)
N+0, =0+NO 3.2)

The mechanism of NO formation from Zeldovich hasrbevell accepted and understood
extensively. Later on, Lavoie [9] added the react{8.3) to the Zeldovich Mechanism and
contributed significantly to the study. Due to themperature sensitivity, the mechanism
including equation (3.1), (3.2) and (3.3) is reéerto as the thermal mechanism.

N+OH = H +NO (3.9
Applying the chemical kinetic rate law for the etjoas presented above, the formation rate of
NO is given by:

d[(l;ltO] =K, ,[O][N,] +k; ,[N][0,] +k, {N][OH]

-k, ,[NO][N] -k, ,[NO][O] -k, ;[NO][H]
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(3.9
Note: All concentrations have a unit of mof/m
The rate constants measured from experimental eguldiave been evaluated by Hanson and

Salimian[49]and the expressions are shown below.

k, , =1.8x10e " (3.5)
k, , =1.8x10Te " (3.6)
K, ,=7.1x10e™*" 3.7)
k,=3.8x10e**" (3. 8)
k ,=3.81x 1Te %" (3.9
k ,=1.7x10e " (3. 10)

Whereks1, kio, ki3 are the rate constants for the forward reactiéns.k.», k.3 are the rate
constants for the corresponding reverse rate cotssta

According to Westenberg[50], the equilibrium O-atoamcentration can be derived as follows:
[O] =k, *[O,]" (3. 11)

[0] =36.64xT*x O, ['?xe 2" (3.12)

The partial equilibrium approach was chosen tordd@tee the OH radical concentration.
[OH]=2.129x 16xT " xe ** x D "* H,0]" (3. 13)

Finally, the expression for the rate of change N@centration is shown as follows
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_ kuk INOP®
d[NQO] _ K, ,1[ Nz] ki O]
—5 - 2K .[O]IN,] K, [NO] (3.14)

K; 2[O,] +k; JOH]

As mentioned previously, the rate of formation dd & significant at high temperatures, which
results from the large amount of energy requiredraak the strong Nriple bond. This effect is
illustrated by the high activation energy of reastequation (3.1). Since the activation energy
for nitrogen-atom oxidation is small, with suffiakeoxygen provided, the free nitrogen atoms
consumption rate equals to it formation rate aretdfore a quasi-steady state can be achieved
[50]. Except for extremely fuel-rich combustion diions, this assumption can be applied for
most combustion cases. The indicated forward andrse reaction rates introduce the

uncertainty to the prediction with actual in-cylardpressure and temperature.

3.2 Soot Emission Estimation

The most popular semi-empirical model is the twepgtiroyasu model [51]. According to his
model, the soot formation process considered ireotwo reaction steps: the formation step and
the oxidation step. When the formation reactionit®ggat the same time, the oxidation step is
carried on. Therefore the amount of soot producecdual to the soot production of the
formation reaction minus the oxidation reactiontia formation step, shown in equation (3.16),
soot is directly related to fuel vapor moleculesevdas during the oxidation step, shown in the
equation (3.17), soot particles decrease due tprimence of molecular oxygen. The pressure of
02 can be derived from the engine combustion model.

Soot formation rate equals to the amount of forsmot minus the oxided soot [37].

dm, :(d%J _(dnrlmj (.19
form oxid

dt dt dt
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nl
My T P
ot_form _ _'m M _ Mgas 3.16
t A XEXp[ T ) e Pyas e .19
d n3
rns.oot_oxid — Az % exp(_h)x (rnSOOt )12 x poz (3 17)
dt T O, _ref

Where:A; is the constant for soot formation;
A is the constant for soot oxidation;
Taz is the activation temperature for soot formatieaation [6313K];
Taz is the activation temperature for soot oxidatieaation [7070K];
Msua-v is the currently vapor fuel mass (kQ);
Pgas IS the in-cylinder pressure (bar);
Pyas ref IS the gas reference pressure (bar);
Poz is the partial pressure of,(har);
Poz-ref IS the Q reference partial pressure (bar);
n; = 1.8;n, = 1.0, n3 = 1.0;
Due to its simplicity, this model has been widetized [37][38][39]. It can be incorporated

into the single-zone, two-zone and multi-zone eagiombustion models [40][26].

In order to calculate the soot formation rate, ytircler current vapor fuel mass is required. C.O.
Schmalzing [41] proposed a holistic injection motieloptimize fuel injection in the Diesel
engine system. Comparing to measured liquid andrvppase penetration lengths for different

operating conditions, the calculated results weakdated. According to the simulation results
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from [41], the relation of vaporizing percentagel amank angle was generated and utilized for

the current vapor fuel mass calculation, whichhisven in Figure 3- 1.

100
90 =0: . =
80 R2=0.9978
70
60
50

4 /
. /
0 \_/ L L A :

0 5 10 15 20
Crank Angle(CA)

Vaporizing Percentage(%)

Figure 3- 1 Vaporizing Percentage VS. Crank Angig€tion Pressure Pinj=80 MPa)
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CHAPTER 4 EXPERIMENT SETUP AND ESTIMATION

RESULT VALIDATION

4.1 Experiment Setup

The experimental investigation was conducted oringles cylinder, four-stroke, common ralil
diesel engine of 0.76 lit displacement volume. Elperiment engine bench setup and engine

geometrical specifications are shown in Figure 4nd Table 4- 1.

Ambient Air

L

Air Filter .

) +— Compressed Air

R
EGR Codlar 25

Control

= . =\ @ I Valve
TR S i?i == S e

Ball Valve t =l

= EGR
[ ) Ball Valve P P Vetve
—— e Backpressure
: 1 Regulalor

;! Single Cylinder

( "* Research Engine
| [ roots : \

e @0k | Intake
f Surge

v | Tank

y

EX h au St Exhaust lock

Surge |
Tank ‘ '1

Exhaust out

Figure 4- 1 Single Cylinder Research Engine Testf&Im

The experimental investigations in this thesis hdeen carried out under independently

controlled levels of engine boost, exhaust baclques and EGR valve opening. In order to
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measure the in-cylinder pressure to obtain combusinformation, an AVL G13P pressure
piezoelectric transducer was mounted and conndhtedgh a Kistler 5010B charge amplifier.
Based on the computer code developed in Labviewr@osoftware, the control of high speed
acquisition system had been achieved. A dual-bahkest analyzer system (for NOx, HC, £0
and Q) has been installed for the exhaust emissionsirate gas concentration for exhaust
analysis. A CAl 6000 Series chemiluminescence detesnd an AVL smoke meter are used to
measure NOx and Filter Smoke Number. The followaggation was used to convert FSN to

soot mass concentration in the unit of [mg/m

Soot[mg/rrf]:1.84l9< FSN J+ 2.954% FSN 1+ 12.818[FSN]- 0.03(
(4.1)

4.2 Estimation Result Validation

In order to affect the comparison results, it wasassary to carry out the parametric analysis of

the sub-model constants to tune the model.

1) Determining the values for adjustable constantd\Mefbe heat release model in order to
make sure that the calculated in-cylinder pressumedch the experimental pressures
measured from the cylinder pressure transducer.nifhealue equals to 1, the in-cylinder
pressure and heat release rate curve match withntipérical results withk,,,; = 0.34 and
a = 0.36. The temperature of the cylinder walls was chasgmnal to 500K.

2) Determining the values for the reaction constaritsthe NOx formation so that the
calculated results of NOx formation will match teeperimental values. According to the
NOx estimation mechanism, the rate constants f®ifeward reactions and corresponding

reverse rate constants were set as follows:
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k, , =2.8x10e " 4. 2)
k, , =1.8x10Te " (4.3)
ki ,=7.1x10e™*"" (4. 4)
k,=3.8x10e**" (4.5)
k ,=3.81x 1Te %" (4. 6)
k ,=1.7x10e " 4.7)

The constants for the equilibrium O-atom and OHalacbncentration were chosen as follows:
[O] =36.64xT***x O, J*x & 2% (4.8)

The partial equilibrium approach was chosen tordd@tee the OH radical concentration.
[OH] =2.129% 1G xT 2% x et *% x P1°%% [H,0] ¥ 4. 9)

3) Determining the values for the reaction constaritshe soot formation so that the soot
formation will match the experimental values. Footsestimation mechanism, the constants
for soot formation and oxidation were set 4s= 1.6 x 10~* and 4, = 3200. And the
exponent of pressure in the soot formation and aiiad equations=3 and nz=0.9 are
chosen to fit the experimental results. The adbwattemperatures are found in [37],

Ta1=3200k andTa=7070k.

Before utilizing the thermodynamic model and enwssestimation for the 8 operating points, it

is necessary to validate their ability to provitle engine performance information and emission
profile. In this chapter, the calculated and meaduesults of in-cylinder pressure, temperature,
cumulative heat release, NO formation concentratiod soot formation concentration as a

function of crank angle will be presented. The miead experimental data and calculated results
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are depicted in the following figures in a compamaivay. Table 4-1 presents the specification of
single cylinder research engine used for the engiedormance and emission estimation

validation.

Table 4- 1 Single Cylinder Research Engine Geowat8pecification

SINGLE CYLINDER I-TEC ENGINE SPECIFICATIONS

Bore (mm) 96
Stroke (mm) 105
Connecting Rod (mm) 176
Compression Ratio 14.3
Combustion System Direction Injection
Injection System Common rail

The experimental data shown here was collected fiioen Clean Diesel Engine Laboratory
(University of Windsor). The operating conditions the EGR Sweep are as follows: Engine
speed = 1200 rpm, IMEP = 8 bar, Boost = 1.4 bgection pressure = 1200 bar and CA 50 =
368 CA. The range of the EGR sweep is from 8% t& 4Rpending on the engine operating
condition examined.

The detailed information of governing equations tieat release rate calculation was presented
in Chapter 2. Figure 4-2 illustrates the heat efaaction with differenin values between 0.1
and 3 for the combustion duration of 8 crank amiglgrees. With highen value, the combustion

is retarded. The burning rate is shown in Figui@when the combustion duration was fixed at

40 crank angle degrees with differemvalues.
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Figure 4- 2 Heat release rate with differemtalue
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Figure 4- 3 Burn rates for constant combustion tlumaand different values ah
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In the internal combustion engine analysis, theyillnder pressure has been considered to be an

important experimental diagnostic in the developtenautomotive engine research [43]. The

in-cylinder pressure profiles directly reflect thiects of in-cylinder heat release, heat transfer

the cylinder wall and head surface and work tran$figure 4- 4 and 4-7 present the predicted

and measured in-cylinder pressure traces diagraanwiine EGR is 21% and 34% at speed of

1200 rpm. The computation time interval is 0.1 GAcan be seen from the figure that the

experimental data and simulation results appeaygtee well with one another. After the first

step of the analysis, it was verified that the niaaa effectively predict the in-cylinder pressure.
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(o0}
o O O O

o

In-Cylinder Pressure (bar)
N WA g o N
o o

[EEY
© o

EGR =21%

Speed:1200 [
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IMEP: 8bar; —

—Simulation Boost: 1.4 bar;

Pinj: 1200bar; | —
\ CA50:368 CA;

/ \

180

220 260 300 340 380 420 460 500
Crank Angle (Deg)

Figure 4- 4 Comparison of the calculated and expental in-cylinder pressure (EGR=21%)
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The good coincidence betwe the measured and calculatedcylinder pressui was also
achieved in other differelEGR operating conditics. AppendixA shows the detail informatic

about the comparisons.

350
= 300 | .
5 —ExXpernment
= 250 - —Simulation
]
S 200 A
S 150 : Speed:1200 rpm:
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& 100 Boost: 1.4 bar:
‘."E \ Pinj: 1200bar;
- 50 A CASO3GRCA:

0 I }I ]

330 350 370 390 410 430 450
Crank Angle (Deg)

Figure 4- 5 Comparison oflatrelease rate from experiment and simula{ieGR=21%)
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Figure 4- 6 Average in-cylinder temperature (EGR#21
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The Figure 4-7 and Figure 4-8 illustrate the conguer of the computed and empirical results of
the in-cylinder pressure and heat release rate \E@R equals to 34%. And they both follow the
same trend as when EGR is 21%. Comparing the tetyserresults shown in Figure 4-6 (when

EGR=21%), the mean cylinder temperature (shownignré 4-9) decreases due to the increase

of EGR rate.
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Figure 4- 7 Comparison of the calculated and meakim-cylinder pressure (EGR=34%)
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Figure 4-10 and Figure 4-11 show the species nmaletibn of Q, CO, and HO during the

combustion process with EGR=21% and EGR=34%.
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Figure 4- 10 Species {QCO, and HO) mole fraction (EGR=34%)
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Figure 4- 11 Species §£CO,, and HO) mole fraction (EGR=21%)

Figure 4- 12 shows the comparison of the calculatiédc oxide concentration history for
EGR=21% and EGR=34%. It presents that when higiBR ks applied, value of NO formation
decreases.

Figure 4- 13hows the soot density history for EGR=21% and 24%.when the higher EGR is

applied, soot emission increases.
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EGR is one of the most effective ways to reduce M@uwssion for diesel engines. From Figure

4- 14, it can be observed that the NOx decreasesn wigher EGR rate is applied under fixed

operating condition. It is hard to simulate thesdieengine combustion process and precisely

predict the emission. But for the control purpasjt can be observed, this model presents high

reliability to predict the trend and relative chanip NO emissions within different operating

conditions.
1400
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£ Speed:1200 rpm;
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Figure 4- 14 Calculated and measured in-cylindérndOxide (NO) formation

Figure 4-15 illustrates the comparison of the sated and measured soot density when EGR

rate increases from 15% to 45%.Soot formation ianily determined by the engine load [9].

When the load increases, larger amount of fuehjscted into cylinders, which results in the

increased temperature during the mixing contratiechbustion [47].
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Figure 4- 15 Calculated and measured in-cylindérndNOxide (NO) formation
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CHAPTER 5 APPLICATION OF ESTIMATION RESULTSTO

SMART DIESEL ENGINE

After the calculation results of thermodynamic miaaled NO and soot emission estimation have

been validated, the computation results of thedatmg points will be shown in this chapter for

the development of the engine-generator set cdetrdesign. The good agreement achieved in

Chapter 4 between the empirical and calculatedtseander certain engine operating condition

confirmed that the estimation will provide valuabiéormation for the engine-generator control

design. Table 5-1 presents the specification ofstimart engine used for the engine-generator

control design.

Table 5- 1 Smart Engine Specification

Engine Type 3in line,4 Stroke Diesel Engine
Bore (mm) 65.5
Stroke (mm) 79
Compression Ratio 18
Cylinder Displacement(L) 0.8
Rated Torque (Ib-ft) 95

Fuel Injection System

Common Rail High Pressure
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Generator

Figure 5- 2 Photo of engine-generator set (Couriasgrdo)
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Table 5-2 shows the detailed information about8hgperating points for the engine controller
design. The speed ranges from 1600 rpm to 2800armhthe torque, output power and fuel flow

all increase as well.

Table 5- 2 Detailed Information about 8 Operafaints

Operating| Engine Torque | Power| Fuel Flow | Efficiency | BMEP | CA 50
Point | Speed (rpm) (Nm) | (kW) (g/s) (%) (bar)
#1 1600 42 7 0.51 0.33 6.6 365
#2 1950 51 10 0.72 0.345 8.0 365
#3 2150 58 13 0.89 0.35 9.1 365
#4 2250 67 16 1.07 0.352 10.5 365
#5 2450 75 19 1.31 0.351 11.8 365
#6 2570 82 22 1.52 0.345 12.9 365
#7 2630 90 25 1.75 0.337 14.1 365
#8 2800 95 28 2.05 0.324 14.9 365

The following figures show the benefit of EGR indoeing of NOx emission for the eight
operating points. It can be seen that with thegase of EGR rate, the NO emission decreases
under all of the eight different operating condiso In general, there are two reasons which can
explain relationship between NOx formation and E@E. The first reason for NOx emission
reduction with higher EGR is because that the highe values of the EGR rate that is used, the
lower the in-cylinder temperature during combusfioacess. The second reason is the reduction
of oxygen concentration which restrains NOx genenat As mentioned previously, NOx

emission is very sensitive to temperature and oxymcentration.
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To study the EGR effect on the engine performanud emission, for each operating point,
certain parameters will be fixed, such as engireedpinjected fuel quality, intake pressure and

temperature.

Figure 5- 3 shows the typical effect of EGR onN@x formation for operating point 1, 2, 3 and
4. For operating point 1, NOx formation is reduabdstically with 12% EGR. For operating

point 2, it is reduced by approximately 70% with#% EGR.
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Figure 5- 3 Relationship between EGR and NOXx foronaffor Operating Point 1-4)

From the simulation results, we can see that frgperating point 5 to 8, the NO emissions are
relatively high. Thus we require a higher EGR. Egample, with the increase of the amount of
fuel injection, for operating point 5, when EGR2i8%, the NO emission is around 1200 ppm,

but for operating point 3, when EGR is increased(%o, there is almost no NOx present.
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Figure 5- 4 shows the relationship between NO feoionaand EGR rate of operating point #5, #6
and #7 when boost is increased from 1.6 bar tor2Gmmparing with Figure 5- 3, in the case of
operating point #5, 6 and 7, the engine is runmmg higher load and speed. Therefore higher

EGR rate and boost are required.
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Figure 5- 4 Relationship between EGR and NOx foiomaffor Operating Point 5-7)
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Figure 5- 5 Relationship between EGR and NOx foiomaffor Operating Point 8)

Figure 5- 6 and Figure 5- 7 show the calculatisults for soot emissions which all follow the
same trend with various EGR rates. With the in@ezfsEGR, soot emissions increase. This is
because when the amount of fuel injected into dg@inincreases, more fresh air is required to
complete the combustion process. As it is showRigure 5- 6, for operating point 1, the fuel
injection is around 38.1 mg/cycle, when EGR is 1586t emission is around 2 mg/nBut when
the fuel injection increases to 64 mg/cycle, wh&REs increased to 19%, the soot emission is

already over 6 mg/fn
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For operating point #8, the engine is working a@@8pm and the fuel injection quantity is
increased to 87 mg/cycle. Figure 5- 8 and Figue fresent the variation of soot and NOXx
formation with various EGR rates. When higher bassapplied to engine, higher NOx and
lower soot density are achieved. The reason foritheease on the NOx formation and the

reduction of soot formation is owing to excess air.
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Figure 5- 8 Relationship between EGR and soot te(feir Operating Point 8)

Figure 5- 9 and Figure 5-10 illustrate the in-cgin pressure trace calculated under the
condition of operating point 3 and 8 with differdbGR rates. It shows the peak of in-cylinder
pressure has decreased with the increase of EGR aatd the combustion timing has been

retarded in these two cases.
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Figure 5- 11 Heat release rate with different EGRs (Operating Point 3)

Figure 5- 12 illustrates the effect of EGR on igmtdelay. The ignition delay increases with
increasing EGR rate. The reason is that higher E€3RIts in lower oxygen concentration in the

intake mixture, which will slow down the oxidatipmocesses and increase ignition delay.
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Figure 5- 12 Effect of boost on ignition delay

Figure 5- 13llustrates the effect of the intake oxygen concaian and injection timing on the
in-cylinder peak pressure for operating point 1tHAthe same injection timing, the in-cylinder
peak pressure increases when intake oxygen coatentrincreases. For the in-cylinder
combustion, higher oxygen concentration is equivatie lower CQ concentration, which results
in the decrease of specific heat capacity andrntbeease of in-cylinder temperatures. Therefore
the in-cylinder peak pressures increase. With thmes intake oxygen concentration, the
in-cylinder peak pressure decreases when the iofetitning is retarded. For example, when the
injecting timing is at -9 CA ATDC and the oxygenncentration is below 18%, combustion did
not occur. But when the injecting timing is at -ZDA ATDC, the low limit of oxygen

concentration is 17%.
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CHAPTER 6 CONCLUSION AND FUTURE WORK

6.1 Conclusion

The objective models for emission estimation fosesies PEHV diesel engine-generator set
control design, which combine the thermodynamicimmgnodel, NOx model, soot model and
EGR model described in Chapter One, have been alge@l The heat release model was tuned
to match the empirical data until the satisfactagults have been achieved, and the calculated
in-cylinder pressure agrees well with the experitakerdata. Furthermore, the in-cylinder
temperature, heat release rate, species molednaatere calculated and provided as the inputs
of the NOx and soot emission estimation models. @ang to the previous work, the emission
estimation model has been modified to take EGRegys$hto account. Additionally, the NOx and
soot emission estimation was validated and satmfiadfor the Diesel engine-generator set
control design. According to the implemented MoBeédictive Control (MPC) design, eight
operating points were selected to represent treetengine output power ranging from 7kW to
28kW. And the NO and soot emission results with E€Weep for each operating point were

provided for the diesel engine-generator contralkesign.

6.2 Future Work

In the validation part, more EGR sweep experimeshigll be further conducted with various
boundary operating conditions. Measured experima@ata from Clean Diesel Engine Lab was
satisfactory for certain limited operating rangeor®! empirical data collected will bring

improvement over the previous validation work.
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The next stage of the research shall target oncaztwe thermodynamic engine model. NOx
emission is very sensitive to the in-cylinder tenapgre and oxygen concentration. For the
engine control application, the single zone dynaraigine model had been efficient to
accomplish the estimation work. However, when the-trone engine model is applied to the

emission estimation model, it will provide more a@te prediction.
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[APPENDIX]

APPENDIX A. ESTIMATION RESULT VALIDATION

The comparison of experimental and simulation tssofl in-cylinder pressure with EGR=21%

and EGR=34% was shown in Chapter 4. More validatesults with various EGR rates will be

illustrated in this section.
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Figure A- 1 Comparison of the calculated and measur-cylinder pressure (EGR=6.5%)
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Figure A- 2 Comparison of the calculated and messin-cylinder pressure (EGR=12%)
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Figure A- 3 Comparison of the calculated and measin-cylinder pressure (EGR=15%)
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Figure A- 4 Comparison of the calculated and measin-cylinder pressure (EGR=25%)
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Figure A- 5 Comparison of the calculated and messin-cylinder pressure (EGR=30%)
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Figure A- 6 Comparison of the calculated and measin-cylinder pressure (EGR=35%)
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