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Abstract

To have knowledge about the exhaust temperature is of great importance in sev-
eral ways. Knowing the exhaust temperature means that it is easier to protect the
catalyst and turbine from too high temperatures but it also important in control-
ling the turbine power.
In this thesis a physically based model of the engine out temperature is devel-
oped. The model is built up by two different cylinder pressure models and one
engine out temperature model. Measurements has been made using a test engine
at Linköping University. These measurement has then been used to parameterize
and validate the model.
Since the measurements of the engine out port temperature are not showing rea-
sonable temperatures, the temperatures in the pipes has been used for validation.
That makes the results less reliable since no heat transfer between the port and
pipe are considered in the model.
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1
Introduction

For developing and calibration of engine control systems the exhaust tempera-
ture is significant. Too high exhaust temperatures could cause damage in the
turbine and the catalyst and therefore the ability to estimate the exhaust temper-
ature is of high importance. In today’s exhaust systems no temperatures are mea-
sured by sensors. Instead the temperatures are estimated by using map-based
models. However, due to stricter diagnostic requirements the accuracy of these
models has been questioned. Therefore, new models with higher accuracy are
sought after.

1.1 Problem Formulation

High exhaust temperatures can cause extensive damage to the turbocharger and
the catalyst. Therefore it is of high importance that good estimates of the exhaust
temperature are available, to be used for protection, control and diagnostic pur-
poses. Nowadays temperature estimations are map-based which are not accurate
enough and are hard to calibrate. Physically based models are easier to calibrate
since they are based on physics, less measurement points should therefore be re-
quired to tune and adjust the models.
This thesis work aims at developing physically based temperature models which
capture the influence of different control signals. Furthermore, the models should
be of low computational complexity, so that they can be implemented in the con-
trol system. The ultimate goal of this exhaust temperature model is to give more
accurate predictions to enable better control and diagnostic performance and re-
place the current map-based models.
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2 1 Introduction

1.2 Purpose and Goal

The purpose is to build a physically based model of the exhaust temperature. The
model should be used to improve the engine control system, with the principal
objective of protecting vulnerable components from overheating. The proposed
model should capture the effects of:

• Different ignition angles

• Variations in air/fuel-ratio

• Variations in intake temperature, engine speed, intake pressure, exhaust
back pressure, etc.

1.3 Expected results

The model will be developed using measurement data from the test engine at
Linköping university. The developed models will then be validated with some
other reserved data. Test data will be obtained by driving the engine in different
operation points with different ignition timings and air/fuel-ratios. Analytical
calculations of cylinder pressures and exhaust temperatures should be validated
against measured data from the test engine. The end-criteria of the project is to
develop a model that is sufficiently accurate to the gathered data. Since the aim
of the models is to minimize the relative errors between measured values and
modeled values, plots that show the relative errors are going to be presented for
each sub model.

1.4 Outline

The structure of the report can be seen below. The report consists of five chapters.

• Introduction
In the introduction chapter the problem formulation, expected results, pur-
pose and goals are discussed.

• Related Research
A related research that contains the state of the art in exhaust temperature
modeling is then presented.

• Measurements
The measurement chapter explains the measurement process, sensor place-
ment etc.

• Modeling
This chapter treats the modeling process, including theory and all details
about the used models.
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• Results
The results are then presented and the model is validated with measure-
ment data.

• Discussion
The results from the previous chapter are discussed here.

• Conclusions
Finally, the last chapter of the thesis contains conclusions and some thoughts
about future work.





2
Related Research

2.1 State of the Art

For modeling the exhaust temperature it is of great importance to get a good es-
timate of the intake pressure and temperature in the cylinder before the engine
cycle starts. To know the temperature TIV C (temperature at intake valve closing)
the fraction of residual gases needs to be estimated.
In Ainouz and Vedholm [1], the authors estimate the residual gas fraction and
the temperature at intake valve closing by an iteration method based on nominal
assumptions of the Otto cycle. This method utilizes the ideal gas law. In Eriks-
son and Nielsen [9] a fixed point iteration is used to estimate TIV C , xr and Tr . A
similar method is described in Mladek and Onder [20] where an analysis of the
in-cylinder temperature is performed. A complete dynamic intake and exhaust
flow simulation for spark ignition IC engines has been developed in Meisner and
Sorenson [19]. The model neglects frictional effects but still accurately models
the temperature transients of the exhaust gases. A description of the engine heat
transfer for the investigation of global thermal behaviour has been provived in
Shayler et al. [25]. A model of in-cylinder air mass and residual gas fraction of
a turbocharged SI engine with Variable Valve Timing (VVT) actuators is devel-
oped in Leroy et al. [16]. Even if the model could not be compared with any
measurements, there was shown that a limited experimental data set is sufficient
to calibrate the model. Residual gas models are evaluated and validated in Fox
et al. [11], Ponti et al. [22] and Öberg and Eriksson [21]. Fox et al. [11] captures
the impact from different values of intake pressure, engine speed, and valve over-
lap timings whilst Ponti et al. [22] also involves EGR. In Öberg and Eriksson [21]
models are built for a variable cam timing engine (VCT). Another residual gas
fraction estimation is made in Cavina et al. [4]. This model is based on Senecal
et al. [24] and Fox et al. [11], but has been extended to take into account also the
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6 2 Related Research

presence of externally recirculated exhaust gas (external EGR), and also highlight
the effects of different valve timings.

An analytic model of the pressure and temperature during the compression and
expansion phase is derived and validated in Eriksson and Andersson [8]. The
pressure model is given in closed form and there is no need to numerically solve
any ordinary differential equations. This low computationally demanding ap-
proach is thus suitable to be implemented in engine control units (ECUs). The
model assumes polytropic processes during both compression and expansion
and can capture variations in ignition timing and air/fuel-ratio with good ac-
curacy. Since the exhaust temperature is highly dependent on the cylinder pres-
sure, this paper contains valuable information that can be used in this thesis.
In Hashemzadeh Nayeri [14], similar work is made where an analysis of the in-
cylinder temperature is performed. Unfortunately, this model has not been vali-
dated due to absence of validation data. Gas leaks between cylinder and piston
are named crevice effects and have been taken into consideration for crank angle
based cylinder pressure models in Smith [26]. In Draper [5], the author shows
that the pressure waves appearing in the cylinder can be described with the phys-
ical laws of sound waves.

Regarding temperature modeling, several works are published in the litera-
ture. An affine model for the temperature at the exhaust valve as a function of
the mass flow is developed in Eriksson [7]. This paper shows that, for a spark
ignited engine operating at MBT and stoichiometric conditions, it is sufficient to
model the engine out temperature as a linear function of mass flow. In Ericson
et al. [6], it is shown that both exhaust gas recirculation and water injection can
decrease the exhaust temperature. In Tesfa et al. [27], it is shown that there are
not any significant differences on the peak cylinder pressure and the heat release
rate of CI engine running with biodiesel when injecting water in the intake man-
ifold.

To develop an exhaust temperature model, it is important to take heat trans-
fers into consideration. In Caton and Heywood [3] models were developed for
the instantaneous heat transfer, fluid mixing, and hydrocarbon oxidation in an
engine exhaust port. This could be included in the physical model that this the-
sis aims to develop. A heat release analysis procedure that maintains simplicity
while including the effects of heat transfer, crevice flows and fuel injection is
developed and tested in Gatowski et al. [13]. This method needs a crank angle
based cylinder pressure model which means the model needs to solve differential
equations. An experimental analysis of the heat transfer in the combustion cham-
ber of an air-cooled diesel engine is carried out in Mavropoulos et al. [18], which
reveals significant differences between the overall and local peak heat transfer
coefficient values in the cylinder head surface. A diesel engine is also handled in
Jennings and Morel [15], where the wall temperature effects on the engine heat
transfer are studied. Models of the heat transfer between gas and cylinder walls
in a two-stroke engine are developed in Franco and Martorano [12], where the
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authors shows that temperature is not uniform in the radial direction.

A method for using UEGO-sensors (modern universal exhaust gas oxygen) to
measure exhaust gas temperature is proposed and analyzed in Martin and Rocci
[17]. The authors shows that this method can provide an accurate measurement
of exhaust gas temperature in dynamic drive conditions. An absorption-based
diode laser sensor for temperature measuring has been validated in Rieker et al.
[23]. The paper contains crank angle-resolved measurements of gas temperature
during the compression stroke of an internal combustion. The sensor was applied
to two different internal combustion engines and it was shown that the sensor is
accurate.





3
Measurements

Measurements was done by using the test engine at the division of vehicular sys-
tems, Linköping university. The purpose of the measurements was to provide
data that could be used to validate the model. An exhaust manifold with vari-
ously placed sensors was provided from VCC and then installed on the test en-
gine.

3.1 Operating points

The tests was performed at 3 different speeds and 3 different loads. The idea
about the operating points was to get data from a varying range of speeds and
loads.

The chosen speeds and loads was

• N - 1500, 3000, 4500 rpm

• Tq - 50, 150, 300 Nm

which resulted in 9 operating points.

3.2 Sensor placement

The exhaust manifold that was used in the measurements is a dual wall manifold.
The first layer consists of four pipes from each cylinder that all connects in a small
volume before the turbocharger. Secondly, there is a metallic layer that covers all
four pipes. Three different temperature sensors was used for the measurements,
one unexposed thermocouple, one exposed thermocouple and one fine wire ther-
mocouple. The unexposed thermocouple has a longer response time and need
more time to stabilize due a protecting and isolating mantle around it. On the

9



10 3 Measurements

exposed thermocouple there is no mantle which makes it a bit faster. The fine
wire thermocouple is by far the most responsive temperature sensor but is also
very sensitive. For that reason, the fine wire thermocouple can not be used in all
operating points to keep it away from too high temperatures.

The placement of the sensors can be seen in Figure 3.1. A description of all sen-
sors follows below

1. Port gas temperature - Cylinder 1 - Unexposed thermocouple

2. Port gas temperature - Cylinder 2 - Unexposed thermocouple

3. Port gas temperature - Cylinder 3 - Exposed thermocouple

4. Port gas temperature - Cylinder 4 - Exposed thermocouple

5. Port surface temperature - cylinder 1

6. Port surface temperature - cylinder 2

7. Port surface temperature - cylinder 3

8. Port surface temperature - cylinder 4

9. Pipe gas temperature - cylinder 3 - Exposed thermocouple

10. Pipe gas temperature - cylinder 4 - Exposed thermocouple

11. Gas temperature collector - Exposed thermocouple

12. Pressure collector



3.2 Sensor placement 11

12
11

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

9,10

Figure 3.1

Other measured data that is needed for the model is

• Cylinder pressure

• Intake manifold pressure

Since the model should capture variations in λ and ignition timing, these
variations should be included in the measurements. Table 3.1 shows in which
points these measurements are performed.
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Table 3.1: An overview of the measuring operating points.

50 Nm 150 Nm 300 Nm
1500rpm Stationary meas. Stationary meas.+λ+θign Stationary meas.
3000rpm Stationary meas. Stationary meas. Stationary meas.
4500rpm Stationary meas. Stationary meas. Stationary meas.

When doing the measurements the intake air was set to a constant value. Be-
fore the sampling was done, the engine was running at the current operating
point for 3-4 minutes so the temperature sensors had enough time to stabilize.

3.3 Variations in lambda - λ

Variations in λ was done when running at the operating point

• N = 1500rpm

• T q = 150Nm

Sweeps from λ = 1.1 to λ = 0.75 was performed with a step size of 0.05.

3.4 Variations in ignition angle - θign
Variations in ignition angle was done when running at the operating point

• N = 1500rpm

• T q = 150Nm

The normal ignition angle at the chosen operating point was abandoned in three
steps, -5 CAD, -10 CAD and -15 CAD. During the tests lambda was set to a fix
value (λ = 1), and the intake air was set to the value that corresponded to the
chosen load.



4
Modeling

This chapter treats all the modeling and theory, it is divided into 5 parts

• Theory

• Pressure model 1 - Analytic model

• Pressure model 2 - Closed system model

• Heat release analysis

• Modeling of the engine out temperature

• Sensitivity analysis of estimated parameters

Since having an accurate cylinder pressure model is of high importance when
modeling the engine out temperature, two different pressure models was devel-
oped and evaluated. Three different methods to model the heat release is also
presented.

4.1 Theory

4.1.1 Thermodynamics

Polytropic process

In this thesis several thermodynamic processes are described by a polytropic pro-
cess. A polytropic process is a process that follows the relation

pV n = C (4.1)

13



14 4 Modeling

where p is the pressure, V is the volume of the control volume, n is a polytropic
exponent and C is a constant. Depending on the value of the polytropic exponent,
the relation corresponds to different cases

• n = 0: Isobaric process - An isobaric process is a process that occurs during
constant pressure

• n = 1: Isothermal process - An isothermal process is a process in which the
temperature remains constant

• n −→ ∞: Isochoric process - During an Isochoric process the volume is con-
stant

• n =
cp
cv

: Isentropic process - A process occurs without transfer of heat, en-
ergy is transferred only as work. The process is also considered to be re-
versible.

First law of thermodynamics

The first law of thermodynamics is the law saying that energy can never be cre-
ated or destroyed. In an isolated system, the total amount of energy is constant
according to the law of conservation of energy. The law is often expressed as

∆U = ∆Q − ∆W (4.2)

which means the internal energy in a system is equal to the total amount of heat
supplied to the system minus the energy that is lost as work.

4.1.2 Heat transfer

Heat transfer can occur in three different ways, conduction, convection and radi-
ation. A review of each phenomenon follows.

Conduction

Conduction refers to heat transfer in solid materials. The local heat transfer is
often expressed by Fourier’s law

Q̇cond = −k ·A ·
dT
dy

(4.3)

where A is the cross-section area and k is the thermal conductivity of the material.
Applying the equation on a flat and isentropic wall with a finite thickness, gives
a linear relation of the temperature across the wall

Q̇cond = Ak
(Tw,i − Tw,o)

b
(4.4)
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Figure 4.1: Heat transfer through a wall with thickness b and thermal con-
ductivity k.

Convection

If heat transfer occurs in a fluid, the heat can only be transferred by conduction
if the fluid is standstill. Otherwise, which is the most common case, the heat
transfer in a fluid will occur as convection. The movement of the fluid can arise
in different ways, by temperature differences in the fluid or when the fluid is
forced to move, for example inside the pipes in an engine. The convective heat
transfer can be expressed by Newton’s law of cooling

Q̇conv = A · h(T1 − T2) (4.5)

where A is the surface area and h is the heat transfer coefficient.

Figure 4.2: .
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Radiation

Heat transfer by radiation occurs between two surfaces and does not require any
carrying intervening medium. Heat transfer by radiation can occur even in vac-
uum. The maximum heat a body can radiate can be written as

Q̇rad = σεT 4A (4.6)

where T is the temperature [K], A is the surface area of the radiating body and σ
is the Stefan-Boltzmann constant which has a value of 5.6703 · 10−8 [ W

m2K4 ]. How
efficient a material can emit thermal radiation is described by the emissivity ε,
which is a function of both surface temperature and radiation wavelength. When
describing radiation heat exchange between two bodies, the sum of the two emis-
sivities is used. The expression is

Q̇rad = σε12A(T 4
1 − T

4
2 ) (4.7)

4.1.3 Heat release

When the fuel injected in the cylinder is ignited the fuels chemical energy starts
being converted to thermal energy. The behavior of this process can be modeled
by doing a heat release analysis. The injected fuel contains of a certain amount of
energy. The energy that possibly can be converted to heat can be known by using
the lower heating value qLHV [J/kg].

Qhr = mf qLHV (4.8)

where mf is the fuel mass. If the heat release per crank angle is known, the mass
fraction burned can be calculated as

MFB(θ) =
∑θ

0 dQhr∑
dQhr

(4.9)

4.2 Pressure model 1 - Analytic model

The analytic cylinder pressure model is based on the method described in Eriks-
son and Andersson [8]. By using the pressure asymptotes for compression and
expansion, the pressure trace can be modelled by interpolation between these two
asymptotes. Figure 4.4 shows a schematic sketch of the different phases during a
cycle.

Input signal(s): pivc, Tim, pem, N , λ, V

Output signals(s): p(θ), T (θ)

Parameters to estimate: ηf , C1, C2,θint , θexh, specific heat ratio at compression
and expansion, γc and γe
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Figure 4.3: A drawing of the different phases during a cycle.

4.2.1 Compression

The compression is described by a polytropic process. The polytropic exponent
kc, the reference pressure pivc and the reference temperature Tivc are used to
create models of the pressure and the temperature during compression.

pc(θ) = pivc

(
Vivc
V (θ)

)kc
(4.10)

Tc(θ) = Tivc

(
Vivc
V (θ)

)kc−1

(4.11)

These two equations will describe the pressure and temperature in the cylinder
until the start of combustion.

Initial pressure

The cylinder pressure at the point when the intake valve closes, pivc, has a great
impact on the accuracy of the compression phase model. Therefore it is of great
importance to get a good estimation of pivc. To get the reference pressure, a model
based on the intake manifold pressure is used. The pressure can be described by

pivc = pim(θivc) + C1 + C2N (4.12)

where N is the engine speed and C1 and C2 are tuning parameters. A least square
fit was used to fit the parameters, where pim(θivc) was used from measured data.

Initial temperature

Since the fluid temperature is influenced by heat transfer and residual gases, it
is more difficult to determine the temperature at inlet valve closing compared
to the pressure. In this model, the heat transfer is neglected. When fresh air
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enters the cylinder the temperature of the air will increase by the hot valves and
a locally high heat transfer coefficients, and also by mixing with residual gases.
In this model, heat transfer is neglected and therefore the fresh air temperature
Ta is approximated to be the same as Tivc. By assuming cp are the same for the
residual gases and fuel mixtures, Tivc can be expressed by

Tivc = Ta(1 − xr ) + Trxr (4.13)

where the residual gas fraction is

xr =
mr

mr + mf + ma
(4.14)

where Tr is the temperature of the residual gases.
An iterative method to determine xr and Tr is described in Eriksson and Nielsen
[9]. That method has been used by applying following relations

xr =
1
rc

(
pem
pim

)1/γ 1 +
qin

cvT1r
γ−1
c

−1/γ

(4.15)

qin =
1 − xr

1 + λ(A/F)s
qLHV (4.16)

Tr =

1 +
qin

cvT1r
γ−1
c

1/γ

(4.17)

T1 = xrTr + (1 − xr )Tim (4.18)

where qin is the specific heat supplied to the system, and T1 is the cylinder tem-
perature when the intake stroke starts.

The iterative method to determine the residual gas fraction works as follows.

1. Set initial conditions: xr = 0, Tr = 0, qin = 0 and T1 = Tim

2. Find a value of qin by using (4.16)

3. Update the initial values by using (4.15), (4.16), (4.17) and (4.18)

4. Repeat step 3 until the value of xr and Tr converges, i.e when the change in
xr and Tr is insignificantly small when the process is repeated.

4.2.2 Expansion

Even the expansion phase can be modelled as polytropic process with exponent
ke and by using T3, p3 and V3 as references.

pe(θ) = p3

(
V3

V (θ)

)ke
(4.19)
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Te(θ) = T3

(
V3

V (θ)

)ke−1

(4.20)

T3, p3 and V3 refers to state three in the ideal Otto cycle.
The temperature T3 can be expressed as the sum of the temperature in phase two
and the temperature increase due to the combustion.

T3 = T2 + ∆Tcomb (4.21)

Where the temperature increase is determined by

∆Tcomb =
mf qLHV ηf (λ)

cvmtot
(4.22)

where ηf (λ) is the fuel conversion efficiency which is an optimizing parameter.
When the temperature T3 is known the pressure in the same phase can be deter-
mined by

p3 = p2
T3

T2
(4.23)

4.2.3 Combustion

To model the pressure trace during the combustion phase, an interpolation be-
tween the compression- and expansion asymptotic pressure traces is done. The
interpolation is done by using the Vibe function in Eriksson and Nielsen [9]

P R(θ) = 1 − e
−a

(
θ−θSOC

∆θ

)m+1

(4.24)

where a and m are parameters which can be expressed as

m =
ln ln 1−0.1

ln 1−0.85
ln∆θd − ln (∆θd + ∆θb)

− 1 (4.25)

a = − ln (1 − 0.1)
(
∆θ
∆θd

)m+1

(4.26)

The parameters contains the flame development angle, θd , and the rapid burn
angle, θb. By using these angles, the burn duration can be expressed as

∆θ ≈= 2θd + θb (4.27)

4.2.4 Valve model

By using a cosine function, the pressure changes when the valves opens and closes
can be modelled.

xi(θ, θ0, θ1) = 0.5
(
1 − cos

(
π
θ − θ0

θ1 − θ0

))
(4.28)

The model is used during three different phases
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• [θint ≤ θ < θivc] - When the intake valve start to close until it is completely
closed

• [θevo ≤ θ < θexh] - The blow down phase, when the exhaust valve opens un-
til the pressure in the cylinder is the same as the exhaust manifold pressure

• [θivo ≤ θ < θevc] - The overlap period when the intake valve is open until
the exhaust valve is closed

4.2.5 Summarizing Analytic Pressure Model

Summarizing the expressions for all phases the full pressure model is

pcyl =



pim , θevc ≤ θ < θint
pim(1 − xi(θ, θint , θivc)) + pc(θ)xi(θ, θint , θivc) , θint ≤ θ < θivc
pc(θ) , θivc ≤ θ < θign
pc(θ)(1 − xb(θ)) + pe(θ)xb(θ) , θign ≤ θ < θevo
pe(1 − xi(θ, θevo, θexh)) + pem(θ)xi(θ, θevo, θexh) , θevo ≤ θ < θexh
pem , θexh ≤ θ < θivo
pem(1 − xi(θ, θivo, θevc)) + pem(θ)xi(θ, θivo, θevc) , θivo ≤ θ < θevc

4.3 Pressure model 2 - Closed system model

This method is based on a single zone model, which treats the cylinder contents
as a single gas with homogeneous pressure, temperature, and composition. The
model is looking into the energy balance in the cylinder during the phase when
both valves are closed. In this model the crevice effects are neglected, based on
the assumption that the mass transfer is zero (no leakage). The supplied fuel
energy can then be divided into three different parts, work on the piston (dW ),
heat released (dQch) and heat transfer to the cylinder walls (dQht). A schematic
sketch of the zone is shown in Figure 4.4. The relation is

dU
dθ

=
dQch
dθ

− dW
dθ
− dQht

dθ
(4.29)

Where computations has a resolution of two times per crank angle.

Input signal(s): pim, pem, N , Tq, λ, V , dQch

Output signals(s): p(θ), T (θ)

Parameters to estimate: cv , ηf , θexh
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Figure 4.4: A drawing of the energy balance in the cylinder.

The internal energy, dU , is derived as the sum of the total mass transferred
into the cylinder and the enthalpy of the fuel.

dU
dθ

= cv
dT
dθ

m (4.30)

where dT
dθ can be calculated using the ideal gas law

dT
dθ

=
p dVdθ + V dp

dθ

mR
(4.31)

The work on the piston is calculated by

dW
dθ

=
dp

dθ
dV
dθ

(4.32)

When investigating the heat transfer to the cylinder walls, it is found in Eriksson
and Nielsen [9] that the major heat transfer is caused by forced convection. There-
fore, the radiation from the gas the cylinder walls is neglected. The heat transfer
to the cylinder walls is described by the Newton’s law of cooling

dQht
dθ

= hA∆T = hA(T − Tw) (4.33)

where A is the area of the cylinder walls and h is the convection heat transfer co-
efficient. T is the cylinder temperature and Tw is the temperature of the cylinder
walls, which in this model is estimated as a constant value.
The convection heat transfer coefficient is determined using a method proposed
by Woschni [28]. The expression is

h = C0B
−0.2p0.8w0.8T −0.53 (4.34)
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where C0 = 1.3 · 10−2 and w is the characteristic velocity and is modeled by

w = C1Sp + C2
V TIV C

VIV CpIV C
(p − pm) (4.35)

The expression of the mean piston speed is Sp = 2aN
60 , where a [m] is the crank

radius and N [rpm] is the engine speed. pm is the motored pressure and the
parameters C1 and C2 is changed during the cycle

Gas exchange Compression Combustion and expansion

C1 6.18 2.28 2.28
C2 0 0 0.00324

To get the heat release, dQch, any of the methods in 4.4 is used.
When combining equations 4.29-4.33 the pressure change per crank angle can be
expressed as

dp = R
dQch − Ahc(T − Tw) − pdV (1 + cv

R )
cvV

(4.36)

Where cv is modeled as in Eriksson and Sivertsson [10]. By modeling the initial
pressure as pIV C = pim, the pressure trace between IVC and EVO can then be
iterated by

p(i + 1) = p(i) + dp(i) (4.37)

Using the ideal gas law the temperature during the whole combustion phase is
described by

T (θ) =
TIV Cp(θ)V (θ)
pIV CVIV C

(4.38)

To model the cylinder pressure after EVO, the same cosine function as in (4.28)
was used.

4.4 Heat Release analysis

Two different heat release analysis were made, the Rassweiler and Withrow method
[9] and a method based on the first law of thermodynamics, which in this thesis
is called Closed system method. A third way to determine the heat release is to
use the Vibe-function, which is also derived in this chapter.

4.4.1 Rassweiler and Withrow

The Rasswelier-Withrow method does not directly rely to the first law of thermo-
dynamics. As in the closed system method, the input in this method is a pres-
sure trace where the crank angle at each sample is known. The actual pressure
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change during combustion can be expressed contributions from two terms, pres-
sure change due to volume change ∆pv and pressure change due to combustion
∆pc.

∆p = ∆pv + ∆pc (4.39)

The volume change ∆pv is calculated by assuming the pressure change is made
up by a polytropic process. The pressure change in every crank angle ∆θ is

∆pv(j) = pj+1,v − pj = pj

((
Vj
Vj+1

)n
− 1

)
(4.40)

where n is the polytropic exponent. The pressure change due to combustion can
then be expressed as the difference between the actual pressure pj+1 and pv

∆pc(j) = pj+1 − pj
(
Vj
Vj+1

)n
(4.41)

which is shown in Figure 5.5.

By assuming the pressure change due to combustion is proportional to the fuel
that burns, the mass fraction burned can be expressed by

MFBrw(j) =
mb(j)
mb,tot

=
∑i
k=0 ∆pc(k)∑M
k=0 ∆pc(k)

(4.42)

where M is the total number of samples.

4.4.2 Closed system method

This model is based on the same method as in 4.3. But in this case the pressure
trace is considered to be known, and instead, dQch is solved from the energy
balance.

dQch
dθ

=
dW
dθ

+
dU
dθ

+
dQht
dθ

(4.43)

Using the derivations in 4.3, the heat release is

dQch
dθ

=
dp

dθ
dV
dθ

+ cv
p dVdθ + V dp

dθ

mR
m + hA(T − Tw) (4.44)

Then, the mass fraction burned is expressed by

MFB(i) =
∑i

0 dQch∑M
0 dQch

(4.45)
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4.4.3 Vibe

Even if the Vibe-function is not based on physics, it can approximately be con-
verted to a heat release trace by using its differentiated form

dxb
dθ

=
a(m + 1)

∆θ

(
θ − θ0

∆θ

)m
e
−a

(
θ−θSOC

∆θ

)m+1

(4.46)

By using (4.46), the heat release can be written

dQch
dθ

= mf qLHV ηf
dxb
dθ

(4.47)

where mf is the fuel injected in kilograms, qLHV is the heat of combustion in J/kg
and ηf is the combustion efficiency.

4.5 Modeling of the engine out temperature

When opening the exhaust valve, the gas flow out from the cylinder to the exhaust
manifold starts. The temperature change in the cylinder during the blowdown
phase can be modeled as an isentropic expansion.

4.5.1 Blowdown phase, θ∈[θEVO,θEXH ]

T (θ) = TEVO

(
pcyl(θ)

pEVO

)1−1/γ

(4.48)

The mass in the cylinder and the mass flow flow per crank angle is

m(θ) =
pcyl(θ)V (θ)

RT (θ)
(4.49)

ṁe(θi) =
m(θi−1) −m(θi)

θi − θi−1
(4.50)

4.5.2 After blow-down, θ∈[θEXH ,θIV O]

After the blow-down, the remaining mass in the cylinder is

mabl =
pcyl(θEXH )V (θEXH )

RT (θEXH )
(4.51)

And the temperature of the remaining gas

Tabl = T (θEXH ) (4.52)

After the blow-down, the cylinder pressure is assumed to be equal to the exhaust
manifold pressure, pem. Therefore, the remaining gas minus the residual gases
is assumed to flow out at constant pressure and temperature due to (4.52) where
the residual gases is

mr = mtot · xr (4.53)
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4.5.3 Out temperature

By summing up all the mass that flows out from the cylinder, a mean value ex-
haust temperature can be expressed according to Ainouz and Vedholm [1]

Tev =

∫ θEXH
θEVO

ṁe(θ)T (θ)dθ + (mabl −mr )Tabl
mtot −mr

(4.54)

4.6 Sensitivity analysis of estimated parameters

4.6.1 Cylinder pressure at intake valve closing - pivc

The cylinder pressure at IVC is estimated as pim,ivc. To get an idea of how sen-
sitive the model is for bad estimated values, a sensitivity analysis was done. In
Figure 4.5 the blue plot shows the engine out temperature Tev for different pivc.
The red plot shows the corresponding deviation in pivc in percent, against the
change in Tev in percent. It can be seen that a lower estimated value of the intake
pressure causes a larger deviation i Tev , than it does for a to high estimated value.

Figure 4.5: Sensitivity analysis of the temperature model - considering dif-
ferent pivc.
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Table 4.1: The sensitivity analysis in Figure 4.5 in tabular form.

Variations in pivc Change in Tev
+20% -11.8%
+15% -9.2%
+10% -6.4%
+5% -3.4%
0 0
-5% 3.7%
-10% 7.8%
-15% 12.4%
-20% 17.6%

4.6.2 Cylinder intake temperature - Tivc

The temperature at IVC can be hard to estimate because it depends on the amount
of residual gases. In Figure 4.6 the engine out temperature is compared against
different Tivc. As can be seen the out temperature is increasing with higher intake
temperatures. The temperature change is also more linear than it is when the
intake pressure is changed.
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Figure 4.6: Sensitivity analysis of the temperature model - considering dif-
ferent pivc

Table 4.2: The sensitivity analysis in Figure 4.6 in tabular form.

Variations in Tivc Change in Tev
+20% +16.9%
+15% +12.7%
+10% +8.5%
+5% +4.3%
0 0
-5% -4.3%
-10% -8.7%
-15% -13.1%
-20% -17.5%





5
Results

This chapter is divided into four parts. The first section will cover the pressure
models, the second the heat release analysis, the third the temperature sensors
and the fourth the engine out temperature.

5.1 Cylinder Pressure Model Validation

5.1.1 Validation of Pressure Model 1 - Analytic pressure model

The analytic pressure model is in this section validated against measured data.
The model validation is in this chapter presented by comparing with measured
cylinder pressure in three different operating points, one low speed-low load, one
medium speed-medium load and high speed-high load. The operating points are

• N=1500 rpm, Tq=65 Nm

• N=2500 rpm, Tq=110 Nm

• N=4000 rpm, Tq=300 Nm

For more operating points, see Appendix A.
In Figure 5.1, 5.2 and 5.3 the modeled pressure is validated for each operating
point. The plots in Figure 5.1a, 5.2a and 5.3a shows the compression and expan-
sion asymptotes together with the modeled and measured pressure, which makes
the interpolation between the two asymptotes more understandable. In the plots
in Figure 5.1b, 5.2b and 5.3b only the modeled and measured pressure are plot-
ted. These figures shows the full cycle pressure.

For each of the three operating points the model is able to match the mea-
sured pressure with good accuracy. At higher loads the model error is increasing

29
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around EVO but decreasing over the whole cycle. The operating point with best
accuracy between IVC and EVO is N=1500 rpm, Tq=65 Nm but over the whole
cycle this point has larger mean relative error than the operating point with high-
est speed and highest load. Table 5.1 shows the mean relative error for each
operating point.

Table 5.1: Mean relative errors between the analytic pressure model and the
measured pressure.

Operating point Mean relative error
( -360 ◦ to 360 ◦)

Mean relative error
(IVC to EVO)

Mean relative error
(EVO to EXH)

1500 rpm, 65Nm 5.4% 2.3% 1.6%
2500 rpm, 110Nm 4.2% 2.4% 3.1%
4000 rpm, 300Nm 9.1% 1.4% 8.9%
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(a) Compression and expansion asymptotes together with the mod-
eled and measured pressure.
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(b) The modeled and measured pressure trace over the full cycle.

Figure 5.1: Cylinder pressure at engine speed N = 1500rpm and load ma =
0.44 g/rev. The mean relative error from IVC to EVO is 2.3% and over the
whole cycle 5.3%.
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(a) Compression and expansion asymptotes together with the modeled and measured
pressure.
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(b) The modeled and measured pressure trace over the full cycle.

Figure 5.2: Cylinder pressure at engine speed N = 2500rpm and load ma =
0.68 g/rev. The mean relative error from IVC to EVO is 2.4% and over the
whole cycle 4.2%.
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(a) Compression and expansion asymptotes together with the modeled and measured
pressure.
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(b) The modeled and measured pressure trace over the full cycle.

Figure 5.3: Cylinder pressure at engine speed 4000rpm and load ma =
1.95 g/rev. The mean relative error from IVC to EVO is 1.4% and over the
whole cycle 9.1%.
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5.1.2 Validation of Pressure model 2 - Closed system pressure
model

Heat release traces from each of the analysis methods in 4.4 was tested with the
closed system pressure model. Since the heat releases from the closed system
heat release analysis method was most compatible with the pressure model, this
method was used in the validation. The model is validated by using the same
engine operating points as for the analytic model validation. Mean relative errors
has been calculated for the full cycle, the section between IVC and EVO and
between EVO and EXH. For more operating points, see Appendix A.

A measured pressure trace was used to create the heat release as described in
chapter 4.4. The heat release is then used as input in the pressure model, which
is then validated against the measured pressure. The model is able to follow
the measured pressure with good accuracy, see 5.4. A minor noisy behaviour
appears around TDC for all operating points. At higher loads, the model is a bit
off around θign, and the deviation between EVO and EXH is bigger as well.

Table 5.2: Mean relative errors between the Closed system pressure model
and the measured pressure.

Operating point Mean relative error
( -360 ◦ to 360 ◦)

Mean relative error
(IVC to EVO)

Mean relative error
(EVO to EXH)

1500 rpm, 65Nm 3.6% 2.7% 5.1%
2500 rpm, 110Nm 3.7% 2.9% 4.5%
4000 rpm, 300Nm 8.5% 2% 8.1%
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(a) The modeled pressure against
the measured pressure. The mean
relative error is 3.7%.
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(b) The modeled pressure against
the measured pressure. The mean
relative error is 3.6%.
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relative error is 8.5%.

Figure 5.4: Measured pressure against modeled pressure when a heat release
from the closed system method is used.
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5.2 Heat release

The different heat releases has been compared to each other and used as input
in the closed system pressure model. It turned out that the closed system heat
release method was most compatible with the pressure model. Some plots of the
different method follows.

Rassweiler/Withrow

In Figure 5.5 it can be seen how the different pressure traces is related to each
other. The red line, ∆pc is then used to calculate the mass fraction burned.
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Figure 5.5: The actual pressure change, the pressure change due to combus-
tion and the pressure change due to volume change.

Closed system method

In Figure 5.6 it can be seen how the fuel energy is distributed during combustion.
The dQch-trace is then used to calculate a mass fraction burned.
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Figure 5.6: The powers during combustion.

Vibe

The Vibe-function can approximately be seen as a mass fraction burned trace,
even if it is not based on any physical assumptions. Figure 5.7 shows a plot of
mass fraction burned traces from each of the heat release analysis methods.

-60 -40 -20 0 20 40 60 80 100

CAD

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

M
F

B
 [

-]

Mass Fraction Burned

(N=1500rpm  Tq=150Nm)

MFB
closed

MFB
vibe

MFB
RW

Figure 5.7: Mass fraction burned from all three methods. The Vibe and
Rassweiler/Withrow-traces raises earlier than the MFB from the closed sys-
tem. The closed system MFB dips before start rising, which indicates the
heat transfer to the cylinder walls could be a bit miscalculated.
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5.3 Temperature sensors

The three different temperature sensor differs a lot in their performances, as
expected. In Figure 5.8 the behaviour of the exposed thermocouple is plotted
against the unexposed thermocouple. The unexposed thermocouple can not catch
the pulsations as the exposed thermocouple, since it having a protecting mantle
which isolate the thermocouple. In Figure 5.9, the characteristics of the exposed
thermocouple and the fine wire thermocouple is shown. The plot shows the tem-
perature during a long sweep with different steps in ignition angle, which ex-
plains the periodical ups and downs in temperature. As can be seen the fine wire
thermocouple is way faster than the unexposed thermocouple, and could there-
fore catch the gas pulsations out from the cylinder in a better way.
It is also notably that the fine wire thermocouple show small pulsations after
the blow down, which is probably caused by the pressure raise during the blown
down from the other cylinders.



5.3 Temperature sensors 39

0.5 1 1.5 2 2.5 3 3.5 4

Time [s]

690

692

694

696

698

700

702

704

706
T

e
m

p
e

ra
tu

re
 [

K
]

Exposed vs Unexposed thermocouple

Exposed Thermocouple

Unexposed Thermocouple

(a) Exposed thermocouple vs unexposed thermocouple.

1.42 1.44 1.46 1.48 1.5 1.52

Time [s]

692

693

694

695

696

697

698

699

700

701

702

T
e

m
p

e
ra

tu
re

 [
K

]

Exposed vs Unexposed thermocouple

Exposed Thermocouple

Unexposed Thermocouple

(b) Zoomed version of 5.8a

Figure 5.8: Comparision between an exposed thermocouple and an unex-
posed thermocouple. The unexposed thermocouple does not catch the pul-
sations from the exhaust port openings.
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Figure 5.9: The temperature measured by a fine wire thermocouple and a
exposed thermocouple. The fine wire thermocouple is way faster than the
exposed thermocouple. It catch higher temperature peaks during blow down
but also lower dips between the blow downs. The sensors are placed at dif-
ferent cylinder ports, which explain why the temperature traces are phase
shifted.
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5.4 Engine out temperature

The measured temperatures are presented in three different cases.

• Varying loads

• Varying lambda

• Varying ignition angles

In the temperature plots the pipe temperature, port temperature and the engine
out temperature are compared.

5.4.1 Varying loads

The operating points described in chapter 3 has been used to validate the engine
out temperature model. The two pressure models and a measured pressure trace
are all used to validate the temperature model. In Figures 5.10, 5.11 and 5.12 the
modeled engine out temperature for each cylinder pressure is shown together
with the measured port temperature and the measured pipe temperature.

Measured pressure

The engine out temperature produced with the measured pressure is marked
with blue in the current figures. These curves can be seen as the most accurate
values since the measured pressure is used. As can be seen the pipe temperature
sensors shows a higher temperature than the port temperature sensors. The ex-
pected error between modeled engine out temperature and the measured port
temperature seem to be quite constant for all loads.

Using analytic pressure model

The engine out temperature produced with the measured pressure is marked
with red in the current figures. It can be seen that the difference between mea-
sured port temperature and the temperature model are higher than it is when
using the measured pressure. At high loads, the model corresponds better to the
measured pressure model.

Using closed system pressure model

The yellow curves in the current figures represents the engine out temperature
produced with the closed system pressure model. As can be seen the modeled
temperature is very low for low loads and low speeds, compared to the other
engine out temperatures. The modeled temperature is in the operating point
(N=3000rpm,Tq=50) lower than the pipe temperature, which is not reasonable.
The model is corresponding better to the measured pressure model at high loads.
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Figure 5.10: The modeled and measured temperature at 1500 rpm and dif-
ferent loads.
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Figure 5.11: The modeled and measured temperature at 3000 rpm and dif-
ferent loads. The modeled exhaust valve temperature based on the closed
system pressure model is at 50 Nm lower than the pipe temperature. That
indicates that the closed system pressure model is not accurate in that point.
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Figure 5.12: The modeled and measured temperature at 4500 rpm and dif-
ferent loads. It can be seen that the engine is fuel enriching at the two highest
loads, witch causes the temperature drop in these points.
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5.4.2 Varying lambda

The lambda values described in Chapter 3 has been used to validate the engine
out temperature model. In Figure 5.13 the different temperatures are shown.
The port temperature does not show a consistent behaviour through the lambda
sweep, like the pipe temperature does. It shows a temperature peak at λ = 1 and
then the temperatures is decreasing by decreasing lambda values. For λ > 1 the
temperature is decreasing as well. The models shows the same tendency but not
as distinct as the pipe temperature.
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Figure 5.13: Measured and modeled temperatures for different lambda val-
ues.

5.4.3 Varying ignition angle

In Figure 5.14 the ignition angles in Chapter 3 is used to validate the engine out
temperature model. The plot shows that the pipe temperature is consistently
increasing when the ignition angle is postponed, so do the model as well. The
measured engine out temperature does not have the same consistently appear-
ance. How the cylinder pressure changes for all ignition angles can be seen in
Figure 5.15.
Note that when changing the ignition angle with fixed λ and θign the load will
change. Therefore, the operating points will not be consistent during the ignition
angle sweep.



5.4 Engine out temperature 45

-6 -4 -2 0 2 4 6 8

Ignition angle [CAD]

900

1000

1100

1200

1300

1400

1500

T
e
m

p
e
ra

tu
re

 [
K

]

N=1500 rpm , Tq=150 Nm

T
ev

 - Measured pressure

T
ev

 - Analytic pressure

T
ev

 - Closed system pressure

Measured T
ev

Measured T
pipe

Figure 5.14: Measured and modeled temperatures for different ignition an-
gles.
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Figure 5.15: The cylinder pressure for different ignition angles.
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6.1 Pressure models

The two pressure models show good accuracy when comparing to measured data.
Their characteristics are almost equivalent considering mean relative errors, where
the biggest deviations occur at high loads.
The compression part of the analytic pressure model that is modeled as a poly-
tropic process has been proved being very accurate for all operating points. The
same applies for the expansion asymptote which seem to be able to follow mea-
sured data very well. The Vibe function is capable of making the model fit to the
measured pressure during combustion with surprisingly good precision. The co-
sine function that is used during valve openings is able to make the model match
the measured pressure during intake valve closing. During exhaust valve open-
ing the model has some problem to follow the measured pressure when running
the engine at high loads, where the measured pressure decreases with a steeper
inclination than the model. That is a problem since the pressure change during
this period is of high importance when modeling the engine out temperature. In
this case, the consequences will be a higher engine out modeled temperature due
to this model error.
The closed system pressure model is also capable of describe the measured cylin-
der pressure with good accuracy in all operating points. The model has, just like
the analytic model, most difficult to make accurate pressure traces at high loads.
An exception applies for the period between IVO and EVO where the model gets
more accurate for higher loads, this applies for the analytic pressure model as
well. Just like the analytic model this pressure model has hard to follow pressure
during the EVO-EXH period at high loads, but is slightly more accurate than the
analytic model. Since the main input in the closed system pressure model is a
heat release trace, any of the heat release analysis methods should be compatible
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with the model. Unfortunately, the model did not manage to create accurate pres-
sure traces when using heat releases created by the Vibe and Rassweiler/Withrow-
methods. The pressure has a tendency to raise to too high levels when using these
heat releases. At lower loads, there is a major pressure error around TDC and the
model still gives accurate pressures at EVO. But at high operating points the pres-
sure gets too high even at EVO, which makes the model useless for the engine
out temperature modeling. Therefore, the heat release from the closed system
method was used in the pressure model.

6.2 Engine out temperature

The modeled engine out temperature differs depending on which pressure model
that is used. Overall, the temperature model gives higher temperatures when us-
ing any of the pressure models, comparing to when using measured pressure.
When using the analytic pressure model the engine out temperature model usu-
ally gives higher temperatures than when using the closed system model.

6.2.1 Varying loads

For all operating points all temperatures increases with increasing loads, which is
a reasonable behaviour since more energy is released during the combustion. An
unreasonable observation is that the pipe temperature sensors shows higher tem-
peratures than the port temperature sensor does. It should not be possible since
there should be a major heat loss in the exhaust pipe. Therefore, when validating
the model the pipe temperature sensors are best to use as references. Unfortu-
nately, a model of the heat transfer from exhaust port to temperature sensor was
not made due to lack of time. But the model shows a quite acceptable difference
between the pipe sensors which indicates that the modeled temperatures are rea-
sonable and a model of the temperature drop from the exhaust port to the pipe
sensor should give accurate temperatures. When looking at the engine out tem-
perature plots for the highest loads, it can be seen that the temperature is not
increasing anymore. That is because the engine fuel enriches to avoid too high
exhaust temperatures.

6.2.2 Varying lambda

When varying λ the pipe temperature peaks at λ = 1. When fuel enriching
(λ < 1), the temperature will decrease because of several reasons. First by lower-
ing the temperature at IVC due to the higher amount of fuel that is going to evap-
orate. The temperature will also decrease because of the incomplete combustion,
due to the lack of air. It can also be seen that the temperature is decreasing when
using too lean mixtures. The reason for that is that the engine is more efficient at
leaner mixtures, which means more fuel energy will go to work production. The
port temperature shows a more incoherent behavior and it is more difficult to see
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a tendency in the temperature change. It can be seen that the models are better
in catching lean mixtures than rich mixtures.

6.2.3 Varying ignition angle

When θign is moved from θign,opt , the temperature is increasing. A delayed igni-
tion timing will reduce the engine efficiency which leads to a higher engine out
temperature, so the results are reasonable. The model shows the same tendency
which indicates that the model can catch variations in ignition angles. Unfortu-
nately, the same errors remains between the pressure model based temperatures
and the measure pressure based temperatures.

6.2.4 Fine wire thermocouples

The fine wire thermocouples have not been used to validate the model but con-
tributed valuable knowledge to the thesis. It was proven that the temperature
peaks during blow down are much higher than the exposed thermocouples can
show. But they also show lower dips in temperature during the time when the
exhaust valve is closed. Therefore, the mean value temperature will not be sig-
nificant higher when measuring with the fine wire thermocouples. In that sense,
these measurements can not explain the strange fact that the port temperature
sensors are measuring a lower temperature than the pipe temperature sensor
does.
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Conclusions

The developed model can describe the engine out temperature with promising
results. The model is hard to validate since the temperature sensor that is placed
near the exhaust port does not show the actual temperature. When validating
to the exhaust pipe temperature it was shown that the model is able to follow
the direction of the temperature change for different operating points, varying
lambda and varying ignition angles. It is hard to establish that the model gives
correct absolute level temperature since the model does not consider heat losses
in the exhaust port or in the exhaust manifold between the port and the pipe sen-
sor. However, the model has proven to be able to describe temperature changes
in pipe temperature even if the temperature differs a lot. In that sense, the model
gives reasonable temperatures.

The developed cylinder pressure models corresponds to the measured pres-
sure with good accuracy during almost the whole cycle. During combustion
the models correspond to the measured pressure very well but unfortunately the
largest deviations were found in the blow down phase, where it is of high impor-
tance to know the actual pressure. However, the cylinder pressure models could
be used for modeling the engine out temperature with acceptable accuracy.

7.1 Future work

There are several things that can be done to improve the model in the future.
Here follows a list of some areas that could be of interest in the future work.

1. Implement a heat transfer model in the exhaust port. A lot of heat is lost in
the exhaust port which is significant when modeling the engine out temper-
ature. In Caton and Heywood [2], the authors have developed a model of
the heat transfer in an engine exhaust port that can be used.
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2. Implement a heat transfer model in the exhaust manifold. As long as the ex-
haust temperature sensors does not measure the actual temperature, there
is need to take the exhaust manifold heat transfer into account. Otherwise,
the model can not be validated accurately enough.

3. Improve the cylinder pressure models. The pressure models shows good
accuracy during almost the whole cycle, an exception occurs during the
blow down phase at high loads. Since it is very important to have an ac-
curate cylinder pressure model in this phase, the engine out model can be
improved by improving the pressure model.

4. The model has been validated in 9 operating points which is acceptable.
But for securing the characteristics of the model, more data would be pre-
ferred. Especially for the variations of lambda and ignition angles, where
the sweeps was only made in one single operating point.

5. Make a model of the temperature sensors. To solve the problem with the
inaccurate port temperature measuring, it could be a good idea to develop
a model of the temperature sensors. If modeling the sensor as a cylindrical
shaped body enclosed in a pipe, it could be interesting to calculate all kinds
of heat transfer coefficients and see if they are reasonable. This could lead to
better understanding of what kind of heat transfer the sensors are actually
catching.
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Plots

This appendix consists of cylinder pressure plots for all the tested operating
points, as a complement to Chapter 5. Plots of both the analytic cylinder pres-
sure model and the closed system model is shown.

Analytic cylinder pressure model
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Figure A.1: Analytic cylinder pres-
sure model
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Figure A.2: Analytic cylinder pres-
sure model
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Figure A.3: Analytic cylinder pres-
sure model
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Figure A.4: Analytic cylinder pres-
sure model
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Figure A.5: Analytic cylinder pres-
sure model
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Figure A.6: Analytic cylinder pres-
sure model
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Figure A.7: Analytic cylinder pres-
sure model
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Figure A.8: Analytic cylinder pres-
sure model
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Figure A.9: Analytic cylinder pressure model

Closed system cylinder pressure model
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Figure A.10: Closed system cylin-
der pressure model
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Figure A.11: Closed system cylin-
der pressure model
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Figure A.12: Closed system cylin-
der pressure model
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Figure A.13: Closed system cylin-
der pressure model

-400 -300 -200 -100 0 100 200 300 400

CAD

0

1

2

3

4

5

6

P
re

s
s
u
re

 [
P

a
]

10
6 N=3000rpm  Tq=150Nm

Measured pressure

Modeled pressure

Figure A.14: Closed system cylin-
der pressure model
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Figure A.15: Closed system cylin-
der pressure model
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Figure A.16: Closed system cylin-
der pressure model
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Figure A.17: Closed system cylin-
der pressure model
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Figure A.18: Closed system cylinder pressure model
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