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Abstract

To meet the constantly restricting emission regulations and develop better strate-
gies for engine control systems, thorough knowledge of engine behavior is cru-
cial. One of the characteristics to evaluate engine performance and its capability
for power generation is in-cylinder pressure. Indeed, most of the diagnosis and
control signals can be obtained by recording the cylinder pressure trace and pre-
dicting the thermodynamic variables [3].

This study investigates the correlation between the in-cylinder pressure and
total trapped gas mass [10] with the main focus on estimating the in-cylinder gas
mass as a part of a lab measuring procedure using the in-cylinder pressure sen-
sors, or as a real-time method for implementation in an engine control unit that
are not equipped with the cylinder pressure sensors. The motivation is that pre-
cise determination of air mass is essential for the fuel control system to convey the
most-efficient combustion with lower emissions delivered to the after-treatment
system [10].

For this purpose, a six-cylinder Diesel engine is used for recording the en-
gine speed, engine torque, measuring the cylinder pressure profile resolved by
the crank angle, intake and exhaust valve phasing as well as intake and exhaust
manifold pressures and temperatures. Next, the most common ways of estimat-
ing the in-cylinder trapped gas mass are studied and the most reliable ones are
investigated in-depth and a model with the acceptable accuracy in different op-
erating conditions is proposed, explained and implemented. The model in has a
thermodynamics basis and the relative errors is lower than ±3% in all the investi-
gated tests. Afterwards, the most important findings are highlighted, the sources
of errors are addressed and a sensitivity analysis is performed to evaluate the
model robustness. Subsequently, method adjustment for other operating condi-
tions is briefly explained, the potential future work is pointed and a complete set
of results is presented in Appendix B.

Keywords: Diesel Engine, Cylinder Pressure, Residual Gas Mass, Gas Mass
Composition, Cylinder Wall Temperature, Cylinder Pressure Correction
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1
Introduction

This chapter gives a brief background, states the purpose of this master thesis
and provides an overview of the main parts covered in this report.

1.1 Background

Nowadays, there is an increasing demand for improving engine performance in
order to fulfill customer expectations, meet more restrictive environmental reg-
ulations and release less emissions into the atmosphere. To improve the engine
performance, its influential parameters should be recognized. The most impor-
tant of these parameters are summarized below [8]:

• The amount of air sucked into the engine cylinder during the intake stroke.

• The amount of fuel injected into the cylinder and fuel injection pressure.

• The amount of recirculated gases.

• The amount of residual gas remained in the cylinder from the previous
cycle.

• Combustion timing including the time of injection and ignition.

• Pressure in the intake and exhaust manifolds, whether throttle and/or tur-
bocharger is used or not.

• Timing of intake valve opening and closing.

• Timing of exhaust valve opening and closing.

1



2 1 Introduction

Among all the influential factors, the determination of the cylinder charge gas
has been given a particular attention and the difficulty is due to the fact that the
amount of residual gas and fresh air mass varies by many different parameters
such as the pressure in the intake and exhaust manifolds, valve phasing, valve
overlap as well as the operating conditions. Thus, accurate estimation of the gas
amount and composition yields better engine functionality, performance and fuel
economy.

1.2 Goal and Purpose

A classical method for the determination of fresh air mass entering the cylinder
is to mount an air flow meter in the intake manifold and record the values by
running the engine under different operating conditions. However, the response
delay and low level of accuracy in the transient conditions limit the reliability of
this type of measurement [2, 10]. Moreover, it adds a cost when this sensor is
used in production engines even if the before-mentioned drawbacks are ignored
or overcomed.

One of the beneficial features of the cylinder pressure sensors is their fast
dynamic response compared to air flow meters. Therefore, one approach to elim-
inate these deficiencies is to construct a pressure-dependent model. The other
beneficial merit is that the results can be validated by those obtained experimen-
tally when there is negative valve overlap and the engine is running under steady-
state condition. Next, this model can be used/adapted to predict the gas mass
composition when there is a positive valve overlapping or the engine runs under
transient conditions.

Therefore, this thesis work is aimed to find a suitable thermodynamic method
for estimating the in-cylinder trapped gas mass including the fresh air, fuel, resid-
ual gas and potentially blow-by as well as their summation either as a part of a
lab measuring procedure using the in-cylinder pressure sensors, or as a real-time
method for implementation in an engine control unit that are not equipped with
the cylinder pressure sensors. The proposed model(s) should estimate the total
gas mass and its composition in different operating conditions, with the relative
errors lower than ±3%.

1.3 Thesis Outline

The work done during this master thesis and the concepts contained in this report
are described in the following chapters.

Chapter 2 presents some necessary background information about internal
combustion engines and the four-stoke engine cycles. The most commonly used
definitions and expressions are also explained.

In Chapter 3 Various approaches for the mass, heat transfer and temperature
estimation are investigated.

Chapter 4 provides a thorough knowledge about the method proposed in this
master thesis, its application, assumptions and limitations.
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In Chapter 5 the results are indicated and discussed. Any agreement or dis-
agreement with the literature review and physical response of the engine is also
addressed. Besides, some possible sources of error and how they affect the result
are described. Computational cost is also taken into account and its importance
versus the level of accuracy is also studied in this chapter.

Since the aim is to build a robust model with the lowest level of sensitivity,
Chapter 6 aims to investigate the influence of change of different parameters in
the output(s). Also, the least and most sensitive conditions are stated accordingly.

In Chapter 7, the most important findings of this thesis work are highlight-
ened.

Finally, Chapter 8 is dedicated to the potential future work and points out
some ideas for further investigations to improve the level of accuracy.





2
Internal Combustion Engines

2.1 Background

Combustion engines are designated to convert chemical energy of the fuel, via
thermal energy, into mechanical work. In general, engines can be categorized into
Internal Combustion (IC) and External Combustion (EC) engines. IC engines,
which are the focus of this study, are those where the combustion of fuel takes
place inside the engine cylinder whilst the fuel is combusted outside the engine
in EC engine and the released heat is passed to the in-cylinder gases.

IC engines can be classified based on the fuel type, number of strokes per
each working cycle or combustion strategy. The fuel can typically be gasoline,
natural gas, bio-gas, diesel, hydrogen and so forth. The number of strokes in
one complete working cycle is related to the piston movement and can typically
be either two or four. In two-stroke engines, the power is generated with two
strokes of the piston during one crank angle revolution while in the four-stroke
engines, the power cycle completes after four strokes of the piston. Note that the
focus is on the engines with four-stroke cycles in the rest of this report. Another
classification is based on the combustion process, by which the IC engines can be
categorized into Spark Ignited (SI) and Compression Ignited (CI) engines.

Vehicles with SI engines were traditionally equipped with a carburetor to mea-
sure the sufficient amount of fuel needed to mix with the air before entering the
engine. Nowadays, the fuel flow is controlled by fuel injection control systems [8].
The recent technologies in these engines are such that the fuel is injected either in
the intake system or during the intake or early in the compression stroke so that
the fuel is given enough time to be mixed with the air and create a homogeneous
mixture before the spark ignites the mixture [8].

In CI engines, the combustion is initiated by the start of injection and is char-
acterized by the three main phases, ignition delay, premixed combustion and

5



6 2 Internal Combustion Engines

mixing controlled combustion [8]. The liquid fuel injected into the combustion
chamber must be heated up to a vapor so that it can auto-ignite [8]. The time from
the start of injection to start of combustion is called the ignition delay [8]. The
fuel will be combusted when the temperature is equal or above the auto-ignition
temperature of the fuel. This phase is called the premixed combustion phase. Fi-
nally, the fuel mixes with the air and burns during the third combustion phase
called mixing controlled phase [8].

2.2 The Four Stroke Engine Cycle

The four processes in the engine cylinder in sequential order are as follows,

Intake: Inlet valve opens around TDC and closes around BDC. While the
piston is moving downwards, the air/air-and-fuel mixture travels from intake
manifold into the cylinder. The amount of air sucked into the cylinder is a func-
tion of valve profile, fresh-charge velocity and pressure difference between intake
manifold and cylinder; however, this pressure difference is not large, especially
at BDC [8].

Compression: After inlet valve closes, the air/air-and-fuel mixture is com-
pressed meanwhile the piston is traveling upwards from BDC to TDC; the tem-
perature and pressure of the in-cylinder gases increase steeply and the fuel is
injected into the cylinder. The mixture is ignited either by a spark or by the
in-cylinder hot gases, depending on the type of IC engine, and combustion is
initiated [8].

Expansion: The flame propagates gradually and the heat is released from the
mixture such that the work produced moves the piston from TDC to BDC. The
exhaust valve opens to guide the burned gases towards the exhaust port and the
cylinder gets ready for the fresh air to enter the cylinder.

Exhaust: The gas is pushed out from cylinder into the exhaust port while the
piston is traveling from BDC to TDC.

The aforementioned process is known as the traditional working cycle in re-
ciprocating engines. Nowadays, some improvements are made in the valve tim-
ings and start of combustion to generate more work during expansion and create
less emission out of combustion chamber. For instance, the intake and exhaust
processes are modified such that the scavenging and ram effect concepts are uti-
lized and the engine performance is subsequently improved. Note that there are
also some other differences between classical and newly-developed IC engines
that is not mentioned here.

Figure 2.1 demonstrates the four-stroke operating cycle used in both SI and
CI engines.
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Figure 2.1: The Four-Stroke Operating Cycle [12]

2.3 Definitions

In this section, the expressions and definitions used in this report are explained,
and if applicable, the corresponding mathematical equation are presented.

2.3.1 Valve Timing

Valve timing defines the crank angle at which the intake or exhaust valve opens
and closes. When the Exhaust Valve Opening (EVO) happens early, less work is
generated during the expansion stroke since the cylinder pressure is reduced. On
the other hand, if the exhaust valve opens late, the gas pressure becomes higher
and thus, higher pumping work is needed [8]. If the Exhaust Valve Closing (EVC)
happens early, more residual gases are trapped in the cylinder and these gases are
re-compressed when piston is close to the Top Dead Center (TDC). Conversely, if
EVC is delayed, the engine cylinder is better emptied and more ready to be filled
with fresh air. Furthermore, When Intake Valve Opening (IVO) happens early,
the residual gases travel into the intake manifold while the later intake valve
is opened, the entry of air or air-and-fuel mixture from the intake manifold is
restricted. The timing of Intake Valve Closing (IVC) controls the amount of total
mass trapped in the cylinder. Therefore, it can be generally stated that intake
and exhaust valve timings influence the generated expansion work, residual gas
mass, blow-down and pumping losses [8].

Considering the aforementioned events, when modeling the residual gas mass,
a special attention must be given into the part from EVO to IVC as it can strongly
influence the amount of residual gas mass trapped in the cylinder. Figure 2.2
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displays an example of intake and exhaust valve lift profiles, valve timing and
spontaneous engine cylinder.
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Figure 2.2: Valve Lifts and Cylinder Volume

In general, valve-train, valve profiles and timings, controls gas exchange pro-
cess and affects combustion and engine torque [8]. In a fixed cam engine, the
valve profiles and timings are typically chosen by compromising between the en-
gine performance at high and low loads as well as high and low engine speeds;
nevertheless, this trade-off is removed in Variable Valve Timing (VVT) engines
[8]. In the cycle shown in figure 2.2, the intake valve opens just after TDC and
closes after 191.9◦, around 20◦ after BDC. Afterwards, exhaust valve opens at
140◦ after TDC and closes after 205.9◦.

Valve Overlap

Valve overlap is the time over which the intake and exhaust valves are both open;
therefore, it can be either positive or negative. The negative valve overlap means
that the exhaust valve is closed prior to the opening of the intake valve. As a
result, no scavenging occurs. Positive valve overlap, on the other hand, is when
the exhaust valve closing takes place after the opening of the intake valve; this
implies that scavenging or blow-by is possible and its magnitude is dependent on
the engine speed, the degree of valve overlap and the pressure difference between
the intake and exhaust manifolds.

When there is a positive valve overlap, the amount of residual gas mass is
controlled by the valve timing, in-cylinder pressure, intake and exhaust manifold
pressures and many other parameters. For instance, if the intake pressure is
higher than the exhaust pressure, scavenging occurs which means the fresh air
travels from the intake to the exhaust manifold taking a part or all of the residual
gases with it out of the cylinder.
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In contrast, when the pressure in the intake manifold is less than that in the
exhaust manifold, back-flow takes place and a part of exhaust gas comes back
into the cylinder and then into the intake manifold due to the reverse pressure
difference. In this case, this back-flow returns back into the cylinder during the
next intake stroke, causing a larger residual gas mass since more gas mass re-
mains/returns back into the cylinder from the previous cycle.

2.3.2 Volumetric Efficiency

Volumetric efficiency is a measure of the effectiveness of the engine during the
intake stroke [12]. In simple words, it is the ratio between the volume of the
fresh air in the cylinder and the displaced volume of the engine [8]. Note that
the volumetric efficiency can be used for the four stroke engines, both SI and CI
engines, and it usually is at maximum around 80 to 90 percent for the naturally
aspired engines; however, it is typically higher for diesel engines than for the SI
engines [12]. If the intake runners are well-tuned, the volumetric efficiency can
exceed unity [8].

ηv =
Va
Vd

(2.1)

where Va and Vd denote for the air volume and displaced volume, respectively.

2.3.3 Residual Gas, EGR, Blow-By and Back-Flow

As mentioned previously, residual gas is a component of the total in-cylinder gas
that remains in the cylinder from the previous cycle and can be determined by
studying the intake and exhaust processes [12]. In another words, not all the
gas entering the cylinder during the intake stroke leaves the cylinder during the
exhaust stroke due to the fact that at the end of exhaust process, e.g. the clear-
ance volume is still occupied by the burned gases and the difference between the
amount of gas in the intake and exhaust is the residual gas [8]. The residual gas
fraction affects the volumetric efficiency, i.e it occupies a portion of cylinder vol-
ume that could have been filled with the fresh air and fuel instead, and engine
performance because its magnitude and temperature influences the composition
and the thermodynamic properties of the gas trapped in the cylinder [8, 12]. Fac-
tors such as valve timing, compression ratio, engine speed, intake and exhaust
pressures can influence the residual gas fraction [12]. Due to higher compression
ratio in diesel engines and the larger difference between the exhaust and intake
pressures, residual gas fraction is lower in diesel engines compared to that in
gasoline engines [12].

The total mass in the combustion stroke is the sum of the fresh air, fuel and
the residual gas mass as stated below,

mtot = mair + mf + mres (2.2)
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Exhaust Gas Re-circulation (EGR) is defined as the external re-circulation of
the exhaust gases into the intake manifold. Note that the residual gases are some-
times considered as the internal EGR [8].

Moreover, in the situations where the pressure in the intake manifold is higher
than that in the exhaust manifold, some of the fresh air that is sucked into the
engine leaves the cylinder through the exhaust manifold [12]. This phenomenon
is known as blow-by or scavenging and can only occur when there is an overlap
between the opening of the intake and the exhaust valves.

In contrast, back-flow occurs when the pressure at the exhaust manifold is
higher than that in the intake manifold, so some of the gas travels from the ex-
haust to the intake and enters the cylinder during the next intake stroke. Back-
flow from the exhaust manifold has a contribution to the residual gas [8].



3
Research Study

The first step is to conduct an investigation on the most typical solutions to the
given problem. The aim is to get up to date with different approaches to the
main target, understanding the pros, cons and potential challenges of each ap-
proach and familiarizing with the topic. Thus, this chapter reviews a wide range
of methods investigated recently.

3.1 Gas Mass Estimation

The methods for charge determination are mainly based on the results obtained
from the specific sensors located in the cylinder or in the vicinity of the intake or
exhaust manifolds [6].

By measuring the cylinder pressure profile, solving the ideal gas law for the
mass in the cylinder requires information about a temperature during the com-
pression or expansion; however, measurements of the in-cylinder temperature
are difficult and may not be accurate enough [24]. Accurate temperature mea-
surement is crucial since any deviation from the actual temperature causes an
error in the trapped gas mass calculation. Hence, different methods are investi-
gated to estimate the total gas mass trapped in the cylinder and its composition.

In the following sections, the main principles behind the most important of
these methods are explained.

3.1.1 Standard Volumetric Efficiency Method

In this method, hot wire anemometer is used for calculating the mass flow of air
entering the engine. Additionally, the intake manifold pressure and temperature
can be obtained, for example, by the use of piezo-resistive and thermo-resistive
sensors, respectively [6, 9].

11
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ṁtot = ηv
pint

RTintnr
NeVd (3.1)

In this equation, ηv , pint , Tint , R, Ne, Vd are the volumetric efficiency, intake
manifold pressure, intake manifold temperature, ideal gas constant, engine speed
and displaced volume, respectively. Beside, nr is the number of revolutions per
stroke which is 2 for four-stroke engines.

In the absence of EGR, air is the only component entering the cylinder. Thus,
once the intake gas condition is known, the volumetric efficiency can be com-
puted from the equation above, which can be used in the on-board conditions
to calculate the total trapped mass. When EGR is used, however, the fresh air
and recirculated exhaust gas both enter the engine through the intake manifold.
In this condition, the following equation can be used to predict how much EGR
enters the engine,

ṁEGR = ṁtot − ṁair = ηv
pint
RTint

NeVd i − ṁair (3.2)

The remarkable merit of this method is that it is easy to implement; however,
since it relies on the measurement obtained from the mass air flow meter, it may
lack accuracy in transient conditions. ηv also depends on the operating condi-
tions, with the strongest dependence on the engine speed and intake pressure,
but also on exhaust pressure. ηv , therefore, needs to be mapped or modeled in
some way, and with the introduction of VVT, the valve settings influences ηv as
well.

3.1.2 ∆p Method

This method is based on the engine's behavior in the compression stroke and aims
at relating the trapped mass to the evolution of pressure between two arbitrary
points, referred to as a and b. In this approach, the ideal gas law together with the
isentropic relations are used to calculate the total trapped mass in the cylinder
[6, 9].

∆p = pb − pa = pa

((Va
Vb

)k
− 1

)
(3.3)

As shown in the equation, the compression process between points a and b is
assumed to be isentropic and k is cp/cv . Using the state equation at the point a
yields the following equation,

∆p =
mIV CRTa

Va

((Va
Vb

)k
− 1

)
(3.4)

where in this equation, the IVC stands for the condition when the intake valve is
closed. Finally, by the rearrangement of the equation (3.4), the total trapped gas
mass can be obtained as,

mIV C =
∆pVa
RTa

((Va
Vb

)k
− 1

)−1
(3.5)
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where b can be any point after IVC and before start of fuel injection and k is the
polytropic coefficient during compression stroke. Note that the composition of
gases in the cylinder and the ideal gas constant change during the compression
stroke, especially when combustion initiates; thus, selection of point b is of high
importance; if it locates close to IVC, the selected interval for the ∆p becomes
narrow and compression characteristics are not predicted correctly; also, it also
should not be far from point a, or IVC otherwise this point may interfere with the
fuel injection time [10].

As can be seen in equation (3.5), the volume at the two predetermined crank
angles and the constants R and k are known while the temperature at the initial
point is either known or estimated. R can be assumed constant over a wide range
of temperature and pressure. In addition, when EGR is used, the gas composition
also have an impact on R. Polytropic coefficient k is strongly dependent on the
operating conditions, but it can be treated as constant in this approach.

Moreover, the temperature at point a must be calculated accurately because
it is affected significantly by the operating conditions and other influential fac-
tors i.e. the atmospheric conditions temperature, boost pressure, compressor
efficiency, exhaust temperature, EGR rate, EGR cooler efficiency, residual gas
fraction and its temperature, heat transfer from the cylinder wall to the intake
runners and the trapped mass until point a is reached.

Due to the aforementioned reasons and noting that the temperature Ta cannot
be measured experimentally in the test cells, models are used to express the Ta
based on the other known engine variables [2, 6, 9]. Hence, the better the esti-
mation of the temperature at point a, the more accurate the determination of the
mass inside the cylinder. There are different approaches for determining the ref-
erence temperature, Ta, some of which are discussed in the following paragraphs.

As stated in equations (3.1) and (3.5), both the volumetric efficiency and the
temperature at point a are strongly dependent on operating conditions. Accord-
ing to [6], linear and quadratic correlations can be used as represented below,

mtotTint
pint

= [a1, a2, a3, a4, a5, a6, a7] × [1, Ne, pint ,
pexh
pint

, Tw, Tint , mf ]T (3.6)

mtot
∆p

= [b1, b2, b3, b4, b5, b6, b7] × [1, Ne, pint ,
pexh
pint

, Tw, Tint , mf ]T (3.7)

To make the correlation less complicated, quadratic dependency is only used for
the engine speed and the injected fuel mass as shown below,

mtotTint
pint

= [c1, c2, c3, c4, c5, c6, c7, c8, c9, c10]

× [1, Ne, pint ,
pexh
pint

, Tw, Tint , mf , N
2
e , Nemf , m

2
f ]T (3.8)
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mtot
∆p

= [d1, d2, d3, d4, d5, d6, d7, d8, d9, d10]

× [1, Ne, pint ,
pexh
pint

, Tw, Tint , mf , N
2
e , Nemf , mf

2]T (3.9)

However, in [2], Ta is computed from the following equation,

Ta = c0 + c1N
2
e + c2m

2
f + c3

1

N3
e

+ c4m
3
f Ne (3.10)

Note that the fuel mass can be used as that estimated by the electronic control
unit, even though some major deviations can possibly take place [6]. Comparing
equation (3.6) (or (3.8)) with equation (3.10), it can be said that the latter ap-
proach requires less measured variables. Besides, for defining the Ta from equa-
tion (3.6) or (3.8), some of the variables must be measured by the use of sensors;
this leads us to conclude that the real time implementation by the latter approach
is more feasible [2]. However, since the influence of the wall temperature is not
included in equation (3.10), it may give less accurate estimation of the in-cylinder
trapped mass in the cold start conditions.

The total mass entering the cylinder can be stated as the sum of the fresh air
mass and EGR. The idea in [2] is that EGR is derived from the CO2 measure-
ment in the intake and exhaust manifolds. In this approach, neither the residual
mass nor the back-flow were considered due to their minor influence in the mass
flow calculations. It is also worth mentioning that the pressure interval between
points a and b affect the accuracy of the results [2].

3.1.3 Correlation Method

This approach, which is proposed by Akinoto and Itoh, is also called the ∆p
method with a bit more complex computational costs [24]. The equation (3.5)
can be rewritten in the following way,

mIV C =
VaV

k
b ∆p

RTa
(
V k
a − V k

b

) (3.11)

Since mIV C is the total trapped gas mass in the cylinder, the fuel and the residual
gas mass can be subtracted from the total mass to obtain the mass of air entering
the cylinder, mair , as indicated in the following equation,

mair =
VaV

k
b ∆p

RTa
(
V k
a − V k

b

) −mf −mres (3.12)

To express this equation in a simple manner, all the terms multiplied by ∆p are
compacted and shown as α and the term β stands for the mass of fuel and resid-
uals. By doing so, the following equation can be obtained,
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mair = α∆p − β (3.13)

where,

α =
VaV

k
b

RTa
(
V k
a − V k

b

) (3.14)

and

β = mf + mres (3.15)

Equation (3.13) is a straight line with α as the slope and β being the y-intercept
of the straight line when plotting the mass of air as a function of the in-cylinder
pressure difference calculated between the two points in the compression stroke.
Both mair and ∆p and their correlation can be obtained experimentally. After
calculating α and β, the fresh charge can be calculated from equation (3.13).

3.1.4 Fitting Pressure Trace During Compression

The methodology resembles the ∆p method where the compression stoke is the
main focus. In this approach, the cylinder pressure is estimated by using the
intake and exhaust manifold pressure. Next, the estimated cylinder pressure is
compared to the measured one with the aim of lowering/minimizing the error
between them; afterwards, the total mass in the cylinder can be computed the
temperature in compression stroke is known; this method also needs the cylinder
wall temperature to quantify the heat transfer during the intake stroke [10].

A domain in the compression stroke is selected a few degrees after the intake
valve is closed, and due to the polytropic relation governing the flow behavior in
the compression, equation (3.3) holds between any two arbitrary points in this
domain. Next, the in-cylinder temperature is calculated from the following equa-
tion by an estimated cylinder mass,

T̂cyl(i, α) =
pcyl(α)Vcyl(α)

m̂tot(i)R
(3.16)

where i and α denote the iteration number and crank angle, respectively. Note
that the computation is performed at several crank angles and the estimated val-
ues are distinguished by the use of hat notation on the top; thus, the estimated
cylinder pressure can be calculated from the temperatures obtained in the previ-
ous step according to the following equation,

p̂cyl (i, α) = pcyl (α)
( T̂cyl (i, α)

T̂ref (i)

) k(α)
k(α)−1

(3.17)

Finally, the error between the measured and the estimated pressures is mini-
mized as the follows,
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ε (i) =
nα∑
α=1

p̂cyl (i, α) − pcyl (α)

nα
(3.18)

By using an iterative approach, the in-cylinder mass is adapted in such a way
that the estimated pressure converges the measured cylinder pressure. Beside
this iterative method, the residual gas mass is determined using another model
that compares the CO2 before combustion with that in the exhaust gasses [10].
Finally, the fresh air mass can be computed from the following equation,

m̂air (i) = m̂tot (i) − m̂res (i) (3.19)

3.1.5 Frequency Analysis of the Pressure Trace

The frequency of the pressure oscillation in the cylinder is studied in this method.
This frequency can be influenced not only by the speed of sound, but with the
geometry of the engine as well, as stated in the equation below,

fcyl =
cB
πD

(3.20)

where c represents the speed of sound, D is the cylinder diameter which is also
known as the cylinder bore and B is the Bessel coefficient for the first radial
mode. The speed of sound is temperature dependent and therefore, varies with
the crank angle and the Bessel coefficient depends on the engine geometry [11].
Since the engines geometry is given and fixed in this work, Bessel coefficient as
well as the speed of sound are only dependent on the crank angle.

The speed of sound can be obtained from the following equation,

c =
√
γRT =

√
γpV

mtot
(3.21)

Insertion of equation (3.21) into (3.20) and rearrangement gives,

mtot =
(
B(α)

√
γp(α)V (α)

πDfcyl(α)

)2

(3.22)

After determination of the total gas mass trapped in the cylinder, the temperature
when the exhaust valve opens can be calculated by using the ideal gas law as
below,

TEVO =
PEVOVEVO
mtotREVO

(3.23)

The exhaust is modeled as an isentropic process as shown below,

TEV C = TEVO
(pEV C
pEVO

) k−1
k (3.24)
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Finally, to obtain the residual gas mass from the ideal gas law at EVC, the follow-
ing equation yields,

mres =
PEV CVEV C

REV CTEVO
(
pEV C
pEVO

) k−1
k

(3.25)

where mres stands for the residual gas mass.

3.1.6 Other Methods

Here, a non-pressure based method declares that the amount of fresh charge in
the cylinder can be computed if the precise data about air to fuel ratio, A/F, and
the burned fuel mass are available [24]; so, the mass of air can be obtained from
the following equation,

ma = mf
A
F

(3.26)

where A/F ratio at the steady state condition can be determined by the analysis of
the exhaust gas; additionally, the mass flow rate of fuel can provide information
about the injected fuel in the cylinder [24]. These data give us the mass of air
in the cylinder through the equation (3.26); however, it lacks accuracy in the
transient conditions [24].

It is important to note that only the trapped air mass can be determined
through the application of this method. Therefore, it must be used with another
method to provide information about the composition of the trapped gas mass.

3.2 Heat Transfer

Generally speaking, the heat generated by the combustion can be transferred to
the working gas or the chamber walls; therefore, heat transfer is needed for the
energy balance in the combustion chamber.

Since the in-cylinder gas pressure and temperature varies significantly through-
out each engine cycle, the detailed analysis of the heat transfer is complex and
computationally expensive. Nevertheless, previous investigations prove that heat
loss across the chamber wall to the surrounding is an important part of the total
heat released from the fuel, and can be a small negative value during the intake
process to a considerably large and positive value during the expansion [12, 18].

Convection and radiation modes of heat transfer takes place in the cylinder.
In SI engines, radiation accounts for around 3 to 4 percent of the total heat trans-
fer during combustion; this value increases up to 10 percent for the diesel engines
due to soot formation during combustion [21]. However, since the heat transfer
during the gas exchange process is interesting in this work, radiation is negligible
and only convection is discussed in the following section.

Equation for the convection heat transfer mode is as below,

Q̇wall = hgA
(
Tg − Tw

)
(3.27)
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where hg is the convection heat transfer coefficient, A is the cylinder surface area,
Tg is the gas temperature and Tw is the cylinder wall temperature. It can be easily
seen that the main parameter to define is the heat transfer coefficient, hg .

One of the important points at this stage is to distinguish the time-averaged
heat flux, instantaneous spatially-averaged heat flux and instantaneous local heat
fluxes to the cylinder wall. The critical gas properties for the aforementioned
correlations are as follows:

• Gas velocity to calculate the Reynolds number

• The gas temperature at which the gas properties are evaluated

• The gas temperature used in the convection equation, (3.27)

3.2.1 Correlation for Time-Averaged Heat Flux

The overall heat-transfer correlation is obtained by the work of Taylor and Toong
studying 19 different engines. They relate the Reynolds number to convective
heat flux and the results are shown in figure 3.1 where the Nusselt number is
plotted against the Reynolds number.

Figure 3.1: Overall engine heat-transfer correlation for different types of IC
engines [12]
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Note that in this figure, ṁ, kg , µg and Tg are mass flow rate, thermal conduc-
tivity of the gas, gas velocity and the mean effective gas temperature, respectively.

Modified Eichelberg Heat Transfer Model

The heat transfer is modeled using the Eichelberg model with some modification
to obtain an increased temperature. This model is as below,

∆Tht = c
V

1
3
mp

√
pintTmixA (Tw − Tmix)

mIV Ccp,IV C
(3.28)

where Vmp is the mean piston speed, pint is the intake manifold pressure and c
is the model constant. Finally, the temperature in the intake manifold can be
computed from the following equation,

Tref = TIV C + ∆Tht (3.29)

where Tref , the reference temperature, is the temperature at the initial point of
∆p method.

3.2.2 Correlation for Instantaneous Spatial-Averaged Heat Flux

The convection itself can be either natural or forced convection. Since the move-
ment of the working fluid in the chamber is governed by an external factor, it
is more reasonable to assume the heat transfer undergoes the forced convection.
Researches have been conducted over the years to determine this heat transfer co-
efficient precisely. Most of the work is aimed at obtaining the spatially-averaged
value for the cylinder, which is the reason they are commonly referred as the
global heat transfer models [18].

Making use of dimensional analysis and some experimental observations, the
general formulation for the forced convection instantaneous heat transfer coeffi-
cient can be written as,

Nu = aRemP rn (3.30)

where Nu, Re and P r are dimensionless Nusselt, Reynolds and Prandtl numbers.
The value for the exponentm has been proposed by different authors, for instance,
m is 0.5 for Elser and Oguri, 0.7 for Annand and Sitkei, 0.75 for Taylor and Toong,
0.8 for Woschni and Hohenberg and so on. A detailed examination of Woschni
correlation is presented in the next section since it is going to be used in this
study.

Woschni Correlation

The Woschni model of heat transfer coefficient is as below [25],

hg = C0B
−0.2p0.8

(
C1Vmp + C2

VdT1

p1V1
(p − pmot)

)0.8

T −0.53 (3.31)
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where p is the instantaneous pressure in bar, Vmp is mean piston speed, B is
cylinder bore and C0 is a value from 110 to 130. The values for C1 and C2 are
given in the following table,

Table 3.1: C1 and C2 Coefficients for Woschni Correlation

Phase C1 [-] C2 [m/s.K]

Intake-Exhaust 6.18 0
Compression 2.28 0

Combustion-Expansion 2.28 3.24 ×10−3

As can be seen in equation (3.31), Woschni has two independent terms for the
gas velocity. The first term is the un-fired gas velocity and is proportional to the
mean piston speed. The second term is the crank-angle, or time, dependent gas
velocity induced by the combustion and is proportional to the pressure difference
between motoring and firing conditions [25].

One of the difficulties in the use of Woschni correlation is its need to deter-
mine the motoring pressure; however, since only heat transfer during the exhaust
and intake processes are considered in this study, the second term in the gas ve-
locity estimation vanishes and the expression becomes less complex. Besides,
compared to the other heat transfer correlations, the Woschni model is less com-
putationally expensive [18].

3.2.3 Correlation for Instantaneous Local Heat Flux

This approach does not rely on the average gas temperature, but needs to deter-
mine the local gas temperature at any time in the cylinder. Another alternative
is to divide the combustion chamber into different zones, each having their own
representative temperature and heat transfer coefficient. This approach is called
zonal modeling, and is typically used for studying the combustion stroke where
the gas can have either burned or un-burned content [12].

3.3 Estimation of Cylinder Wall Temperature

There is also a need for calculating the temperature at the cylinder wall during
the compression stroke since the heat transfer is between the cylinder gas content
and the cylinder wall.

3.3.1 First Method

The cylinder wall thermal state can be determined by the classical techniques;
mounting sensors at different parts of cylinder wall and recording the tempera-
ture anytime needed. However, it is not feasible to do so due to measurement
complexity, cost of sensors that can tolerate extreme conditions in the cylinder
and the degree of their reliability. Instead, numerical models can be a proper
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alternative. In this section, the thermal state of the gas in the cylinder and the
method to predict the cylinder wall temperature are studied.

The method is governed by thermodynamic equations and aims to determine
the crank angle at which the heat transfer between the gas and the cylinder wall
inverts during the compression stroke. In the early part of the compression, the
heat transfer is from the cylinder wall to the gas since the gas temperature is
lower than temperature at cylinder wall. As the compression proceeds, the heat
transfer inverts and the gas temperature becomes higher than the cylinder wall
temperature [1, 3] . The adiabatic condition during the compression stroke, there-
fore, occurs when the net heat flux is zero and the gas temperature approaches
the temperature of the cylinder wall [1, 3].

It is important to note that in this methodology, the time delay between the
cause, temperature gradient, and the effect, zero heat flux, is not taken into ac-
count; however, a more detailed analysis can show that the time at which the
thermal flux is negligible is not necessarily the same as that when there is no
temperature gradient [1, 3].

Additionally, thermal state in the combustion camber is complex, time and
spatial dependent. Accordingly, the temperature at the cylinder wall is depen-
dent on the distance from TDC, with higher temperature close to the TDC where
the combustion initiates [1, 3]. These effects are not considered when calculating
the temperature at the cylinder wall and only one effective wall temperature is
estimated.

According to the first law of thermodynamic, conservation of energy, the inter-
nal energy of the trapped gas mass, dU , can be related to the piston compression
work, δw, and the heat transfer between the piston, cylinder wall and the work-
ing fluid, δQ [1, 3]. The mathematical form of the aforementioned statement is
as below,

dU = δQ − δw (3.32)

This equation, together with the ideal gas law and non-adiabatic polytropic pro-
cess gives the following equation,

δQ = −
k − γ
γ − 1

pdV (3.33)

During the compression stroke, cylinder volume is decreasing while the pressure
is increasing; so, the product of pdV is always negative. Having γ larger than
one, γ ≈ 1.4, the thermal energy is transferred from the cylinder wall to the in-
cylinder gas when k > γ and vice versa [1, 3]. In another words, since the cylinder
wall temperature is higher than the in-cylinder gas temperature at the early phase
of the compression stroke, k will be higher than γ and when the cylinder wall
temperature is lower than the in-cylinder gas temperature, k will be lower than
γ . Consequently, there exists a crank angle at which k = γ corresponding to
the zero heat flux between cylinder wall and gas; thus, the average cylinder wall
temperature is equal to the gas temperature [1, 3].

Investigating the non-adiabatic polytropic compression process at each crank
angle, gas pressure evolves in the following way,
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p (θ − ∆θ)V (θ − ∆θ)k(θ) = p (θ + ∆θ)V (θ + ∆θ)k(θ) (3.34)

Rearrangement of this equation leads the estimation of polytropic index as below,

k(θ) =
log

(
p(θ+∆θ)
p(θ−∆θ)

)
log

(
V (θ−∆θ)
V (θ+∆θ)

) (3.35)

This equation can be used at any crank angle between intake valve closing and
start of injection. Additionally, γ can be obtained in the following way,

γ =
cp (θ)

cp (θ) − R
(3.36)

Figure 3.2 illustrates polytropic index, denoted by m, and specific heat ratio, de-
noted by k, calculated from (3.35) and (3.36), respectively.

Figure 3.2: Polytropic index and Specific Heat Ratio vs. Crank Angle [3]

When using the experimental data, the polytropic index, k, is fluctuating con-
siderably due to the noisy pressure signal. This fluctuations are much larger at
the first stage of the compression stroke. Also note that the polytropic index
approaches γ after a while.

It is clear that pressure is increasing during the compression stroke. However,
looking at the pressure trace at this stage, some negative pressure gradients can
be noticed which is due to the sensor sensitivity. The finding here is that to get a
clear trend for the polytropic index and get a well-defined intersection between
k and γ , a suitable processing of the experimental pressure signals is required.
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To do so, a curve is fitted to the pressure signals during the compression stroke
and the pressure increase is obtained subsequently. Therefore, to get the poly-
tropic index, k, the following equation can be used alternatively,

k(θ) =
log

(
1 + ∆p(θ)

p(θ−∆θ)

)
log

(
V (θ−∆θ)
V (θ+∆θ)

) (3.37)

In this equation, ∆p(θ) can be obtained by processing the experimental pressure
data through the following equation,

∆p(θ) = abθ + c (3.38)

where a, b and c can be determined by a non-linear least square fitting curve
technique [3].

Finally, plotting polytropic, k, and adiabatic, γ , indexes versus the crank an-
gle, the intersection between the two curves gives the crank angle at which the
heat transfer between the cylinder wall and the gas is inverted. Figure 3.3 dis-
plays the polytropic index and specific heat ratio obtained by equation (3.37)
and 3.36, respectively. Looking at the curves, it can be stated that there might be
more than one intersection between the curves; in such a situation, the first in-
tersection is considered as the effective angle at which the heat transfer inversion
takes place [3].

Figure 3.3: Estimated polytropic index and Specific Heat Ratio vs. Crank
Angle [3]

3.3.2 Second Method

This method uses an equation for the cylinder wall estimation with its depen-
dency on the engine speed and torque.
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Tw = c0 + c1Ne + c2T q + c3NeT q + c4Ne
2 + c5T q

2 + ... + crT q
s + ctT q

u (3.39)

where T q is the engine torque and c0, c1, c2, ..., ct are the model constants which
can be obtained by a least square curve fitting function to the experimental data.

3.4 Summary

The main focus in this chapter was to introduce some well-known approaches
for the estimation of cylinder gas content, cylinder wall temperature and distin-
guishing between three models for convective heat transfer coefficient.
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This chapter aims to describe the methodology used for estimating the gas mass
in the cylinder and its composition. The proposed model is based on the esti-
mation of residual and total in-cylinder gas masses. First, experimental setup,
measured data and operating conditions are stated. Next, input data is summa-
rized and the need for parameter initialization is explained. Finally, the assump-
tions, their limitations and the most essential equations used in the model are
presented.

4.1 Experimental Setup

The experiment is conducted in an engine test cell to measure the cylinder pres-
sure and the mass air flow rate in the intake manifold. The in-cylinder pressure
is collected for one complete working cycle as a function of crank angle with the
maximum resolution of one sample per 0.1 degree. The crank angle varies from
-360◦ to 360◦ so that one complete working cycle can be studied. The p-V or in-
dicator diagram visualizes the output of this part of experiment. The experiment
also involves measuring the mean pressure and temperature in the intake and
exhaust manifolds, average engine speed, engine torque, coolant temperature,
air-to-fuel ratio and some other data. Later in the next chapter, all the measured
data will be stated for each test, if they are used in the model.

Figure 4.1 displays the engine configuration and sensor locations. As can be
seen in this figure, the cylinder pressure sensor is only mounted in cylinder 6
while the temperatures and pressures in the intake and exhaust manifold are
measured in all cylinders. Note that turbocharger and turbine are shown for
completion and their specifications are not used in this master thesis.

25
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Figure 4.1: Experimental Setup

4.2 Input Data

The engine investigated is a 12.7 liter inline six-cylinder experimental Diesel en-
gine equipped with four valves per cylinder. The engine specifications and the
length of connecting rod is stated in the following table.

Table 4.1: Engine Geometry for Diesel Engine

Parameter Symbol Value Unit

Cylinder Bore B 0.13 m
Piston Stroke L 0.16 m

Compression Ratio rc 23 -
Displaced Volume Vd 0.0021 m3

Connecting Rod Length l 0.2550 m

The instantaneous volume of the cylinder at crank position θ is obtained from
the following equation,

Vθ = Vc +
πB2

4

(
l + a − (a cos θ +

√
l2 − a2 sin2 θ)

)
(4.1)

where Vc is the clearance, or minimum, volume of the cylinder and a is the crank
radius, where a = L/2. The clearance volume is calculated as below,

Vc =
Vd
rc − 1

(4.2)
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The data set is composed of 12 different operating conditions, each consist of
a number of engine cycles. In total, 60 test cycles are studied as summarized in
the table below.

Table 4.2: Limit Values of the Experimental Data Set

Parameter Unit Lower Value Upper Limit

Engine Speed rpm 1200 1800
Torque Nm 162 2464

Intake Valve Phasing CAD 0 45
Exhaust Valve Phasing CAD -45 0

One of the differences among the tests is the cam phasing and timing adjust-
ment of valve events, where the phase angle of camshaft is shifted forwards or
backwards relative to the crankshaft; therefore, direction of deviation from the
nominal valve events determines whether the valve is opened/closed early or late.
The nominal IVO, IVC, EVO and EVC in the studied engine is -354.7◦, -162.8◦,
144.3◦ and 350.2◦, respectively. Since the cam mechanism is the same for all the
tests, the sooner the intake or exhaust valve is opened, the sooner it is closed and
vice versa.

An early closing of exhaust valve traps more residual gases in the cylinder. De-
spite the aforementioned statement, the longer the exhaust valve is open, the bet-
ter the engine cylinder is emptied and is ready to be filled with the fresh charge
during the next intake stroke [13]. An early opening of intake valve reduces
pumping losses while the late closing of intake valve pushes the cylinder gas
back into the intake manifold [8, 13]. Intake valve events affect the mixing tem-
perature at IVC, cylinder pressure and temperature in the compression stroke,
heat transfer between the gas and neighboring surfaces and the flow from the
intake port into the cylinder. In overall, the timing of both intake and exhaust
valve events is important to determine the engine behavior.

Another difference among some of the aforementioned tests is combustion
phasing. Previous investigations have shown that the ignition timing and com-
bustion phasing affect the engine performance, fuel economy, torque output and
emissions and is the most efficient when 50% of the fresh charge is burned 8◦

ATDC while the engine is running under normal operating conditions [5, 19, 20].

4.3 Pre-processing of in-cylinder pressure signals

Prior to conducting any calculation, the absolute cylinder pressure must be de-
termined precisely, otherwise large errors in the polytropic index computation,
mass fraction burned and charge temperature estimations can be seen [4, 16]. To
avoid these issues, this section addresses methods to correct the measured cylin-
der pressure.
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4.3.1 The Need for Accurate Absolute Pressure Referencing

Piezoelectric sensors are widely used in the engine cylinder pressure measure-
ments due to their accuracy, fast response time, high durability, appropriate size,
bandwidth and low sensitivity to the environmental conditions; however, they
only measure the pressure change, not the absolute/total pressure [4, 16]. Since
the method proposed in this work is based on the total pressure everywhere in
the cylinder, some referencing or pegging of the measured cylinder pressure is
essential.

4.3.2 Pressure Offset

The determination of pressure offset is also known as pegging the pressure sig-
nal or cylinder pressure referencing and can be done in many different ways,
the most prominent of which are the so-called Inlet Manifold Pressure Refer-
encing (IMPR) near BDC, Polytropic Index Pressure Referencing (PIPR), exhaust
manifold pressure referencing near exhaust TDC, absolute cylinder transducer
referencing exposed to the cylinder charge near BDC and so on [4, 15]. Even-
though none of these methods are suitable for all operating conditions, the first
two above-mentioned methods are the most widely used ones [4, 16].

IMPR method is to reference the experimentally-obtained cylinder pressure to
the intake manifold pressure before inlet valve closes [15]. To measure the intake
manifold pressure, there are several possibilities such as using one single sensor
that is mounted in the inlet plenum measuring the intake manifold pressure for
all the cylinders or use of multiple sensors, one for each cylinder [4]. The merit of
this method is its relative simplicity; in contract, its drawback is that the method
may become insufficient when the ram effect is considerable [4, 15].

Note that the potential errors by use of this referencing method originate from
the deficiencies in measuring intake manifold pressure, intake manifold pressure
differences between individual cylinders as well as the error(s) in measuring the
cylinder pressure throughout the working cycle [4].

One of the important points at this stage is that the pressure referencing must
be done at crank angles where the in-cylinder pressure is constant, for instance
where both the intake manifold and cylinder pressure are roughly the same or
have the approximately constant difference [15]. The pressure referencing is typ-
ically carried out at/around BDC where the difference between the intake mani-
fold pressure and the cylinder pressure is the lowest. According to [4], the best
interval is -167◦ to -162◦ BTDC, but IVC sometimes happens at -163◦ BTDC in
the investigated tests in this study, so the proposed interval is from -170◦ to -165◦

BTDC. The pressure trace in this interval is also examined in order to ensure that
it remains fairly constant.

4.4 Assumptions

1. It is assumed that the ideal gas law can be used everywhere in the engine
thermodynamic cycle. The ideal gas is a hypothetical gaseous substance
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whose molecules do not occupy any volume and the inter-molecular forces
are zero [23]. It is obvious that this assumption is only valid at low pres-
sures since the spacing between the gas molecules is large enough that they
do not collide. The ideal gas law lacks accuracy at high pressures or low
temperatures since the interaction between gaseous components becomes
significant [23].

2. The cylinder composition remains unchanged during the exhaust process,
from EVO to EVC. This assumption is only valid when the engine is running
under negative valve overlap conditions, otherwise the fresh air entering
the cylinder affects the cylinder gas composition largely. In such situations,
this assumption is valid only from EVO until IVC.

3. Cylinder wall temperature is assumed to be constant and uniform for each
cycle and varies only by the operating conditions. In another word, it is
assumed that the variations in the cylinder wall temperature can be ignored
compared to the variations in the gas temperature [7]. However, in reality,
the cylinder wall temperature is dependent on the mode of process in the
cylinder and is a function of its distance from the TDC, where combustion
initiates.

4. The engine runs at stationary conditions such that the transport properties
of the cylinder gas at the start of each cycle is the same as those at the end
state of that cycle.

5. Quasi-steady heat transfer model is considered both for the fresh air and
the residual gases. Under this assumption, the lag between heat flux and
the change in the gas temperature can be neglected.

6. All the heat transfer is between the gas and the cylinder wall, both for
the residual and the fresh air gas. However, when the cylinder pressure
is higher than the pressure when intake valve opens, the residual gas trav-
els into the intake port and the heat is transferred from the residual gas
either to the intake port or to the fresh charge. This charge, then, returns
back to the cylinder when the pressure difference is reversed.

7. Variations in the gas temperature and velocity across the combustion cham-
ber is neglected, especially when modeling the heat transfer. Therefore, gas
properties are instantaneous spatially-averaged parameters.

8. Only convection is taken into account during the gas exchange process and
radiation is neglected.

9. Crevice effects are ignored and the blow-by is assumed to be zero.

4.5 Chemical Reaction

Burned gas fraction, ideal gas constant and specific heat of the cylinder gases are
composition-dependent and the determination of them requires comprehensive
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analysis of the cylinder gas content at each stroke. The combustible mixture is
composed of the fresh air, fuel and residual gas while the composition of the
combustion products can be determined by applying the conservation of mass
for each chemical components during the power stroke. For this purpose, the
combustion reaction is studied in this section.

It is assumed that the air is composed of 21% oxygen and 79% nitrogen by
volume [12]. With the presence of fuel and sufficient amount of air, chemical
reactions start when the temperature is high enough. Since the chemical reaction
is dependent on the equivalence ratio before combustion starts, two cases are
investigated based on the existence/absence of excess air.

If sufficient air is available, carbon and hydrogen in the fuel are converted into
CO2 and H2O, respectively. This statement implies that all the fresh air burns
during combustion at stoichiometric conditions. For Diesel fuel at stoichiometric
condition, the chemical reaction can be written as,

C10.8H18.7 + 15.475(O2 + 3.773N2) = 10.8CO2 + 9.35H2O + 58.387175N2 (4.3)

In the presence of excess air, not all the air burns, for which, the chemical reaction
is as follows,

C10.8H18.7 + 15.475λ(O2 + 3.773N2) = 10.8CO2 + 9.35H2O+

58.387175N2 + (λ − 1)
10.8 × 2 + 9.35

2
(O2 + 3.773N2) (4.4)

where λ is air-to-fuel equivalence ratio. It can be stated that despite equation
(4.3), the excess air is presented in the right-hand-side of equation (4.4). The two
equations (4.3) and (4.4) can be lumped into one single equation regardless of
existence/absence of excess air. In general fashion, for any fuel with any equiva-
lence ratio, the following chemical reaction holds,

CaHb + (a +
b
4

)(O2 + 3.773N2) = aCO2 +
b
2
H2O + 3.773(a +

b
4

)N2 (4.5)

Note that the coefficients in all the three aforementioned equations are calcu-
lated by the molar balance of components between the reactants and products.
Given the fuel and equivalence ratio, the coefficients in equation (4.5) can be de-
termined.

4.6 Ideal Gas Constant, Specific Heat in Constant
Pressure/Volume and Burned Gas Fraction

Since the ideal gas constant is composition-dependent, the ideal gas constant of
the burned gas differs from that of the fresh air. These two constants are obtained
from the following equations.
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Rburned =
aCO2RCO2 + bH2ORH2O + cN2RN2

aCO2 + bH2O + cN2
(4.6)

Rair =
3.773N2RN2

+ RO2
O2

3.773N2 + O2
(4.7)

In these equations, the molecular weight of the compositions are indicated by
their chemical formula. It is also worth to mention that for diesel fuel, a, b and c
are 10.88, 9.35 and 58.387175, respectively.

The specific heat in constant pressure and volume are both composition- and
temperature-dependent. The specific heat of burned gas and air in constant pres-
sure is as follows,

cp,air (T ) =
O2cp,O2(T ) + 3.773N2cp,N2(T )

O2 + 3.773N2
(4.8)

Similarly, the specific heat of the burned gases in constant pressure can be ob-
tained from the following equation,

cp,burned(T ) =
aCO2cp,CO2

(T ) + bH2Ocp,H2O(T ) + cN2cp,N2
(T )

aCO2 + bH2O + cN2
(4.9)

According to [12], the specific heat of the species in equations (4.8) and (4.9) can
be obtained from the general equation,

cp,i(T ) = Ri
(
ai1 + ai2T + ai3T

2 + ai4T
3 + ai5T

4
)

(4.10)

and the constants in this equation are taken from table 4.10 [12]. Finally, the
specific heat of different species are as below,

cp,CO2
=



RCO2
(0.24 × 101 + 0.873 × 10−2T

−0.66 × 10−5T 2 + 0.2 × 10−8T 3

+0.632 × 10−15T 4)
if 300 < T [K] < 1000,

RCO2
(0.44 × 101 + 0.309 × 10−2T

−0.123 × 10−5T 2 + 0.227 × 10−9T 3

−0.155 × 10−13T 4)
if 1000 < T [K] < 5000.

cp,H2O =



RH2O(0.407 × 101 − 0.11 × 10−2T
+0.415 × 10−5T 2 − 0.296 × 10−8T 3

+0.807 × 10−12T 4)
if 300 < T [K] < 1000,

RH2O(0.271 × 101 + 0.294 × 10−2T
−0.802 × 10−6T 2 + 0.102 × 10−9T 3

+0.484 × 10−14T 4)
if 1000 < T [K] < 5000.
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cp,N2
=



RN2
(0.367 × 101 − 0.120 × 10−2T

+0.232 × 10−5T 2 − 0.632 × 10−9T 3

−0.225 × 10−12T 4)
if 300 < T [K] < 1000,

RN2
(0.289 × 101 + 0.151 × 10−2T

−0.572 × 10−6T 2 + 0.998 × 10−10T 3

−0.652 × 10−14T 4)
if 1000 < T [K] < 5000.

Finally, the specific heat at constant volume is obtained from the following rela-
tion,

cv,i (T ) =
cp,i (T )

cp,i (T ) − Ri
(4.11)

To calculate the specific heats, cp and cv , of the gas at any point in the cylinder,
one should know how much of the total gas is burned gases. Thus, the burned gas
fraction is an important parameter and is defined as the burned gas mass divided
by the total gas mass in the cylinder at any time instant. This implies that the
burned gas fraction is highly influenced by the amount of fresh charge, the domi-
nant fraction of total in-cylinder gas mass, and is not constant during the working
cycle. For instance, cp of the gas at EVC differs from that at IVC since in the latter
point, the fresh charge is added to the residual gases. Furthermore, when the
engine works under lean condition, burned gas fraction is lowered within higher
λ. In general, the burned gas fraction, denoted by xb, can be obtained from the
following equation,

xb =
mb
mtot

(4.12)

Right after combustion completes until the exhaust valve opens, xb,res can be
obtained from the following equation,

xb,res =
(AF)s + 1
λ(AF)s + 1

(4.13)

It is assumed that the gas composition is well-mixed after combustion so that
when the exhaust valve opens, the burned gas fraction remains unchanged and
therefore,the aforementioned equation is valid until the intake valve opens. How-
ever, when the intake valve opens, this assumption is not valid anymore since the
fresh charge is added to engine cylinder and this influences the burned gas frac-
tion considerably. In this case, one should first calculate the amount of burned
gas at the instant of exhaust valve closing as below,

mb = xb,resmEV C (4.14)

This value can be used to calculate the burned gas fraction when the intake valve
closes as shown below,
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xb,IV C =
mb
mIV C

(4.15)

Finally, cp,EV C and cp,IV C can be obtained from the equations stated below,

cp,EV C = xb,rescp,b +
(
1 − xb,res

)
cp,air (4.16)

cp,IV C = xb,IV Ccp,b +
(
1 − xb,IV C

)
cp,air (4.17)

4.7 Residual Gas Mass

It is assumed that the exhaust temperature is propagated from the exhaust man-
ifold to the engine cylinder such that the temperature at EVC equals the temper-
ature in the exhaust manifold, the residual gas mass can be obtained from the
following equation,

mEV C =
pEV CVEV C
REV CTem

(4.18)

However, the pressure in the exhaust manifold differs with that of the cylin-
der gas at the instant of EVC. This implies that the aforementioned assumption,
Tem = TEV C , should be modified to better predict the residual gas mass. The
temperature at EVC can be estimated from the following equation,

TEV C = Tem

(
pem
pEV C

) 1−γ
γ

(4.19)

where γ is the heat capacity ratio of residual gas at TEV C . Since this temperature
is still unknown, γ can be approximated at Tem for the initial guess. To avoid
making any assumption at this step, an iterative method is needed to adjust γ and
TEV C until a certain level of convergence is reached. The output of this iterative
method is the TEV C , its corresponding γ and residual gas mass.

According to equation (4.19), if pEV C is lower than pem, TEV C is lower than
Tem and vice versa. Therefore, if one uses Tem instead of TEV C , the residual gas
mass is under-estimated when pEV C is lower than pem and over-estimated when
pEV C is higher than pem.

Besides, note that equation (4.18) is only valid when no valve overlapping oc-
curs and a special consideration should be done when blow-by, or positive valve
overlapping, happens.

4.8 Heat Transfer Model

Since the heat transfer during the gas exchange process is of interest, there is no
need to study the burned and un-burned zones separately so that a single zone
model is sufficient [18]. However, the heat transfer is divided into two parts, one
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is to simulate the heat transfer of residual gases from EVC to IVC and the second
is the heat transfer of the fresh air from IVO to IVC.

The heat transfer is modeled using instantaneous spatially-averaged Woschni
correlation both for the residual and fresh charge gases with some minor mod-
ifications. Instead of using the instantaneous properties of the gas, their mean
properties are used to obtain the average heat transfer coefficient. To get the total
heat transfer over each cycle, the instantaneous heat transfer coefficient must be
integrated over time. To do so, equation (3.31) must be divided by the engine
speed which can be substituted by the following equation,

Ne =
60Vmp

2L
(4.20)

where Ne is the engine speed in revolutions per minute, Vmp is the mean piston
speed in meter per second and L is the stroke length. Accordingly, the average
heat transfer coefficient can be obtained from the following equation,

dhmean = CLB−0.2p0.8V −0.2
mp T −0.546 (4.21)

This equation is valid for both components, the fresh air and the residual gases.
Note that B is the cylinder bore and p and T are the mean pressure and tem-
perature of the gas, respectively. Besides, the model tuning, C, is found using
a non-linear least square curve fitting to the errors in the air mass estimation.
Determining the temperature of the fresh charge and residual gas after the heat
transfer, it is time to mix the two gases together until they build a homogeneous
content.

4.9 Total In-Cylinder Trapped Gas Mass

According to the ∆p method, shown in equation (3.5), the temperature at the ini-
tial point must be known. Accurate estimation of this temperature is challenging
since it is dependent on the heat transfer and pressure rise from IVC to the initial
point, which are both related to the operating condition [2]. To determine this
temperature, the following steps have been performed.

When intake valve opens, the mixing and heat transfer is done concurrently.
To simplify these two processes, it is assumed that the entire mixing occurs at
IVC. At this time, the balance of energy can be written as,

mIV Ccv,IV CTIV C = maircv,airTair + mEV Ccv,resTres (4.22)

where the temperatures Tair and Tres are those after heat transfer is completed.
Since the aim is to calculate TIV C from the above-mentioned equation, both sides
of this equation is divided by mIV Ccv,IV C . Additionally, mair can be substituted
from the following equation,

mair = mIV C −mEV C (4.23)
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As discussed in section 4.5 by equation (4.13), the residual gases are composed
of the burned gas and air. Having said that, mair represents for the fresh charge
entering the cylinder during the intake stroke. Finally, mIV C can be written as
below,

mIV C =
pIV CVIV C
RIV CTIV C

(4.24)

Insertion of mair and mIV C from equations (4.23) and (4.24) into equation (4.22)
and rearrangement of the resultant equation yields,

TIV C = Tair
cv,air
cv,IV C

+
mEV CRIV CTIV C
pIV CVIV C

(
cv,resTres
cv,IV C

−
Taircv,air
cv,IV C

)
(4.25)

As mentioned previously, all the temperatures in equation (4.25) are those after
the heat transfer is completed So that Tres differs from TEV C and Tair is not the
same as that in the intake manifold.

It is also important to note that to use the equation (4.25) for the first try,
special consideration is needed because cv,IV C cannot be quantified accurately at
this step since the mass of air sucked into the cylinder during the intake stroke is
unknown and more importantly, TIV C is presented in both sides of the equation.

One solution is to conduct an iterative method and replace cv,IV C
cv,air

with one in
the first iteration and make initial guess for the temperature at IV C. The second
alternative is to use the following equation for the total gas mass at IV C,

mIV C =
pIV CVIV C
RairTim

(4.26)

From this equation, the air mass is the difference between the total mass and the
residual gas mass. Consequently, the burned gas fraction at IV C can be calcu-
lated and the temperature at IV C can be obtained from the following simplified
equation,

TIV C = TEV Cxb,IV C + Tim(1 − xb,IV C) (4.27)

This temperature can be used in ∆p method to obtain the total mass in the cylin-
der. Subsequently, fresh charge mass can be computed by subtracting the resid-
ual gases mass from the total trapped gas mass. This mass of air can be used to
estimate cv,IV C in the second iteration. This iterative method can be continued
until a desirable level of convergence is reached. At the end, the temperature at
the intake valve closing, the total mass trapped in the cylinder and the mass of
fresh charge are obtained.

Another challenge in this step is the selection of points a and b for the ∆p in-
terval. Previous works and some preliminary investigations in this master thesis
have shown that moving the point b towards TDC can give a better accuracy in
the total mass estimation and lower the sensitivity of the method to points a and
b; however, the probability of interfering with the fuel injection time gets higher
[2]. If point a gets close to the IVC, the accuracy of the method decreases due to
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the wave effects of the intake process and the uncertainty in the actual time of
intake valve closing [2].

In this study, two intervals are examined, one is from IV C to 70◦ BTDC and
the second interval is from 70◦ to 50◦ BTDC. Moreover, to obtain the polytropic
coefficient, a polytropic relationship between the pressure and volume of cylinder
is considered as shown below,

pV k = constant (4.28)

Taking the logarithm from both sides of this equation yields,

log(p) + klog(V ) = log(c) (4.29)

Equation (4.29) in the vector-matrix fashion can be written as below,
log(V1) −1
log(V2) −1

...
...

log(Vn) −1

 ×
[

k
log(c)

]
=


−log(p1)
−log(p2)

...
−log(pn)

 (4.30)

which is equivalent to,

Ax = b (4.31)

where A and b are the non-square matrices and x is the unknown vector. To
compute x, both sides of equation (4.31) can be multiplied by transpose of matrix
A as following,

ATAx = AT b (4.32)

where ATA is a square matrix and possibly invertible; therefore, x is computed
from the following equation,

x = (ATA)−1AT b (4.33)

Finally, the first element in the vector x is the polytropic index during compres-
sion.

4.10 Cylinder Wall Temperature

Both methods explained in the previous chapter, section 3.3, were investigated in
this master thesis. The second method, indicated by equation (3.39) was found
more reliable in a wide range of operating conditions. The first method mostly
gives cylinder wall temperature lower than the coolant temperature which is not
physically possible. According to this finding, the following equation is imple-
mented for estimation of cylinder wall temperature,

Tw = c0 + c1Ne + c2T q (4.34)
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As it is indicated, there is a linear dependency of cylinder wall temperature on
the engine speed and the engine torque.

4.11 Temperature at 70◦ BTDC

As stated previously in this chapter, two intervals are investigated for examining
∆p method. The first interval, which is selected from IVC to 70◦ BTDC, uses
the temperature at IVC based on equation (3.5). This temperature is estimated
according to the method explained in section 4.9. However, the second interval
is selected from 70◦ until 50◦ BTDC, where the temperature at 70◦ BTDC must
be determined. This temperature can be calculated in three different ways.

The first method is based on a polytropic compression from IVC to 70◦ BTDC
according to the following equation,

T−70 = TIV C(
VIV C
V−70

)(k−1) (4.35)

where k is the polytropic index and can be computed from equation (4.30) using
the measured cylinder pressure and volume from IVC to 70◦ BTDC. An alterna-
tive is to use the ideal gas law to compute the temperature change from IVC to
70◦ BTDC as indicated below,

∆T =
p−70V−70 − pIV CVIV C

mIV CRIV C
(4.36)

and,

T−70 = TIV C + ∆T (4.37)

The last suggestion is to make an average of the two aforementioned methods.

4.12 Cycles With Positive Valve Overlap

As mentioned previously in this chapter, the second assumption stated in section
4.4 becomes invalid for the cycles with positive valve overlap. In these cycles,
scavenging or back-flow influences the gas composition from IVO to EVC and
their effect may not be negligible. Therefore, ideal gas constant and specific heat
in constant pressure and volume vary from the start until end of valve overlap.
The burned gas fraction also changes during the valve overlap since neither the
composition of the gas nor the amount of total gas in the cylinder remains con-
stant. In such cases, the burned gas fraction should be estimated differently since
lambda is affected by the scavenged gas and is not the representative of the gas
composition right after combustion completes.

Regarding the experimental data, the mass air flow meter mounted in the
intake manifold does not measure the air mass trapped the engine cylinder since
this mass might travel directly into the exhaust manifold.
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In overall, additional model is required to model the gas mass that travels
through either of the valves during the valve overlap. This mass can be the scav-
enging of fresh charge or back-flow of the exhaust gas. To measure this mass, the
timing of intake and exhaust valves are essential factors [17]. Overlap Factor (OF)
defines the magnitude of valve overlap according to the following equation,

OF =

IV=EV∫
IV O

Aintdθ +

IV C∫
IV=EV

Aexhdθ (4.38)

where Aint and Aexh are the effective opening areas of the intake and exhaust
valves, respectively. IV=EV denotes for the crank angle at which the intake valve
opening area equals to the exhaust valve opening area. The figure below demon-
strates an example of intake and exhaust effective valve areas.

Figure 4.2: Overlap Factor [17]

The OF together with the conditions at intake and exhaust manifold and en-
gine speed determine the degree of scavenging or back-flow.
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Results and Discussion

Before presenting any result, it is more convenient to indicate, characterize and
name the studied tests as shown in the following table.

Table 5.1: A Complete Set of Tests

Test Number

Operating Condition Cam Phasing

Engine Speed Engine Torque [Intake; Exuast]

[rpm] [Nm] [CAD]

1 1200.0430 2464.1250 [0, 0]

2 1200.0670 2464.1320 [0, 0]

3 1200.0510 560.5019 [0, 0]

4 1200.0570 1163.7790 [0, 0]

5 1200.0490 1753.8040 [0, 0]

6 1200.0730 362.1437 [15, -15]

7 1200.0650 162.4362 [15, -15]

8 1800.0200 317.3793 [15, -15]

9 1200.0570 163.5386 [30, -30]

10 1200.0610 363.9020 [30, -30]

11 1800.0280 319.8585 [30, -30]

12 1200.0660 164.1016 [45, -45]

As it is evident, two engine speeds, 1200 and 1800 rpm have been investigated
together with a wide range of engine torques, covering the low-load operating
conditions such as the tests 7, 9 and 12 to the high-load cases such as the tests 1,

39
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2 and 5. Also, various symmetric intake and exhaust cam phasings are analyzed.
The positive values shown in last column of table 5.1 are referred to as the late
valve events, when compared to the cycles with the nominal valve events, and the
negative values stand for the early valve events. Thus, the intake valve is typically
opened and closed late while the exhaust valve is opened and closed early. Lastly,
the other recorded experimental data are listed in table 5.2.

Table 5.2: Other Experimental Data

Test
Number

Intake Manifold Exhaust Manifold Coolant
Temperature Lambda ṁair

Pressure Temperature Pressure Temperature

[kP a] [K] [kP a] [K] [K] [−] [g/s]

1 316.2375 304.9772 276.8005 773.9854 362.8984 1.8252 69.9115

2 289.5136 303.5989 249.9209 742.1706 362.8175 1.7066 63.0970

3 134.1495 301.7718 134.8955 541.3159 362.9136 2.9581 29.0382

4 172.5897 301.3046 158.2876 630.0424 362.9158 2.0729 37.4630

5 217.2658 301.9391 189.9173 675.5197 362.8508 1.7882 46.9722

6 127.7021 305.3910 125.4718 515.3054 363.1999 3.5082 25.0644

7 120.4159 305.6108 121.8454 457.4648 362.8722 5.1491 23.3166

8 160.5840 305.6379 165.1085 520.1937 362.9640 3.9781 46.7015

9 115.7748 311.3936 114.4464 505.9361 363.1540 3.8479 18.0228

10 122.8459 311.2487 117.4254 578.1778 363.1500 2.6417 19.5777

11 108.4183 309.9792 112.8300 650.9227 363.2034 2.2035 26.1392

12 116.3556 321.1160 111.2568 572.4808 363.1554 2.8417 14.1876

As mentioned before, the pressure trace, the intake and exhaust manifold tem-
perature and pressure, coolant temperature, λ and mass air flow rate in the intake
manifold are measured for each test. It is important to note that the coolant tem-
perature is measured before and after absorbing heat from the cylinders while
the values indicated in the table above are those after the heat is transferred to
the coolant.

It can be seen from table 5.2 that even-though the intake manifold tempera-
ture varies slightly among the tests, the exhaust manifold temperature changes
largely. This is due to the fact that the boost condition is only dependent on the
atmospheric temperature/pressure and turbocharger characteristics while the ex-
haust condition is highly influenced by the previous combustion and mean tem-
perature of the gas which are largely varying by operating conditions. Having
said that, test 12 is an exception since the intake manifold temperature is rela-
tively higher than that in the other tests; in this test, the exhaust valve opens and
closes 45◦ earlier than normal; this means that more residual gases are trapped
and re-compressed after EVC. Therefore, when the intake valve opens, the resid-
ual gas mass with high pressure and temperature travels from the engine cylinder
into the intake port, mixing with the fresh air and increasing the temperature in



5.1 Experimental Data 41

the intake manifold.
The coolant temperature stands relatively constant at 363K with a slight vari-

ation among the tests. Also note that ṁair indicated in table 5.2 is the mass air
flow rate per each engine cylinder.

Additionally, since the same fuel is used for all the tests, the higher lambda
value, the higher amount of air mass measured during the experimental phase.
Last but not least, the amount of air that flows in the intake port is the same as
that trapped the cylinder during the intake stroke since there is a negative valve
overlap in all the tests.

To compute the total amount of air entering the cylinder in each cycle, the
following equation is used,

mair =
2πnr ṁair

Ne
(5.1)

where nr is 2 for the four-stroke engines, as mentioned in chapter 3. Equation
(5.1) gives the measured mass of air because the air mass flow rate is obtained
from measurements.

Note that each test itself includes a number of tests with a slight change in
the operating conditions and in total, 60 cycles are investigated. However, to
emphasize on the most important findings, only the results of some of the tests
are presented in this chapter and the reader is referred to Appendix B for the
complete set of results of all the studied tests.

5.1 Experimental Data

At the very early stage of this study, the outputs from experiment are visualized
and the results are indicated in figure 5.1.

The first plot in this figure demonstrates the pressure curve as a function of
crank angle. This pressure curve is averaged over approximately 50 cycles and
it can be clearly seen that the pressure during combustion and at the late phase
of compression strokes is substantially larger than that during the intake and
exhaust strokes.

The second plot indicates the low pressure zoom of the first plot together with
the time-averaged intake and exhaust manifold pressures. This plot provides
some information about the flow direction from the cylinder to the manifolds
and vice versa. For instance, if the cylinder pressure is lower than the intake
manifold pressure, the flow travels from the cylinder into the intake manifold
while the intake valve is open.

The third and fourth plots displays the p-V, or indicator, diagram and cylinder
volume resolved by the crank angle, respectively. Finally, the fifth plot reveals the
intake and exhaust valve lift profiles after considering the influence of valve lash.
Based on the discussion in section 4.12, this plot determines the magnitude of
OF in the engine cycles with positive valve overlap. This value together with the
relation among the intake, exhaust and cylinder pressure assesses the gas flow
direction during the valve overlap and appoints if any back-flow or scavenging
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happens. Identifying mass distribution, a better model of heat transfer can be
performed.
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Figure 5.1: Experimental Data and Demonstration of Pressure Trace, Indi-
cator Diagram, Cylinder Volume and Valve Events for Test 2

Additionally, the magnitude of peak cylinder pressure is dependent on the
operating condition and torque request while its position is dependent on the
fuel injection time. These phenomena are demonstrated in figure 5.2, in which
the pressure trace of all the 12 examined tests are shown.
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Figure 5.2: Cylinder pressure trace for all the 12 Tests

Considering the first and last plot in figure 5.1, the cylinder pressure and
cylinder volume when valve events happen can be obtained. Tables 5.3 and 5.4
summarize the in-cylinder pressure and volume at IVO, IVC, EVO and EVC.

Table 5.3: Volume at the Opening and Closing of Intake and Exhaust Valves

Test Number
VIV O VIV C VEVO VEV C

[L] [L] [L] [L]

1 0.1025 2.1874 2.0779 0.1169
2 0.1025 2.1874 2.0779 0.1169
3 0.1025 2.1874 2.0779 0.1169
4 0.1025 2.1874 2.0779 0.1169
5 0.1025 2.1874 2.0779 0.1169
6 0.1826 2.1046 1.9322 0.2239
7 0.1826 2.1046 1.9322 0.2239
8 0.1826 2.1046 1.9322 0.2239
9 0.3479 1.9708 1.7367 0.4115

10 0.3479 1.9708 1.7367 0.4115
11 0.3479 1.9708 1.7367 0.4115
12 0.5802 1.7866 1.4963 0.6594
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Table 5.4: Pressure at the Opening and Closing of Intake and Exhaust Valves

Test Number
pIV O pIV C pEVO pEV C

[kP a] [kP a] [kP a] [kP a]

1 266.5343 315.5803 1084.8910 240.0704
2 242.1418 290.6017 954.3026 212.3063
3 130.7678 134.1567 303.5499 138.4930
4 159.4059 173.1265 483.2966 152.7873
5 189.8300 218.2347 650.4872 170.4631
6 136.1273 130.6067 272.6716 170.3414
7 149.0345 123.5706 211.4204 177.5874
8 271.5619 163.7019 319.1515 289.7227
9 169.6438 114.6138 224.0623 178.5535

10 160.3805 121.9128 284.0463 173.0444
11 189.9538 114.7839 283.5926 192.8096
12 132.8442 116.0474 264.8685 152.0443

The four pressures presented in table 5.4 are both dependent on the cylinder
volume and cylinder gas mass. During the intake stroke, the cylinder volume
increases meanwhile the air is entering the cylinder. In high-load tests, i.e. tests
1 and 2, runners and throttle become less restrictive to allow a higher amount of
fresh air entering the cylinder and to produce more power. This large air mass
compensates for the influence of volume increase such that the cylinder pressure
increases from IVO to IVC. In contrast, the pressure decreases during the intake
stroke in low-load tests and this is due to the fact that less amount of fresh air
enters the cylinder in these tests. This phenomenon is addressed later in this
chapter when the results of estimated air for each test are presented.

It can be seen from table 5.4 that the cylinder pressure at EVC is well-below
that at EVO for all the tests. The high load tests generate higher pressures during
the combustion stroke and the subsequent result is the higher pressures at EVO.
This effect is even more pronounced when the exhaust valve opens earlier than
normal. The opposite situation happens either when the torque requested from
the engine is low or the exhaust valve opens with delay.

5.2 Pressure Pegging

As explained in the previous chapter, pressure pegging is essential to obtain the
correct/absolute pressure at any crank angle/time. In this study, the intake man-
ifold pressure referencing method is implemented to the raw measured pressure
signals and the figure below illustrates both the experimental and corrected pres-
sure curves over the entire working cycle.

As can be clearly seen, the pressure correction has a large influence on the
pressures in the intake and exhaust strokes compared to those in the compression
and combustion strokes.
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Figure 5.3: Raw versus Corrected Cylinder Pressure Trace for Test 2

5.3 Total Gas, Fresh Air and Residual Gas Mass

The aim in this section is to present the total estimated gas mass in the cylinder
and its composition. Since the results of mass estimation determine whether the
purpose of this master thesis is fulfilled or not, a complete set of results is shown
in table 5.5.

As stated earlier, the total and residual gas masses are modeled on a thermo-
dynamic basis and the difference between them determines the fresh air entering
the cylinder in each operating cycle. This air mass is a factor of how precise the
model is since the estimated air mass is compared with that obtained by measure-
ment.

It is also important to mention that all the errors shown in table 5.5 are the
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relative errors and are generally obtained from the following equation,

Error% =
T heoretical − Experimental

Experimental
× 100 (5.2)

The total in-cylinder gas mass is estimated by five different approaches. The
first approach applies the ideal gas law at intake valve closing. The second alter-
native implements the ∆p method between intake valve closing and 70◦ BTDC.
The three last approaches apply the ∆p method from 70◦ to 50◦ BTDC while
the initial temperature is obtained in three different ways following the method
explained in section 4.11.

The results shown in this section are the average over the five aforementioned
ways and a more detailed set of results are presented in Appendix B. The benefi-
cial feature of calculating the mean error is that the error can be reduced when
the air is under-estimated by some alternatives and over-estimated by others. In
another words, the deficiencies of an alternative are lowered and the predicted
air mass is closer to the reality.

Table 5.5: Total Gas, Fresh Air and Residual Gas Mass

Test
Number

Estimated Measured Error
in

Air Estimationmtot mres mair mair

[gr] [gr] [gr] [gr] %

1 6.9763 0.1308 6.8455 6.9909 -2.0795

2 6.4080 0.1213 6.2867 6.3094 -0.3583

3 3.0112 0.1032 2.9080 2.9037 0.1481

4 3.8666 0.0995 3.7670 3.7461 0.5580

5 4.8453 0.1055 4.7398 4.6970 0.9106

6 2.7587 0.2370 2.5217 2.5063 0.6152

7 2.6305 0.2724 2.3581 2.3315 1.1394

8 3.4184 0.3731 3.0453 3.1134 -2.1874

9 2.2416 0.4480 1.7936 1.8022 -0.4793

10 2.3497 0.3871 1.9625 1.9571 0.2484

11 2.1093 0.3705 1.7388 1.7426 -0.2172

12 1.9841 0.5610 1.4231 1.4187 0.3140

In general, the operating condition defines how much air is needed for the
next cycle to generate the requested torque at the wheel to be able to run the
vehicle forward. According to table 5.5, tests 1, 2 and 5 demand the highest
torques from the engine; therefore, the highest amount of air is estimated in these
tests.
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Moreover, the earlier the exhaust valve closes, the more residual gases are
trapped in the engine cylinder and vice versa. This statement is in complete
agreement with the results indicated in table 5.5. Test 1 with the latest exhaust
valve closing has the lowest amount of residual gas while test 12 with the earliest
exhaust valve closing traps the highest amount of residual gas mass and the for-
mer is five times smaller than the latter. The finding here is that the cam phasing
controls the amount of residual gas mass considerably.

It can be also seen from table 5.5 that the magnitude of the fresh air is much
larger than that of the residual gas. Therefore, the former has a larger impact
on the amount of total mass than the latter. This explains why test 1 with the
highest amount of air has the highest amount of total gas mass and test 12 with
the lowest amount of air has the lowest amount of total gas mass.

The negative values in the air estimation error refer to the under-estimation of
air mass by the model while the positive values show the over-estimation. More
importantly, the relative error between the estimated and measured air mass is
well-below 1% in average, being around 1% in one of the tests and reaches the
maximum of 2% in two of them.

It is also important to note that the reason for getting high error, around 2%
in two of the tests, is due to the fact that the error in all the above-mentioned
approaches have the same sign for these tests and could not help to lower the
average error. Finally, it is worth mentioning that this model works properly for
the cycles with symmetric cam phasing and negative valve overlap. A special
consideration needs to be taken for the tests with asymmetric cam phasing or
with positive valve overlap.

5.4 Composition Fraction

As mentioned in chapter 4, the burned gas fraction is not constant over the en-
tire working cycle due to the fact that the amount of the burned gas and the
total in-cylinder gas mass vary over the working cycle. To be precise, the burned
gas fraction has its minimum value at the start of combustion and increases to
a relatively large value when combustion completes. This value, then, remains
constant until the exhaust valve opens since neither the burned gas nor the total
mass in the cylinder changes. Under the second assumption stated in the previ-
ous chapter, the gas composition remains unchanged from EVO to EVC which
means both the exhaust gas and the in-cylinder gas have the same composition.
Consequently, the burned gas fraction from the completion of combustion until
IVO is constant and called the burned gas fraction in the residual gas. From IVO
until IVC, the fresh charge enters the cylinder; accordingly, the burned gas frac-
tion decreases due to the increase of the total mass. Finally, this value remains
constant until the next combustion initiates and is called the burned gas fraction
after IVC.

According to the explanation above, two burned gas fractions, xb,res and xb,IV C ,
are presented in table 5.6. The former corresponds to the burned gas fraction be-
fore intake valve opens and the latter is that after IVC.



48 5 Results and Discussion

Table 5.6: Composition Fraction

Test
Number

mair λ xb,res xb,IV C

[gr] [−] % %

1 6.8 5 1.8252 56.4336 1.0527

3 2.9080 2.9581 35.3134 1.2077

6 2.5217 3.5082 29.8821 2.5566

8 3.0453 3.9781 26.4131 2.8626

9 1.7936 3.8479 27.2906 5.4206

11 1.7388 2.2035 47.0400 8.1782

12 1.4231 2.8417 36.7252 10.3596

According to equation (4.13), the burned gas fraction in the residual gas mass
is inversely proportional to the air to fuel equivalence ratio, λ. Therefore, in test
8 with the highest λ, the burned gas fraction in the residual gas is the lowest.
In contrast, test 1 with the lowest λ has the highest burned gas fraction in the
residual gas mass. Furthermore, the burned gas fraction after intake valve closes
is not only dependent on λ, but also on the total air sucked into the cylinder
during the next intake stroke. This implies that the more air entering the cylinder,
the larger amount of total mass in the cylinder and the lower burned gas fraction
after intake valve closes.

Note that neither the burned gas fractions during combustion propagation,
nor that during the intake stroke are evaluated in this study.

5.5 Estimation of Temperatures

The cylinder wall temperature and the temperature at IVC are of high importance
in this model since they determine the magnitude of heat transfer during the gas
exchange process and the amount of total gas mass in the cylinder after IVC.

This section is devoted to the results predicted for these two temperatures
together with some other influential temperatures such as the temperature at
exhaust valve closing. Table 5.7 demonstrates the temperatures predicted by the
model together with some measured data.

Since the heat transfer is taken into account, the air temperature differs with
the intake manifold temperature. The same argumentation holds for the differ-
ence between the temperature of residual gas and exhaust valve closing temper-
ature. Based on equation (4.25), the intake valve closing temperature is linearly
dependent on Tair and Tres. However, table 5.7 shows that this temperature is
much more influenced by the temperature of fresh charge than that of the resid-
ual gas. This is because the air mass is much larger than the residual gas mass,
see table 5.5. Moreover, the conservation of energy states that the intake valve
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Table 5.7: Measured and Estimated Temperatures

Test
Number

Measured Estimated

Tim Tem Tair Tres TEV C TIV C Tw

[K] [K] [K] [K] [K] [K] [K]

1 304.9772 773.9854 335.6770 612.3710 746.9085 341.6843 407.8131

3 301.7718 541.3159 332.5110 462.0917 545.1425 337.3700 387.3356

6 305.3910 515.3054 339.0534 382.5852 559.3024 344.3094 385.2022

8 305.6379 520.1937 339.9255 382.7739 604.1282 347.2516 395.5823

9 311.3936 505.9361 346.6537 327.5888 569.9658 347.5436 383.0655

11 309.9792 650.9227 354.6927 389.7191 745.1835 368.4801 395.6091

12 321.1160 572.4804 359.9937 334.1984 621.4080 361.9051 383.0717

closing temperature must be between the temperature of fresh charge and that of
residual gases. This is in complete agreement with the results shown in table 5.7.

As explained in the previous chapter, the cylinder wall temperature is esti-
mated from the following equation,

TCylW all = c0 + c1
Ne

1000
+ c2

T q

1000
(5.3)

where Ne, the engine speed, is given in revolution per minute and T q, the engine
torque, is given in Nm. The three constants in equation (5.3) are calculated by
running an optimization such that the air mass error is minimized.

As shown in Appendix B, each test itself consists of several tests. The first
experiment in each test is used for the determination of model constants through
optimization and the remaining tests are used for model validation. As a re-
sult of this optimization, the three constants used in equation (5.3) are 359.5800,
18.1043 and 10.7572, respectively.

As expected, the cylinder wall temperature is always higher than the coolant
temperature and is varying between 383 and 407K . The highest and lowest cylin-
der wall temperatures are recorded for test 1 and 9 with the highest and lowest
torques, respectively.

A detailed validation of the results for the estimated temperatures is not pos-
sible in this study since neither of the temperatures are measured in this study.
However, since the cylinder wall temperature is used to estimate the total in-
cylinder gas mass, the results are implicitly validated.

To validate the estimated temperatures independent of the validation of the
estimated masses, a simple way is to accept the results as soon as the cylinder
wall temperature is higher than the coolant temperature. Another alternative
is to roughly compare the estimated cylinder wall temperatures with the mea-
sured cylinder head temperatures. It is obvious that the cylinder head has always
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higher temperature compared to the average cylinder wall temperature and the
difference is mainly dependent on the combustion stroke, engine geometry and
some other factors.

A measurement on the temperature of engine cylinder head was conducted at
Scania in 2009. Each cylinder was equipped with three to eight temperature sen-
sors located in the combustion chamber, two other sensors measuring the coolant
temperature as well as a sensor for the in-cylinder pressure. The observation
is that when the engine is running at 1200 rpm with nominal cam phasing and
coolant temperature of 90◦ (363K), the cylinder head temperature is approxi-
mately 596K in cylinder 4 and 574K in cylinder 8 when the maximum pressure
in the cylinder is approximately 200 bar.

Test 4 has a similar operating condition to the aforementioned part of mea-
surement with a slightly different maximum pressure. The estimated cylinder
wall temperature is approximately 394K , see Appendix B. The main difference
between the measured values and the estimated temperature originate from the
fact that the cylinder head is always hotter than the average cylinder wall tem-
perature because of being closer to where the combustion initiates. Furthermore,
the dissimilarities between the maximum in-cylinder pressures is another factor
to cause differences between the aforementioned temperatures.

5.6 Pressure and Temperature Trace during
Compression

As a measure of how precise the model can predict the properties of the gas in the
cylinder, the pressure curve during the compression is estimated and compared
with the experimentally obtained curve. Assuming a polytropic compression, the
pressure at IVC can be estimated according to the following equation,

pIV C,est. =
c

V k
IV C

(5.4)

where c and k can be computed from the experimental data according to equation
(4.30). This pressure can be used for the estimation of the other pressures during
the compression stroke, as indicated below,

pcomp,est. = pIV C,est.

(
VIV C
Vcomp

)k
(5.5)

Another alternative is that any newly estimated pressure and its corresponding
volume can be used in equation (5.5) instead of those at IVC. Applying the ideal
gas law at any point during the compression gives the compression temperatures
as indicated below,

Tcomp =
pcompVcomp
mIV CRIV C

(5.6)



5.6 Pressure and Temperature Trace during Compression 51

It is assumed that no mass leakage happens during the compression stroke so
that the total mass in the cylinder is the same from IVC until fuel is injected.
This assumption may become invalid at the later phase of compression due to
high pressures in the cylinder and more possibility of mass leakage.

Figure 5.4 shows both the experimental and estimated pressure curves during
the compression stroke for test 2. As can be seen in this figure, the predicted
pressure curve is in a good agreement with the that obtained experimentally.
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Figure 5.4: Measured and Predicted Pressure Curves during Compression
for Test 2

Figure 5.5 indicates the temperature predicted during the compression stroke,
for 4 tests, 1, 6, 9 and 12. Since no measurement is conducted for the tempera-
tures in the cylinder, validation of results is not possible. However, since the
masses and the temperatures in the cylinder are interconnected, and air estima-
tion is validated for all the studied tests, the results seems to be reliable.
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Figure 5.5: Predicted Temperature Curve during Compression for Tests 1,
6, 9 and 12
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5.7 Other Findings

5.7.1 Computational Costs

Computational cost is generally influenced by the desirable level of accuracy, the
number of iterative sub-models, if there exists any, and their level of convergence.
In this study, the computational expenses can be studied from two perspectives,
one is to conduct a comparison between the individual tests and to make a conclu-
sion about the most computationally expensive test and the other is to consider
the computational burden of the optimization process and investigate the influ-
ence of model constant on the computational time.

Based on the methodology explained in chapter 4, two iterative sub-models
are used, one for the residual gas mass and the other for the total gas mass. Due
to this reason, taking the computational expenses into account is found essential
and the results are summarized in table 5.8.
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Table 5.8: Computational Expenses for each Test

Test Number
Computational Time

[sec.]

1 0.8944

2 0.4560

3 0.4064

4 0.4008

5 0.4059

6 0.3978

7 0.3908

8 0.3640

9 0.4762

10 0.4865

11 0.4789

12 0.4487

According to table 5.8, the execution time is well-below 1 second for all the
tests and is fairly constant around 0.4 seconds except test 1. This test is about
two time more computationally expensive than any other test. This issue can
be addressed to the initialization time and the number of iterations required
for a certain level of convergence. Regarding the initialization, it can be gener-
ally stated that memory pre-allocation can significantly speed up the execution
time, especially when loops and/or vectors and matrices are used in the Matlab
code. Vectorized operations, instead of for loops, can also increase the compu-
tational efficiency. Since this study has taken advantage of both aforementioned
approaches, the differences in the computational expenses arise from another dis-
similarity among the tests.

To find out why the first test is more numerically expensive than the others,
the time dedicated for the initialization and pre-allocation is subtracted from the
total computational time consumed by each test and the observation is that the
first test is still the most computationally expensive test.

Further investigations confirm that the first test requires a longer time for
computing the polytropic index, temperatures and pressures during the compres-
sion stroke. This issue can be addressed to the fact that this test with the earliest
IVO, and subsequently the earliest IVC, has a larger region between IVC and
70◦ BTDC where the before-mentioned properties are determined. In another
words, the first test deals with larger matrices compared to the other tests in its
main loop. Additionally, the number of iterations differs slightly among the tests,
mostly 10 iterations are needed in total if the convergence level for both loops is
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set to 1e-5.

Moreover, five model constants need to be optimized, two of them are used
for the heat transfer and the other three ones for the estimation of the cylinder
wall temperature. The observation is that the more constants to be optimized,
the more computationally expensive the model becomes and the proportionality
is non-linear. It is also found out that the computational time is largely depen-
dent on the starting points and varies between 500 to up to 800 seconds, typi-
cally around 600 seconds. Another finding is that the higher convergence criteria
in the model, the more computationally expensive the model becomes and vice
versa.

Last but not least, the computational time for the optimization is significantly
higher than that of the execution of each test. Therefore, one should compromise
between computational expenses and the number of tests used for optimization,
to quantify the model constants. Finding a suitable trade-off between the level of
accuracy in the for-loops and the computational costs is also important.

5.7.2 Optimization Process

Regarding the optimization, it is important to make sure that a global minima is
found. If the initial values are either the same as or close to the optimized con-
stants, it is a clue that either the initial values are not selected correctly or a local
minima is found instead of the global minima. An alternative to get rid of the lo-
cal minimum is to change the initial guess for the optimization process a couple
of times to ensure that all the results are converged to a unique solution. Besides,
other optimization criteria are also important; for instance, how far the algorithm
can get from the initial guess when it is searching for the optimal parameters.

5.7.3 Polytropic Index and Specific Heat Ratio

Regarding the cylinder wall temperature, the first method discussed in section
3.3 is also investigated in this master thesis and figure 5.6 illustrates the poly-
tropic index and specific heat ratio obtained for the test 2 and 6. Figure 5.7 dis-
plays the same results obtained for tests 6 and 9.

This approach is not used in this master thesis since it gives unreasonable
cylinder wall temperatures in some of the studied tests. If the intersection be-
tween two curves occurs early, the cylinder wall temperature gets lower than
the coolant temperature which is not physically possible; conversely, if the inter-
section happens too late during the compression, the cylinder wall temperature
becomes unreasonably high. Due to these effects, the second method for the cylin-
der wall temperature, explained in section 3.3, was found more reliable in this
study and was selected to continue with.
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Figure 5.6: Polytropic Index and specific heat ratio for Tests 2 and 6
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Figure 5.7: Polytropic Index and specific heat ratio for Tests 9 and 12
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5.7.4 Temperature at 70◦ BTDC

Finally, the methodology for predicting the temperature at point a, 70◦ BTDC,
is explained in section 4.11 and the results for different tests are listed in the
following table,

Table 5.9: Temperature at Point A, 70◦ BTDC

Test Number
Method 1 Method 2 Method 3

[K] [K] [K]

1 500.7986 496.7268 498.7627

2 505.2077 498.2758 501.7417

3 481.7764 479.9374 480.8569

4 488.3400 484.5783 486.4591

5 497.5030 491.6866 494.5948

6 483.8108 480.4472 482.1290

7 478.4555 475.0053 476.7304

8 511.0285 504.8916 507.9601

9 491.7193 486.6544 489.1869

10 495.9482 493.1177 494.5330

11 533.5103 524.4703 528.9904

12 489.6388 487.8142 488.7265

This temperature is highly influenced by the temperature at IVC which itself
is dependent on the heat transfer and conditions in intake manifold and the EVC.





6
Sensitivity Analysis

After constructing a system or a mathematical model, the model inputs should
be subjected to a more detailed analysis to determine how uncertainty in the
model output can be addressed to the presence of uncertainty in the model inputs
[14]. For this purpose, sensitivity analysis is studied. This analysis is generally a
technique to evaluate how robust the model is with respect to the change in any
input parameters and to examine the extent to which an independent variable
can affect a dependent variable. The independent variables can be all or the most
interesting inputs and the dependent variable is typically the outcome of the
model [22].

There are two different approaches for conducting a sensitivity analysis, one
is called the local sensitivity analysis, which is also referred to as the derivative
based method where the partial derivative of the corresponding functions are
studied. This approach is feasible when the correlation between inputs and out-
put is relatively simple, however, it lacks functionality when the model is com-
plex or when some discontinuities exist in the model [22]. Local sensitivity analy-
sis is also known as one-at-a-time technique where only one parameter is changed
and the rest of parameters are fixed and the effect of this change at a time is stud-
ied. The second approach is the global sensitivity analysis, usually using Monte
Carlo techniques [22].

The aim in this chapter is to assess how the estimated air mass varies with the
change in intake and exhaust valve closing temperature, cylinder wall tempera-
ture, valve lash and pressure pegging.

6.1 Intake and Exhaust Valve Closing Temperature

There exist two approaches for computing the sensitivity of the air gas mass with
respect to the intake or exhaust valve closing temperatures. The first approach is
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based on the balance of energy at intake valve closing and the second approach
considers the air mass as the difference between the total and residual gas masses
and replaces each term from ideal gas law. Note that the first approach is elabo-
rately discussed in this chapter while the second alternative is presented in Ap-
pendix A.

The balance of energy at intake valve closing, shown by equation (4.22), is
re-written as below,

mIV Ccv,IV CTIV C = maircv,airTair + mEV Ccv,resTres (6.1)

Substituting the residual gas mass from the ideal gas law at EVC and re-arrangement
of this equation gives,

mair =
mIV Ccv,IV CTIV C

cv,airTair
−
cv,resTrespEV CVEV C
REV CTEV CTaircv,air

(6.2)

According to this equation, the second term on the right-hand-side is indepen-
dent of the temperature at IVC and the only dependency of air mass on the intake
valve closing temperature is captured by the first term in that equation. There-
fore, taking the derivative of air mass with respect to the intake valve closing
gives,

dmair
dTIV C

=
mIV Ccv,IV C
cv,airTair

(6.3)

Equation (6.3) indicates the sensitivity of air mass to the intake valve closing
temperature. Additionally, to obtain the sensitivity of air mass to the exhaust
valve closing temperature, equation (6.2) can be studied once again. The first
term on the right-hand-side of this equation is independent of the temperature
at EVC. Therefore, any change in the exhaust valve closing temperature creates
uncertainty in the air mass estimation according to the following equation,

dmair
dTEV C

=
cv,resTrespEV CVEV C
REV CT

2
EV CTaircv,air

(6.4)

Equation (6.4) predicts the sensitivity of the air mass to the temperature at ex-
haust valve closing. The last two aforementioned equations are evaluated for
different tests and the results are shown in the following table.
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Table 6.1: Sensitivity of Air Mass to TIV C and TEV C

Test Number

dmair
dTIV C

dmair
dTEV C

[gr/K] [gr/K]

1 20.8141 0.3498

2 19.1178 0.3323

3 9.0693 0.2741

4 11.6319 0.2642

5 14.5282 0.2882

6 8.1582 0.4890

7 7.7687 0.5587

8 10.0884 0.7098

9 6.4955 0.7525

10 6.8236 0.6433

11 5.9998 0.5644

12 5.5611 0.8529

According to the results obtained from the sensitivity analysis, despite the
tests 11 and 12 with the lowest sensitivity, tests 1, 2, 4, 5 and 8 are the most
sensitive tests regarding the changes the intake valve closing temperature. Be-
sides, tests 8, 9, 10 and 12 exhibit the largest sensitivities to the changes in the
exhaust valve closing temperature while the lowest sensitivities are presented in
the tests 3 to 5. Moreover, it can be claimed that any uncertainty in the intake
valve closing temperature has a much larger impact on the air mass estimation
compared to the uncertainty in the exhaust valve closing temperature since the
magnitude of partial derivatives with respect to the former is considerably larger
than that of the latter. Furthermore, equation (6.3) with a negative sign implies
that any over-estimation in the intake valve closing temperature results an under-
estimation of the air mass and vice versa. In contrast, according to equation (??),
under-estimation of exhaust valve closing temperature under-estimates the air
mass and vice versa.

To study the sensitivity analysis in the rest of this chapter, the previously ob-
tained air mass is compared to the new one according to the following equation,

P oC =
mair,New −mair,Old

mair,Old
(6.5)

where PoC is percentage of change.



62 6 Sensitivity Analysis

6.2 Cylinder Wall Temperature

The aim in this section is to study how large the air mass estimation is affected
when the cylinder wall temperature is either over- or under-estimated by 2 and
5%. The table below indicates the summary of the results obtained.

Table 6.2: Sensitivity of Air Mass to Cylinder Wall Temperature

Test
Number

PoC [%]

mair,Old [gr]over-estimated under-estimated

2% 5% 2% 5%

1 -0.8341 -2.0860 0.8356 2.0875 6.8455

2 -0.8494 -2.1251 0.8510 2.1267 6.2867

3 -0.9697 -2.4278 0.9732 2.4278 2.9080

4 -0.9265 -2.3148 0.9265 2.3175 3.7670

5 -0.8903 -2.2258 0.8903 2.2279 4.7398

6 -1.1024 -2.7600 1.1064 2.7600 2.5217

7 -1.1365 -2.8413 1.1365 2.8413 2.3581

8 -1.0574 -2.6467 1.0574 2.6467 3.0453

9 -1.4998 -3.7467 1.4942 3.7411 1.7936

10 -1.4166 -3.5363 1.4166 3.5414 1.9625

11 -1.3860 -3.4622 1.3860 3.4622 1.7388

12 -1.8902 -4.7291 1.8973 4.7361 1.4231

It can be seen in this table that even 2% error in the cylinder wall tempera-
ture affects the air mass estimation by approximately 1 to 2% and the error in the
air mass estimation increases by introducing larger error in cylinder wall tem-
perature. Over-estimation of this temperature causes the under-estimation of air
mass in all the tests and vice versa. This is due to the fact that the temperature
at intake valve closing is calculated according to the heat transfer between the
in-cylinder gas and cylinder wall temperature. Over-estimation of the tempera-
ture at cylinder wall increases the heat transfer and generates higher cylinder gas
temperature at intake valve closing. Based on the ideal gas law, over-estimation
of intake valve closing temperature causes under-estimation total cylinder gas
mass since all the other parameters such as the pressure, volume and ideal gas
constant at IVC remain unchanged. It is evident from table 6.2 that tests 1 and 2
indicate the lowest sensitivity to the changes in cylinder wall temperature while
tests 9, 10, 11 and 12 are the most sensitive tests to the presence of uncertainty
in the cylinder wall temperature.
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6.3 Intake and Exhaust Valve Valve Lash

In general, valve lash compensates for the elongation of the valve while the en-
gine is running. The valve lashes that are used to obtain the results indicated
in the previous chapter were 1.45 and 1.7mm for the intake and exhaust valves,
respectively. Since the valve elongation is temperature-dependent and can be
also affected by the temperature history, defining a constant value for each valve
under all the operating conditions may not be sufficient. Due to these reasons,
there is an uncertainty in the accuracy of the aforementioned values and it is
essential to investigate their influence on the results. For the intake valve, 1 and
1.25mm valve lash is studied, for the exhaust valve, however, 1.2 and 1.45, 1.6mm
are investigated. In total, the five above-mentioned cases are examined and the
corresponding results are indicated in the following table,

Table 6.3: Sensitivity of Air Mass to Intake and Exhaust Valve Lash

Test
Number

PoC [%] mair,Old [gr]

Case 1 Case 2 Case 3 Case 4 Case 5

1 -0.5157 -0.2235 0.9174 0.5799 0.2556 6.8455

2 -0.4040 -0.1845 0.8892 0.5695 0.2513 6.2867

3 -0.5296 -0.2510 1.1039 0.6190 0.2613 2.9080

4 -0.4486 -0.1964 1.0194 0.6106 0.2655 3.7670

5 -0.4325 -0.1962 0.9473 0.5760 0.2553 4.7398

6 -0.3529 -0.1666 1.3602 0.7654 0.3291 2.5217

7 -0.3181 -0.1527 1.2001 0.6997 0.3053 2.3581

8 0.0525 -0.0394 0.8374 0.5287 0.2397 3.0453

9 0.0836 -0.0390 0.5520 0.4070 0.1896 1.7936

10 -0.0357 -0.0968 0.7134 0.4790 0.2191 1.9625

11 0.6614 0.1725 0.3278 0.3106 0.1610 1.7388

12 0.1897 -0.0351 0.4708 0.4005 0.1897 1.4231

It can be seen clearly that there is no specific trend in the error determined
for the estimated air mass and the reason is that intake and exhaust valve lashes
should not be constant over all the operating conditions. The only observation
is that the high-load tests exhibit more sensitivity than the low-load tests. For
instance, the variation in the air mass estimation is much less in the tests 9 and
12 compared to the tests 1, 2 and 5.
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6.4 Pressure Pegging

As mentioned in chapter 4, pressure offset is the difference between the intake
manifold pressure and the cylinder pressure before intake valve closes. To de-
termine this offset, the interval for the cylinder pressure is between 170 to 165◦

BTDC since the latest intake valve closing happens at 163◦ BTDC. This pressure
offset, then, is used for the pressure correction according to the following equa-
tion,

pcyl,c = pcyl,m + pOf f set (6.6)

where c and m stand for corrected and measured pressures at each crank an-
gle, respectively. In this section, the influence of either 2 or 5% deviation in the
pressure offset is studied and the following table summarizes the corresponding
results,

Table 6.4: Sensitivity of Air Mass to Pressure Pegging

Test
Number

PoC [%]

mair,Old [gr]over-estimated under-estimated

2% 5% 2% 5%

1 -0.1841 -0.4616 0.1841 0.4616 6.8455

2 -0.1638 -0.4120 0.1654 0.4120 6.2867

3 -0.1204 -0.3026 0.1204 0.3026 2.9080

4 -0.1354 -0.3371 0.1354 0.3371 3.7670

5 -0.1498 -0.3734 0.1498 0.3734 4.7398

6 -0.1031 -0.2538 0.1031 0.2538 2.5217

7 -0.0848 -0.2163 0.0848 0.2163 2.3581

8 -0.2266 -0.5714 0.2266 0.5681 3.0453

9 0.4293 1.0816 -0.4349 -1.0928 1.7936

10 0.4127 1.0344 -0.4127 -1.0344 1.9625

11 0.4773 1.1847 -0.4773 -1.1905 1.7388

12 0.4216 1.0540 -0.4216 -1.0540 1.4231

It is evident that the pressure correction affects the air mass estimation in all
the tests and the magnitude and the direction of deviation vary test to test. Tests
9, 10, 11 and 12 exhibit the highest sensitivity to pressure pegging while the low-
est sensitivity can be seen in one of the tests with low engine torque, test 7. Also
note that the over-estimation of the pressure offset in the tests 1 to 8 brings the
under-estimation of the air mass while this trend is reversed in the tests 9 to 12.
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The reason is that if the instantaneous cylinder pressure is overestimated, the
increased pressure at IVC over-estimates the amount of total mass in the cylin-
der and the increased pressure at EVC over-estimates the residual gas mass. In
the tests with small amount of residual gases, the over-estimation of total mass is
more severe than that of residual gas mass; therefore, the over-estimation of cylin-
der pressure mainly over-estimates the amount of fresh air. However, in the tests
with a larger residual gas fraction, the over-estimation of residual gases is larger
than that of the total gas mass and therefore the fresh air is under-estimated.

6.5 Summary

Prediction of air mass can be influenced by the presence of uncertainty in the
input parameters. In this study, the influence of uncertainty in the intake and ex-
haust valve closing temperatures, cylinder wall temperature, intake and exhaust
valve lashes and pressure pegging is investigated and the following results are
observed:

• Tests 1 and 2 demonstrate the highest sensitivity to the temperature at in-
take valve closing while tests 11 and 12 displays the lowest sensitivity.

• Test 12 is most sensitive to exhaust valve closing temperature; however, the
lowest sensitivity can be seen in test 4.

• Tests 9 to 12 are more sensitive to cylinder wall temperature than other
tests.

• Among all the studied parameters, cylinder wall temperature affect the esti-
mation of air mass more considerably than valve lash and pressure pegging.
Besides, the influence of intake valve closing temperature is larger than the
exhaust valve closing temperature.

In overall, the conclusion is that the heat transfer, the temperature of the cylin-
der wall and the cylinder gas temperature should be determined precisely other-
wise unacceptable errors in the air mass estimation may occur. Another finding is
that the high-load tests require more attention to the correctness of inputs rather
than the low-load tests.





7
Conclusions

A thermodynamic model is constructed for the sake of estimating the total cylin-
der gas mass and its composition. In overall, 60 tests are investigated, all having
symmetric cam phasing with negative valve overlap.

The model is composed of two iterative sub-models, one for the residual gas
mass and its temperature and the other for the total in-cylinder gas mass and
the temperature at intake valve closing. The difference between these two output
masses determine the amount of fresh charge entering the cylinder during the
intake stroke.

Apart from the aforementioned masses and temperatures, the temperature
of the residual gas mass and that of the fresh charge after heat transfer and be-
fore mixing, the gas temperature at exhaust valve opening, the compression poly-
tropic exponent, the specific heat ratio for each point during the compression
stroke, the cylinder wall temperature as well as the pressures and temperatures
during the compression stroke are computed by the model. The temperature at
point a, 70◦ BTDC, is calculated in three different ways.

The air mass is estimated in 5 different ways, one uses the ideal gas law at
intake valve closing, the second uses the ∆p method between intake valve closing
and 70◦ BTDC, the third, forth and fifth use the ∆pmethod from 70◦ to 50◦ BTDC
by the initial temperature obtained in three different ways. The average error in
the air mass estimation is less than 1% in average and lower than 2% in all of the
investigated tests. The beneficial feature of using five different approaches for
the air mass estimation is that the average error is lowered when the air is under-
estimated by one or some of the alternatives and over-estimated by others. It is
also important to note that the reason for getting high error, around 2% in two of
the tests, is due to the fact that the error in all the above-mentioned approaches
have the same sign for these tests and could not help to lower the average error.

The compression stroke is treated as a polytropic process following the equa-

67



68 7 Conclusions

tion pV k = c with a constant polytropic index, k. This polytropic index differs
with the specific heat ratio, γ . An important observation is that both the poly-
tropic coefficient and the total mass in the cylinder are highly influenced by
choice of interval for the ∆p method. A broad interval should be defined such
that it serves as a true representative of the entire compression stoke and its char-
acteristics. If the final point in this interval is selected too close to the intake
valve closing, the polytropic index is over-estimated and the accuracy of the ∆p
method decreases. Besides, the final point should not be close to the TDC other-
wise it interferes with the fuel injection time and the ∆p method becomes invalid.

The cylinder wall temperature is constant in each operating cycle and is de-
pendent on the engine speed and engine torque. The only validation used in this
master thesis is that the estimated temperature for the cylinder wall should be
higher than the coolant temperature. This temperature serves as the input to
the spatially averaged Woschni heat transfer model to predict the cylinder gas
temperature when intake valve closes.

In overall, it can be concluded that the ∆p method can predict the total gas
mass in the cylinder when the polytropic index and the initial temperature is
either estimated or measure accurately otherwise unacceptable errors may occur.



8
Future Work

In real-world applications, the cylinder wall temperature is dependent on engine
speed, load, coolant temperature and position of piston in the stroke [10]. This
implies that a more detailed analysis of cylinder wall temperature can be pre-
formed, especially to consider its dependency on the distance from TDC. For this
purpose, heat release analysis can be investigated.

Even though the measurement of cylinder wall temperature is hard to per-
form in practice, one of the potential future work is to perform experiments to
measure either the cylinder wall temperature or any other temperature in the
cylinder such that it can be used for better estimation of the temperature at in-
take valve closing.

Additionally, a more detailed heat transfer model can be implemented. The
heat transfer for the residual gas can be divided into two parts, one from EVC to
IVO and another from IVO to IVC. This is due to the fact that although the resid-
ual gas only transfers the heat to/from the cylinder wall between EVC and IVO,
the heat transfer might occur between the residual gas, fresh charge, intake port
and cylinder wall temperature depending on the operating conditions. This phe-
nomenon is more pronounced when the intake valve opening pressure is higher
than the intake manifold pressure which causes the residual gases traveling into
the intake manifold and the heat is partially transferred between the residual gas
mass, fresh charge, the intake manifold and cylinder wall. However, the current
heat transfer model only captures the heat transfer between the cylinder gas and
the cylinder wall. This effect could be considered in this master thesis but is
addressed as the future work.

Pegging of the pressure trace can be performed in a better way if the intake
manifold pressure is measured with respect to the crank angle, not only an aver-
age value over the whole working cycle. Besides, as mentioned previously, nei-
ther of the methods explained in chapter 4 is suitable for all the operating con-

69



70 8 Future Work

ditions; therefore, other pressure pegging methods can be implemented with the
aim of finding the most reliable method according to operating conditions. Fur-
thermore, the mean pressure for the intake and exhaust manifold is measured in
the test cells. However, comparing these mean values with the cylinder pressure
cannot give any information about the direction of the flow. If the direction of
the flow is unknown, the heat transfer cannot be correctly modeled and the gas
properties can be only approximated. Due to this reason, recording the intake
and exhaust manifold pressures based on the crack angles can have a both-edge
benefit.

The influence of pressure signal resolution in the accuracy and computational
expenses could not be investigated in this study since the resolution is the same in
all the cases, however, another recommendation is to investigate this parameter
and its effect(s).

Last but not least, only cycles with negative valve overlap are investigated.
Therefore, one potential future work can be to generalize the constructed method
and test it over cycles with positive valve overlap as well.



A
Another Alternative for Sensitivity of
Air Mass to Intake and Exhaust Valve

Closing Temperatures
The second alternative to investigate the sensitivity of air mass to the intake or
exhaust valve closing temperature is to consider the air mass as the difference
between the total and residual gas masses, as indicated by the following equation,

mair = mIV C −mEV C (A.1)

Substituting the total and the residual gas masses from the ideal gas law, the
following equation yields,

mair =
pIV CVIV C
RIV CTIV C

−
pEV CVEV C
REV CTEV C

(A.2)

This equation displays the correlation between air mass and conditions at intake
and exhaust valve closing. According to this equation and the method explained
in sections 4.7 and 4.9, the temperature at exhaust valve closing is independent
of that at intake valve closing while the latter is dependent on the former. Hence,
taking the partial derivative of equation (A.2) with respect to the temperature at
intake valve closing gives,

dmair
dTIV C

= −
pIV CVIV C
RIV CT

2
IV C

(A.3)

Similarly, taking the partial derivative of equation (A.2) with respect to the tem-
perature at exhaust valve closing yields,

dmair
dTEV C

= −
pIV CVIV C
RIV CT

2
IV C

dTIV C
dTEV C

+
pEV CVEV C
REV CT

2
EV C

(A.4)

Since determination of dTIV C
dTEV C

is complex, this approach is not preferred in this
study.
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A Complete Set of Results

Table B.1: Test 1- IVO: -354.7; IVC: -162.8; EVO: 144.3; EVC: 350.2

cycle 1 cycle 2 cycle 3 cycle 4 cycle 5
Engine Speed [rpm] 1200.0430 1200.0800 1200.0250 1200.0830 1200.0370
Engine Torque [Nm] 2464.1250 2463.9370 2463.8950 2463.8070 2463.7920

pim [kPa] 316.2375 302.1966 296.6870 294.3750 292.0920
pem [kPa] 276.8005 262.2294 255.9313 253.1178 251.0132
Tim [K] 304.9772 304.5614 304.3694 304.2729 304.1531
Tem [K] 773.9854 760.4777 755.2296 749.7286 749.2675
Tcb [K] 359.1381 359.5434 357.7729 357.4490 357.1841
Tca [K] 362.8984 363.6284 362.9154 362.7898 362.7877

ṁair [gr/s] 69.9115 66.4213 65.0007 64.4239 63.8431
mair [gr] 6.9909 6.6417 6.4999 6.4419 6.3841
λ [-] 1.8252 1.7817 1.7587 1.7458 1.7293

pIV O [kPa] 266.5343 253.1928 249.0661 245.8404 242.0787
pIV C [kPa] 315.5803 302.3650 297.2648 295.8381 293.7242
pEVO [kPa] 1084.8910 1016.0316 988.2028 971.9873 965.3073
pEV C [kPa] 240.0704 229.4942 223.3691 220.5066 216.8133
mEV C [gr] 0.1308 0.1269 0.1245 0.1239 0.1221
xb,res [%] 56.4336 57.7599 58.4863 58.9026 59.4444
xb,IV C [%] 1.0527 1.0924 1.1036 1.1118 1.1141
TEV C [K] 746.9085 735.4914 729.8958 724.2180 722.2223
Tf c [K] 335.6770 335.8883 335.9716 336.1691 336.1709
Tres [K] 612.3710 608.6445 607.2524 607.1115 606.1240
TIV C [K] 341.6843 341.8843 341.9168 342.1010 342.0395

Ta [K]
500.7986 501.2125 503.0957 502.9634 503.3829
496.7268 496.5861 497.6182 497.2772 497.6811
498.7627 498.8993 500.3569 500.1203 500.5320

Tw [K] 407.8131 407.8118 407.8103 407.8104 407.8094

k
IVC: 70◦ 1.4559 1.4562 1.4606 1.4596 1.4608
70 : 50◦ 1.4029 1.4012 1.3992 1.3983 1.3990

mIV C [gr]

IGL 7.0096 6.7121 6.5983 6.5631 6.5174
IVC: 70◦ 6.9287 6.6243 6.4966 6.4580 6.4128
70: 50◦ 6.9526 6.6502 6.5264 6.4889 6.4435
70: 50◦ 7.0096 6.7121 6.5983 6.5631 6.5174
70: 50◦ 6.9810 6.6810 6.5622 6.5258 6.4802
Average 6.9763 6.6759 6.5563 6.5198 6.4743

mair [gr]

IGL 6.8788 6.5852 6.4738 6.4392 6.3952
IVC: 70◦ 6.7980 6.4973 6.3720 6.3341 6.2907
70: 50◦ 6.8218 6.5232 6.4019 6.3650 6.3214
70: 50◦ 6.8788 6.5852 6.4738 6.4392 6.3952
70: 50◦ 6.8502 6.5541 6.4377 6.4019 6.3581
Average 6.8455 6.5490 6.4318 6.3959 6.3521

mair,err [%]

IGL -1.6033 -0.8508 -0.4025 -0.0426 0.1738
IVC: 70◦ -2.7596 -2.1737 -1.9676 -1.6741 -1.4635
70: 50◦ -2.4186 -1.7836 -1.5078 -1.1944 -0.9825
70: 50◦ -1.6033 -0.8508 -0.4025 -0.0426 0.1738
70: 50◦ -2.0126 -1.3194 -0.9582 -0.6217 -0.4076
Average -2.0795 -1.3957 -1.0477 -0.7151 -0.5012
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Table B.2: Test 2- IVO:-354.7 ; IVC: -162.8; EVO: 144.3; EVC: 350.2

cycle 1 cycle 2 cycle 3 cycle 4 cycle 5 cycle 6 cycle 7

Engine Speed 1200.0670 1200.0460 1200.0710 1200.0510 1200.0660 1200.0660 1200.0670

Engine Torque 2464.1320 2463.6920 2464.0430 2463.9360 2464.0210 2464.4390 2464.2470

pim 289.5136 290.7332 293.9428 300.8427 314.8937 328.1746 327.2950

pem 249.9209 250.9430 253.6752 260.3496 275.1086 289.9182 281.4416

Tim 303.5989 303.9951 304.1630 304.4837 305.2500 306.1549 306.4843

Tem 742.1706 751.0154 748.1914 754.8611 765.3421 784.3543 814.6988

Tcb 358.2601 357.8001 357.4515 357.2781 357.2558 356.9421 356.7650

Tca 362.8175 362.9620 362.8327 362.7929 362.7625 362.7281 362.7647

ṁair 63.0970 63.3694 64.1723 65.8719 69.2524 72.2465 72.2381

mair 6.3094 6.3367 6.4169 6.5869 6.9249 7.2242 7.2234

λ 1.7066 1.7119 1.7307 1.7620 1.8067 1.8258 1.7768

pIV O 242.1418 243.1617 245.8178 252.1411 261.9033 270.4996 264.4800

pIV C 290.6017 291.7149 294.8491 301.8441 316.3561 329.7641 327.8975

pEVO 954.3026 965.2872 981.1822 1015.0866 1082.2529 1153.5204 1196.3284

pEV C 212.3063 213.9486 217.8206 224.0131 237.2347 248.1944 237.2828

mEV C 0.1213 0.1206 0.1231 0.1254 0.1309 0.1338 0.1236

xb,res 60.2044 60.0236 59.3961 58.3820 56.9897 56.4154 57.9153

xb,IV C 1.1302 1.1177 1.1165 1.0925 1.0635 1.0343 0.9861

TEV C 712.3463 721.5552 720.0994 726.9170 737.4554 754.5078 780.9730

Tf c 335.7020 335.9244 335.9560 336.0413 336.3747 336.7594 336.7422

Tres 598.4931 603.7256 602.8052 606.7469 612.7173 623.9050 639.6688

TIV C 341.4235 341.7144 341.7761 341.9196 342.3626 342.8857 342.7721

Ta

505.2077 505.1892 504.5028 503.8832 503.4337 503.7862 503.9253

498.2758 498.5734 498.0842 497.8496 497.2871 497.7714 498.3985

501.7417 501.8813 501.2935 500.8664 500.3604 500.7788 501.1619

Tw 407.8136 407.8085 407.8127 407.8112 407.8124 407.8169 407.8149

k
IVC: 70◦ 1.4673 1.4662 1.4644 1.4624 1.4598 1.4588 1.4595

70 : 50◦ 1.3951 1.3968 1.3978 1.3976 1.3963 1.3969 1.3992

mIV C

IGL 6.4597 6.4789 6.5474 6.6999 7.0129 7.2989 7.2600

IVC: 70◦ 6.3345 6.3590 6.4296 6.5863 6.8916 7.1755 7.1472

70: 50◦ 6.3711 6.3941 6.4641 6.6196 6.9273 7.2118 7.1804

70: 50◦ 6.4597 6.4789 6.5474 6.6999 7.0129 7.2989 7.2600

70: 50◦ 6.4151 6.4362 6.5054 6.6595 6.9698 7.2551 7.2200

Average 6.4080 6.4294 6.4988 6.6530 6.9629 7.2481 7.2135

mair

IGL 6.3384 6.3583 6.4243 6.5745 6.8820 7.1651 7.1364

IVC: 70◦ 6.2132 6.2384 6.3065 6.4610 6.7607 7.0416 7.0236

70: 50◦ 6.2498 6.2734 6.3410 6.4943 6.7964 7.0780 7.0568

70: 50◦ 6.3384 6.3583 6.4243 6.5745 6.8820 7.1651 7.1364

70: 50◦ 6.2938 6.3156 6.3824 6.5341 6.8389 7.1213 7.0964

Average 6.2867 6.3088 6.3757 6.5277 6.8320 7.1142 7.0899

mair,err

IGL 0.4611 0.3406 0.1158 -0.1885 -0.6187 -0.8184 -1.2044

IVC: 70◦ -1.5236 -1.5517 -1.7200 -1.9121 -2.3700 -2.5276 -2.7659

70: 50◦ -0.9437 -0.9983 -1.1823 -1.4065 -1.8551 -2.0247 -2.3067

70: 50◦ 0.4611 0.3406 0.1158 -0.1885 -0.6187 -0.8184 -1.2044

70: 50◦ -0.2462 -0.3333 -0.5374 -0.8012 -1.2407 -1.4252 -1.7586

Average -0.3583 -0.4404 -0.6416 -0.8994 -1.3407 -1.5229 -1.8480
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Table B.3: Test 3- IVO:-354.7; IVC:-162.8; EVO:144.3; EVC:350.2

cycle 1 cycle 2 cycle 3 cycle 4 cycle 5

Engine Speed 1200.0510 1200.0720 1200.0420 1200.0820 1200.0480

Engine Torque 560.5019 560.3979 560.1041 560.5572 560.4445

pim 134.1495 134.9760 136.5954 140.0419 144.4816

pem 134.8955 135.2786 136.2564 138.4625 141.1606

Tim 301.7718 301.7558 301.5937 301.5874 301.4804

Tem 541.3159 547.8026 555.5975 568.0564 579.9510

Tcb 361.4592 361.8422 361.5761 361.3829 361.5177

Tca 362.9136 362.9909 363.1616 362.9762 362.8947

ṁair 29.0382 29.2761 29.7262 30.5678 31.6025

mair 2.9037 2.9274 2.9725 3.0566 3.1601

λ 2.9581 2.9787 2.9984 3.0055 2.9885

pIV O 130.7678 131.9655 132.8135 134.4276 138.4497

pIV C 134.1567 134.7770 136.5195 140.2121 144.4090

pEVO 303.5499 310.1926 321.7528 340.5916 361.9808

pEV C 138.4930 139.0207 138.9876 139.4593 141.1751

mEV C 0.1032 0.1024 0.1011 0.0996 0.0989

xb,res 35.3134 35.0742 34.8493 34.7685 34.9616

xb,IV C 1.2077 1.1836 1.1464 1.0964 1.0621

TEV C 545.1425 551.8126 558.5487 569.1426 579.9669

Tf c 332.5110 332.3401 332.1941 332.1044 331.6685

Tres 462.0917 464.7117 469.4056 475.8228 481.3155

TIV C 337.3700 337.2428 337.1473 337.0821 336.6716

Ta

481.7764 481.4005 480.0811 480.9188 481.3582

479.9374 479.5046 478.3731 478.4762 479.3419

480.8569 480.4525 479.2271 479.6975 480.3500

Tw 387.3356 387.3348 387.3311 387.3367 387.3349

k
IVC: 70◦ 1.4249 1.4244 1.4215 1.4238 1.4263

70 : 50◦ 1.3937 1.3940 1.3940 1.3913 1.3909

mIV C

IGL 3.0180 3.0331 3.0732 3.1569 3.2553

IVC: 70◦ 3.0015 3.0159 3.0575 3.1339 3.2358

70: 50◦ 3.0065 3.0211 3.0622 3.1408 3.2417

70: 50◦ 3.0180 3.0331 3.0732 3.1569 3.2553

70: 50◦ 3.0122 3.0271 3.0677 3.1488 3.2485

Average 3.0112 3.0261 3.0667 3.1475 3.2473

mair

IGL 2.9148 2.9307 2.9721 3.0573 3.1564

IVC: 70◦ 2.8982 2.9136 2.9564 3.0343 3.1369

70: 50◦ 2.9032 2.9188 2.9611 3.0413 3.1428

70: 50◦ 2.9148 2.9307 2.9721 3.0573 3.1564

70: 50◦ 2.9090 2.9247 2.9666 3.0493 3.1496

Average 2.9080 2.9237 2.9656 3.0479 3.1484

mair,err

IGL 0.3810 0.1122 -0.0157 0.0247 -0.1168

IVC: 70◦ -0.1880 -0.4731 -0.5438 -0.7279 -0.7353

70: 50◦ -0.0158 -0.2958 -0.3835 -0.4999 -0.5483

70: 50◦ 0.3810 0.1122 -0.0157 0.0247 -0.1168

70: 50◦ 0.1822 -0.0922 -0.1999 -0.2383 -0.3330

Average 0.1481 -0.1274 -0.2317 -0.2833 -0.3700
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Table B.4: Test 4- IVO:-354.7; IVC:-162.8; EVO:144.3; EVC:350.2

cycle 1 cycle 2 cycle 3 cycle 4 cycle 5

Engine Speed 1200.0570 1200.0900 1200.0460 1200.0710 1200.0550

Engine Torque 1163.7790 1163.5060 1163.5780 1163.5460 1163.3140

pim 172.5897 176.7105 182.9799 192.0776 201.5228

pem 158.2876 161.4453 166.0960 172.8349 180.0490

Tim 301.3046 301.5106 301.5012 301.5262 301.4883

Tem 630.0424 631.6283 639.6046 653.8104 660.6050

Tcb 360.3832 360.1918 360.1242 360.1272 359.9073

Tca 362.9158 362.8928 362.8732 362.9353 362.8201

ṁair 37.4630 38.5170 40.0864 42.2097 44.3497

mair 3.7461 3.8514 4.0085 4.2207 4.4348

λ 2.0729 2.1303 2.1820 2.2253 2.2574

pIV O 483.2966 501.3492 525.8167 568.9159 611.7657

pIV C 152.7873 155.0538 159.8581 164.7187 171.9407

pEVO 159.4059 163.7215 167.8322 174.3109 182.3195

pEV C 173.1265 177.3545 184.1751 193.6999 203.3159

mEV C 0.0995 0.1009 0.1026 0.1037 0.1071

xb,res 49.9064 48.6041 47.4885 46.5920 45.9496

xb,IV C 1.2788 1.2321 1.1794 1.1113 1.0774

TEV C 624.2883 625.0380 633.2855 645.7230 652.7836

Tf c 332.9370 332.9367 332.8788 332.6756 332.3554

Tres 517.9868 519.7874 524.3967 534.6581 540.8082

TIV C 338.2888 338.2721 338.2359 338.0999 337.8591

Ta

488.3400 487.0525 487.7077 486.9532 487.0965

484.5783 483.7547 483.3289 482.6092 482.8589

486.4591 485.4036 485.5183 484.7812 484.9777

Tw 393.8253 393.8229 393.8229 393.8230 393.8202

k
IVC: 70◦ 1.4378 1.4347 1.4364 1.4350 1.4362

70 : 50◦ 1.3920 1.3922 1.3902 1.3885 1.3875

mIV C

IGL 3.8841 3.9791 4.1326 4.3480 4.5671

IVC: 70◦ 3.8414 3.9406 4.0796 4.2926 4.5104

70: 50◦ 3.8542 3.9522 4.0955 4.3092 4.5274

70: 50◦ 3.8841 3.9791 4.1326 4.3480 4.5671

70: 50◦ 3.8691 3.9656 4.1139 4.3285 4.5472

Average 3.8666 3.9633 4.1108 4.3253 4.5438

mair

IGL 3.7846 3.8783 4.0299 4.2443 4.4600

IVC: 70◦ 3.7418 3.8397 3.9770 4.1889 4.4033

70: 50◦ 3.7546 3.8513 3.9928 4.2055 4.4203

70: 50◦ 3.7846 3.8783 4.0299 4.2443 4.4600

70: 50◦ 3.7695 3.8647 4.0113 4.2248 4.4401

Average 3.7670 3.8625 4.0082 4.2216 4.4368

mair,err

IGL 1.0259 0.6968 0.5353 0.5591 0.5699

IVC: 70◦ -0.1142 -0.3029 -0.7867 -0.7540 -0.7098

70: 50◦ 0.2273 -0.0027 -0.3904 -0.3598 -0.3261

70: 50◦ 1.0259 0.6968 0.5353 0.5591 0.5699

70: 50◦ 0.6251 0.3459 0.0703 0.0976 0.1199

Average 0.5580 0.2868 -0.0073 0.0204 0.0448
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Table B.5: Test 5- IVO:-354.7; IVC:-162.8; EVO:144.3; EVC:350.2

cycle 1 cycle 2 cycle 3 cycle 4 cycle 5 cycle 6 cycle 7 cycle 8

Engine Speed 1200.0490 1200.0720 1200.0400 1200.0710 1200.0420 1200.0720 1200.0410 1200.0820

Engine Torque 1753.8040 1753.8520 1753.5410 1753.6000 1753.3530 1753.6520 1753.6670 1753.7130

pim 217.2658 218.2299 219.7274 221.5377 228.4552 238.6660 250.5687 270.6792

pem 189.9173 190.7614 192.0033 193.4698 199.4925 207.7727 217.4714 235.1859

Tim 301.9391 301.9054 301.9384 301.9625 302.1050 302.2815 302.5947 303.0773

Tem 675.5197 676.8078 677.2238 675.5741 683.5737 694.8635 703.7988 714.4278

Tcb 358.6386 358.5363 358.6365 358.4174 358.5831 358.5487 358.5683 358.4999

Tca 362.8508 362.8094 362.8777 362.8078 362.7711 362.7958 362.7436 362.7988

ṁair 46.9722 47.1763 47.5270 47.9675 49.7453 52.3136 55.1771 60.1809

mair 4.6970 4.7174 4.7525 4.7965 4.9744 5.2310 5.5175 6.0177

λ 1.7882 1.7960 1.8086 1.8221 1.8780 1.9362 1.9867 2.0494

pIV O 189.8300 191.5051 193.4378 195.3431 200.2525 209.7770 217.7039 232.0797

pIV C 218.2347 219.0311 221.0251 222.7307 229.5663 239.7499 251.2991 271.9487

pEVO 650.4872 657.7852 672.1382 679.8445 713.2958 762.1455 815.6257 911.7481

pEV C 170.4631 172.3272 172.5605 173.5603 179.5489 188.3625 195.5938 211.5370

mEV C 0.1055 0.1063 0.1065 0.1075 0.1098 0.1131 0.1161 0.1237

xb,res 57.5573 57.3183 56.9339 56.5267 54.9033 53.3090 52.0014 50.4622

xb,IV C 1.2451 1.2442 1.2276 1.2198 1.1737 1.1235 1.0734 1.0255

TEV C 657.1161 659.4606 658.9924 657.0640 665.4127 677.6864 685.0221 695.3996

Tf c 334.0411 333.9378 334.0593 333.9857 333.8297 333.6273 333.3883 333.3378

Tres 554.5759 554.6140 555.5525 556.5047 559.8908 565.8972 571.7303 579.7465

TIV C 339.4958 339.4182 339.5175 339.4668 339.3455 339.2180 339.0037 339.0548

Ta

497.5030 497.8235 496.9724 496.2080 494.9787 495.0611 495.0011 495.1330

491.6866 491.9120 491.0148 490.6463 489.6322 489.5974 489.6982 489.7121

494.5948 494.8677 493.9936 493.4272 492.3055 492.3293 492.3497 492.4225

Tw 400.1721 400.1731 400.1692 400.1704 400.1672 400.1709 400.1705 400.1718

k
IVC: 70◦ 1.4557 1.4567 1.4543 1.4527 1.4502 1.4508 1.4514 1.4515

70 : 50◦ 1.3929 1.3942 1.3925 1.3941 1.3932 1.3931 1.3943 1.3942

mIV C

IGL 4.8787 4.8976 4.9407 4.9796 5.1342 5.3640 5.6259 6.0873

IVC: 70◦ 4.7978 4.8151 4.8567 4.9003 5.0554 5.2799 5.5403 5.9926

70: 50◦ 4.8216 4.8394 4.8815 4.9238 5.0788 5.3048 5.5656 6.0206

70: 50◦ 4.8787 4.8976 4.9407 4.9796 5.1342 5.3640 5.6259 6.0873

70: 50◦ 4.8500 4.8683 4.9109 4.9515 5.1064 5.3342 5.5956 6.0538

Average 4.8453 4.8636 4.9061 4.9470 5.1018 5.3294 5.5907 6.0483

mair

IGL 4.7731 4.7913 4.8342 4.8721 5.0245 5.2509 5.5098 5.9636

IVC: 70◦ 4.6922 4.7088 4.7501 4.7929 4.9457 5.1668 5.4242 5.8689

70: 50◦ 4.7161 4.7331 4.7750 4.8163 4.9690 5.1917 5.4495 5.8969

70: 50◦ 4.7731 4.7913 4.8342 4.8721 5.0245 5.2509 5.5098 5.9636

70: 50◦ 4.7444 4.7620 4.8044 4.8441 4.9966 5.2212 5.4795 5.9301

Average 4.7398 4.7573 4.7996 4.8395 4.9920 5.2163 5.4746 5.9246

mair,err

IGL 1.6201 1.5671 1.7180 1.5777 1.0075 0.3803 -0.1401 -0.8991

IVC: 70◦ -0.1023 -0.1810 -0.0506 -0.0746 -0.5770 -1.2277 -1.6918 -2.4724

70: 50◦ 0.4058 0.3343 0.4717 0.4140 -0.1074 -0.7513 -1.2324 -2.0066

70: 50◦ 1.6202 1.5671 1.7180 1.5777 1.0075 0.3803 -0.1400 -0.8991

70: 50◦ 1.0094 0.9470 1.0911 0.9926 0.4470 -0.1886 -0.6892 -1.4559

Average 0.9106 0.8469 0.9896 0.8975 0.3555 -0.2814 -0.7787 -1.5466
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Table B.6: Test 6- IVO:-339.7; IVC:-147.8; EVO:129.3; EVC:335.2

cycle 1 cycle 2 cycle 3 cycle 4

Engine Speed 1200.0730 1200.0430 1200.0780 1200.0460

Engine Torque 362.1437 362.5910 362.5566 362.3676

pim 127.7021 128.6597 130.1865 132.4247

pem 125.4718 126.1661 127.2053 128.6605

Tim 305.3910 305.6106 305.5962 305.3603

Tem 515.3054 520.7572 527.5832 535.9599

Tcb 361.9838 363.0971 361.7888 361.7193

Tca 363.1999 364.2220 363.1185 363.0416

ṁair 25.0644 25.2924 25.6922 26.2423

mair 2.5063 2.5291 2.5691 2.6241

λ 3.5082 3.5252 3.5349 3.5348

pIV O 136.1273 134.9901 134.4626 132.9110

pIV C 130.6067 131.8522 133.3117 135.9648

pEVO 272.6716 278.3634 289.6440 305.7341

pEV C 170.3414 169.7226 169.0235 169.3038

mEV C 0.2370 0.2343 0.2311 0.2284

xb,res 29.8821 29.7411 29.6612 29.6615

xb,IV C 2.5566 2.4939 2.4266 2.3542

TEV C 559.3024 563.7936 569.2499 576.7145

Tf c 339.0534 339.2338 339.0347 338.9093

Tres 382.5852 385.7474 389.7258 395.9024

TIV C 344.3094 344.6599 344.7050 344.9641

Ta

483.8108 484.1935 484.6210 485.3584

480.4472 480.4809 480.7751 481.1662

482.1290 482.3372 482.6981 483.2623

Tw 385.2022 385.2065 385.2067 385.2041

k
IVC: 70◦ 1.4252 1.4249 1.4258 1.4268

70 : 50◦ 1.3901 1.3882 1.3884 1.3845

mIV C

IGL 2.7702 2.7937 2.8243 2.8783

IVC: 70◦ 2.7702 2.7937 2.8243 2.8783

70: 50◦ 2.7509 2.7723 2.8018 2.8534

70: 50◦ 2.7702 2.7937 2.8243 2.8783

70: 50◦ 2.7605 2.7830 2.8130 2.8658

Average 2.7587 2.7810 2.8109 2.8635

mair

IGL 2.5332 2.5595 2.5932 2.6498

IVC: 70◦ 2.5048 2.5280 2.5603 2.6133

70: 50◦ 2.5139 2.5380 2.5708 2.6250

70: 50◦ 2.5332 2.5595 2.5932 2.6498

70: 50◦ 2.5235 2.5487 2.5820 2.6374

Average 2.5217 2.5467 2.5799 2.6351

mair,err

IGL 1.0719 1.1985 0.9400 0.9800

IVC: 70◦ -0.0578 -0.0468 -0.3423 -0.4119

70: 50◦ 0.3035 0.3515 0.0675 0.0326

70: 50◦ 1.0719 1.1985 0.9400 0.9800

70: 50◦ 0.6863 0.7734 0.5020 0.5042

Average 0.6152 0.6950 0.4215 0.4170
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Table B.7: Test 7- IVO:-339.7; IVC:-147.8; EVO:129.3; EVC:335.2

cycle 1 cycle 2 cycle 3 cycle 4

Engine Speed 1200.0650 1200.0570 1200.0700 1200.0470

Engine Torque 162.4362 162.4348 162.5665 162.5431

pim 120.4159 120.3855 120.6958 121.3804

pem 121.8454 121.7963 121.8946 122.1566

Tim 305.6108 305.6332 305.6174 305.5504

Tem 457.4648 459.8478 465.4384 473.1490

Tcb 361.8940 361.8367 361.9629 361.8949

Tca 362.8722 362.7968 362.8841 362.7856

ṁair 23.3166 23.3433 23.4620 23.6701

mair 2.3315 2.3342 2.3461 2.3669

λ 5.1491 5.1412 5.0994 5.0376

pIV O 149.0345 145.3500 145.2378 141.9127

pIV C 123.5706 123.6652 123.9808 124.3303

pEVO 211.4204 215.4898 221.2819 228.1290

pEV C 177.5874 176.2499 174.8480 173.1416

mEV C 0.2724 0.2695 0.2648 0.2588

xb,res 20.4856 20.5165 20.6825 20.9329

xb,IV C 2.1123 2.0925 2.0686 2.0410

TEV C 507.0418 508.6693 513.5609 520.2899

Tf c 339.2620 339.3217 339.2444 338.9054

Tres 348.5100 350.1639 352.9397 356.9813

TIV C 341.5751 341.7808 341.9681 342.0270

Ta

478.4555 478.7485 479.3216 478.9305

475.0053 474.9988 475.3254 475.7574

476.7304 476.8737 477.3235 477.3439

Tw 383.0538 383.0536 383.0552 383.0546

k
IVC: 70◦ 1.4212 1.4213 1.4221 1.4208

70 : 50◦ 1.3877 1.3857 1.3858 1.3883

mIV C

IGL 2.6418 2.6423 2.6475 2.6545

IVC: 70◦ 2.6138 2.6118 2.6151 2.6287

70: 50◦ 2.6228 2.6216 2.6255 2.6370

70: 50◦ 2.6418 2.6423 2.6475 2.6545

70: 50◦ 2.6323 2.6319 2.6365 2.6457

Average 2.6305 2.6299 2.6344 2.6441

mair

IGL 2.3694 2.3728 2.3828 2.3957

IVC: 70◦ 2.3414 2.3423 2.3503 2.3698

70: 50◦ 2.3504 2.3521 2.3607 2.3781

70: 50◦ 2.3694 2.3728 2.3828 2.3957

70: 50◦ 2.3599 2.3624 2.3717 2.3869

Average 2.3581 2.3605 2.3696 2.3853

mair,err

IGL 1.6254 1.6517 1.5638 1.2172

IVC: 70◦ 0.4224 0.3464 0.1791 0.1231

70: 50◦ 0.8083 0.7651 0.6230 0.4742

70: 50◦ 1.6254 1.6517 1.5638 1.2172

70: 50◦ 1.2154 1.2066 1.0914 0.8445

Average 1.1394 1.1243 1.0042 0.7752
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Table B.8: Test 8- IVO:-339.7; IVC:-147.8; EVO:129.3; EVC:335.2

cycle 1 cycle 2 cycle 3 cycle 4

Engine Speed 1800.0200 1800.0310 1799.9720 1800.0150

Engine Torque 317.3793 317.3265 317.9241 317.3287

pim 160.5840 162.6273 165.9219 170.1401

pem 165.1085 166.7798 169.5141 173.2620

Tim 305.6379 305.6821 305.7575 305.6884

Tem 520.1937 524.5893 530.7889 538.6452

Tcb 361.5416 361.3647 361.1579 360.9786

Tca 362.9640 362.8950 362.8304 362.7825

ṁair 46.7015 47.3597 48.3703 49.8361

mair 3.1134 3.1573 3.2247 3.3224

λ 3.9781 4.0150 4.0381 4.0617

pIV O 271.5619 273.9802 277.2642 278.8191

pIV C 163.7019 165.0938 168.7651 173.0013

pEVO 319.1515 326.9761 337.3382 353.0134

pEV C 289.7227 290.9007 294.3279 296.8921

mEV C 0.3731 0.3721 0.3726 0.3718

xb,res 26.4131 26.1740 26.0271 25.8780

xb,IV C 2.8626 2.8041 2.7344 2.6460

TEV C 604.1282 608.1925 614.5145 621.2997

Tf c 339.9255 339.5423 339.5423 339.2169

Tres 382.7739 385.0130 389.2776 393.4999

TIV C 347.2516 347.1058 347.4771 347.4756

Ta

511.0285 510.3817 510.8272 510.8442

504.8916 505.0601 505.2725 505.7335

507.9601 507.7209 508.0498 508.2888

Tw 395.5823 395.5819 395.5873 395.5817

k
IVC: 70◦ 1.4830 1.4819 1.4817 1.4817

70 : 50◦ 1.4077 1.4096 1.4077 1.4094

mIV C

IGL 3.4427 3.4735 3.5469 3.6359

IVC: 70◦ 3.3832 3.4213 3.4914 3.5835

70: 50◦ 3.4014 3.4372 3.5083 3.5996

70: 50◦ 3.4427 3.4735 3.5469 3.6359

70: 50◦ 3.4219 3.4553 3.5275 3.6176

Average 3.4184 3.4521 3.5242 3.6145

mair

IGL 3.0696 3.1013 3.1743 3.2642

IVC: 70◦ 3.0101 3.0492 3.1187 3.2118

70: 50◦ 3.0283 3.0651 3.1357 3.2278

70: 50◦ 3.0696 3.1013 3.1743 3.2642

70: 50◦ 3.0488 3.0831 3.1549 3.2459

Average 3.0453 3.0800 3.1516 3.2427

mair,err

IGL -1.4059 -1.7712 -1.5652 -1.7525

IVC: 70◦ -3.3175 -3.4230 -3.2877 -3.3293

70: 50◦ -2.7339 -2.9183 -2.7612 -2.8474

70: 50◦ -1.4059 -1.7712 -1.5652 -1.7525

70: 50◦ -2.0739 -2.3477 -2.1665 -2.3027

Average -2.1874 -2.4463 -2.2691 -2.3969
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Table B.9: Test 9- IVO:-324.7; IVC:-132.8; EVO:114.3; EVC:320.2

cycle 1 cycle 2 cycle 3 cycle 4 cycle 5

Engine Speed 1200.0570 1200.0540 1200.0380 1200.0470 1200.0470

Engine Torque 163.5386 163.3084 163.9254 163.2392 163.8316

pim 115.7748 115.8142 116.1720 116.7127 117.5185

pem 114.4464 114.5887 114.8445 115.1202 115.6666

Tim 311.3936 311.3290 311.3573 311.4756 311.1988

Tem 505.9361 507.9833 512.9048 518.5809 527.6784

Tcb 362.2500 362.2484 362.2375 362.2482 362.2236

Tca 363.1540 363.1500 363.1462 363.1568 363.1497

ṁair 18.0228 18.0725 18.1718 18.3174 18.5628

mair 1.8022 1.8072 1.8171 1.8317 1.8562

λ 3.8479 3.8907 3.8991 3.8998 3.8631

pIV O 169.6438 168.0804 167.3857 164.5102 162.7465

pIV C 114.6138 114.7633 115.0373 115.2592 116.4997

pEVO 224.0623 224.7561 229.2052 236.9178 244.2239

pEV C 178.5535 177.1455 176.5846 174.5669 173.7357

mEV C 0.4480 0.4438 0.4388 0.4307 0.4224

xb,res 27.2906 26.9959 26.9389 26.9340 27.1855

xb,IV C 5.4206 5.3051 5.2279 5.1242 5.0289

TEV C 569.9658 570.8721 575.5024 579.6509 588.1826

Tf c 346.6537 346.5919 346.4711 346.1727 346.0864

Tres 327.5888 328.1407 330.3216 332.8197 336.6794 [

TIV C 347.5436 347.5865 347.9651 348.2234 348.9232

Ta

491.7193 489.8685 489.5147 490.4355 490.5265

486.6544 485.9364 485.9293 487.0716 486.6749

489.1869 487.9025 487.7220 488.7536 488.6007

Tw 383.0655 383.0629 383.0693 383.0621 383.0684

k
IVC: 70◦ 1.4726 1.4673 1.4648 1.4664 1.4639

70 : 50◦ 1.4027 1.4024 1.4051 1.4051 1.4043

mIV C

IGL 2.2556 2.2582 2.2612 2.2638 2.2836

IVC: 70◦ 2.2204 2.2308 2.2360 2.2403 2.2564

70: 50◦ 2.2324 2.2401 2.2446 2.2483 2.2657

70: 50◦ 2.2556 2.2582 2.2612 2.2638 2.2836

70: 50◦ 2.2439 2.2491 2.2528 2.2560 2.2746

Average 2.2416 2.2473 2.2512 2.2545 2.2728

mair

IGL 1.8076 1.8145 1.8224 1.8331 1.8612

IVC: 70◦ 1.7724 1.7870 1.7972 1.8096 1.8339

70: 50◦ 1.7843 1.7963 1.8058 1.8176 1.8432

70: 50◦ 1.8076 1.8145 1.8224 1.8331 1.8612

70: 50◦ 1.7959 1.8054 1.8140 1.8253 1.8522

Average 1.7936 1.8035 1.8124 1.8238 1.8503

mair,err

IGL 0.2983 0.4038 0.2877 0.0800 0.2670

IVC: 70◦ -1.6525 -1.1171 -1.0955 -1.2058 -1.1995

70: 50◦ -0.9909 -0.5993 -0.6237 -0.7677 -0.6990

70: 50◦ 0.2983 0.4038 0.2877 0.0801 0.2670

70: 50◦ -0.3497 -0.0998 -0.1697 -0.3453 -0.2179

Average -0.4793 -0.2017 -0.2627 -0.4317 -0.3165
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Table B.10: Test 10- IVO:-324.7; IVC:-132.8; EVO:114.3; EVC:320.2

cycle 1 cycle 2 cycle 3 cycle 4 cycle 5 cycle 6 cycle 7
Engine Speed 1200.0610 1200.0800 1200.0690 1200.0480 1200.0620 1200.0780 1200.0510
Engine Torque 363.9020 363.9183 363.6833 363.7011 363.5470 363.6043 363.4614

pim 122.8459 123.2200 124.0640 125.5072 125.1671 127.0559 126.5945
pem 117.4254 117.8535 118.2543 118.9909 118.8305 119.5046 119.3166
Tim 311.2487 311.4222 311.0497 310.8074 311.1595 310.9359 311.0090
Tem 578.1778 581.7678 586.4488 593.1799 589.5985 598.4582 593.5836
Tcb 361.6945 361.6500 361.6866 361.7251 361.7250 361.6962 361.6698
Tca 363.1500 363.1413 363.1498 363.1500 363.1500 363.1540 363.1500
ṁair 19.5777 19.6727 19.9097 20.2452 20.1009 20.4948 20.3810
mair 1.9577 1.9671 1.9909 2.0244 2.0100 2.0493 2.0380
λ 2.6417 2.6694 2.6903 2.7016 2.6896 2.6884 2.6855

pIV O 160.3805 160.5347 160.1833 157.5430 158.5719 157.4856 159.4086
pIV C 121.9128 122.4932 123.2343 124.7033 123.8735 126.2171 125.7754
pEVO 284.0463 289.5356 293.6987 301.9067 291.8821 304.9410 296.3988
pEV C 173.0444 172.6221 171.8001 170.7499 170.6611 170.2880 171.9298
mEV C 0.3871 0.3844 0.3804 0.3750 0.3770 0.3714 0.3769
xb,res 39.4350 39.0356 38.7403 38.5823 38.7504 38.7676 38.8084
xb,IV C 6.4751 6.3419 6.1856 6.0041 6.0936 5.9024 6.0179
TEV C 639.7019 642.6305 646.3818 651.6323 647.8844 656.1546 652.7514
Tf c 346.4946 346.6255 346.2133 345.8810 345.8273 345.6911 345.8766
Tres 359.6190 361.6817 362.8997 366.3073 363.2477 367.7761 366.0666
TIV C 353.6718 354.0833 353.8281 353.9612 353.4396 353.8863 353.8983

Ta

495.9482 498.9817 498.5164 496.1523 496.4673 494.7892 496.0847

493.1177 494.6497 494.6255 493.2305 494.1294 492.6641 493.3214

494.5330 496.8157 496.5710 494.6913 495.2984 493.7266 494.7030
Tw 385.2209 385.2214 385.2187 385.2185 385.2171 385.2180 385.2160

k
IVC: 70◦ 1.4604 1.4672 1.4669 1.4599 1.4628 1.4564 1.4599

70 : 50◦ 1.4043 1.3995 1.4003 1.4040 1.4042 1.4043 1.4028

mIV C

IGL 2.3578 2.3663 2.3823 2.4097 2.3973 2.4395 2.4309

IVC: 70◦ 2.3374 2.3351 2.3541 2.3882 2.3801 2.4235 2.4103

70: 50◦ 2.3444 2.3457 2.3637 2.3956 2.3860 2.4290 2.4174

70: 50◦ 2.3578 2.3663 2.3823 2.4097 2.3973 2.4395 2.4309

70: 50◦ 2.3511 2.3560 2.3729 2.4026 2.3916 2.4342 2.4241

Average 2.3497 2.3539 2.3711 2.4012 2.3904 2.4332 2.4227

mair

IGL 1.9707 1.9818 2.0019 2.0347 2.0203 2.0681 2.0539

IVC: 70◦ 1.9502 1.9507 1.9737 2.0132 2.0031 2.0521 2.0334

70: 50◦ 1.9572 1.9613 1.9833 2.0206 2.0090 2.0576 2.0404

70: 50◦ 1.9707 1.9818 2.0019 2.0347 2.0203 2.0681 2.0539

70: 50◦ 1.9639 1.9715 1.9926 2.0276 2.0146 2.0628 2.0472

Average 1.9625 1.9694 1.9907 2.0262 2.0135 2.0617 2.0458

mair,err

IGL 0.6638 0.7471 0.5551 0.5091 0.5122 0.9144 0.7815

IVC: 70◦ -0.3811 -0.8364 -0.8612 -0.5568 -0.3409 0.1360 -0.2287

70: 50◦ -0.0235 -0.2972 -0.3788 -0.1919 -0.0495 0.4031 0.1171

70: 50◦ 0.6638 0.7471 0.5551 0.5091 0.5122 0.9144 0.7815

70: 50◦ 0.3192 0.2227 0.0863 0.1576 0.2307 0.6582 0.4484

Average 0.2484 0.1166 -0.0087 0.0854 0.1729 0.6052 0.3800
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Table B.11: Test 11- IVO:-324.7; IVC:-132.8; EVO:114.3; EVC:320.2

cycle 1
Engine Speed 1800.0280
Engine Torque 319.8585

pim 108.4183
pem 112.8300
Tim 309.9792
Tem 650.9227
Tcb 361.3605
Tca 363.2034
ṁair 26.1392
mair 1.7426
λ 2.2035

pIV O 189.9538
pIV C 114.7839
pEVO 283.5926
pEV C 192.8096
mEV C 0.3705
xb,res 47.0400
xb,IV C 8.1782
TEV C 745.1835
Tf c 354.6927
Tres 389.7191
TIV C 368.4801

Ta

533.5103

524.4703

528.9904
Tw 395.6091

k
IVC: 70◦ 1.5040

70 : 50◦ 1.4062

mIV C

IGL 2.1309

IVC: 70◦ BTDC 2.0769

70: 50◦ BTDC 2.0948

70: 50◦ BTDC 2.1309

70: 50◦ BTDC 2.1127

Average 2.1093

mair

IGL 1.7605

IVC: 70◦ 1.7065

70: 50◦ 1.7244

70: 50◦ 1.7605

70: 50◦ 1.7423

Average 1.7388

mair,err

IGL 1.0260

IVC: 70◦ -2.0731

70: 50◦ -1.0460

70: 50◦ 1.0260

70: 50◦ -0.0189

Average -0.0189
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Table B.12: Test 12- IVO:-309.7; IVC:-117.8; EVO:99.3; EVC:305.2

cycle 1 cycle 2 cycle 3 cycle 4 cycle 5
Engine Speed 1200.0660 1200.0800 1200.0550 1200.0670 1200.0420
Engine Torque 164.1016 163.7865 163.7869 163.3853 163.5047

pim 116.3556 115.8138 114.9383 114.3424 114.1466
pem 111.2568 111.0266 110.4394 110.0044 109.9249
Tim 321.1160 321.0110 320.9628 321.1239 321.2033
Tem 572.4804 571.8933 563.0869 557.6181 556.5243
Tcb 361.9739 362.0032 361.9583 361.9661 361.9477
Tca 363.1554 363.1502 363.1497 363.1551 363.1502
ṁair 14.1876 14.0735 13.8942 13.7345 13.6609
mair 1.4187 1.4073 1.3894 1.3734 1.3660
λ 2.8417 2.8646 2.8684 2.8468 2.8039

pIV O 132.8442 129.7431 130.0395 132.2266 133.0680
pIV C 116.0474 115.3986 114.0645 114.1558 113.6979
pEVO 264.8685 272.5199 263.8423 260.5437 258.1566
pEV C 152.0443 149.8843 150.2202 151.3525 151.1411
mEV C 0.5610 0.5553 0.5641 0.5721 0.5726
xb,res 36.7252 36.4391 36.3909 36.6608 37.2081
xb,IV C 10.3596 10.2327 10.4792 10.6999 10.8977
TEV C 621.4080 618.8217 610.6012 606.5356 605.2302
Tf c 359.9937 359.8701 359.9731 360.6534 360.5518
Tres 334.1984 334.7211 332.1058 330.6904 329.4897
TIV C 361.9051 361.9174 361.1595 361.1825 360.7154

Ta

489.6388 492.1394 491.7720 494.0110 493.8491

487.8142 489.4807 489.0880 489.7162 489.7563

488.7265 490.8100 490.4300 491.8636 491.8027
Tw 383.0717 383.0685 383.0681 383.0640 383.0648

k
IVC: 70◦ 1.4751 1.4831 1.4852 1.4923 1.4938

70 : 50◦BT DC 1.4210 1.4177 1.4231 1.4137 1.4169

mIV C

IGL 1.9888 1.9776 1.9589 1.9603 1.9550

IVC: 70◦ 1.9766 1.9601 1.9414 1.9325 1.9286

70: 50◦ 1.9814 1.9669 1.9482 1.9433 1.9388

70: 50◦ 1.9888 1.9776 1.9589 1.9603 1.9550

70: 50◦ 1.9851 1.9722 1.9535 1.9518 1.9469

Average 1.9841 1.9709 1.9522 1.9497 1.9449

mair

IGL 1.4278 1.4223 1.3948 1.3882 1.3824

IVC: 70◦ 1.4156 1.4048 1.3773 1.3604 1.3560

70: 50◦ 1.4204 1.4116 1.3841 1.3711 1.3662

70: 50◦ 1.4278 1.4223 1.3948 1.3882 1.3824

70: 50◦ 1.4241 1.4169 1.3894 1.3796 1.3743

Average 1.4231 1.4156 1.3881 1.3775 1.3723

mair,err

IGL 0.6424 1.0662 0.3910 1.0786 1.1995

IVC: 70◦ -0.2157 -0.1768 -0.8679 -0.9457 -0.7342

70: 50◦ 0.1200 0.3070 -0.3785 -0.1623 0.0134

70: 50◦ 0.6424 1.0662 0.3910 1.0786 1.1995

70: 50◦ 0.3807 0.6856 0.0052 0.4554 0.6040

Average 0.3140 0.5897 -0.0918 0.3009 0.4564
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