
Modelling the Intake Manifold
Dynamics in a Diesel Engine

Fredrik Karlsson

LiTH-ISY-EX-3084
April 2, 2001





Modelling the Intake Manifold
Dynamics in a Diesel Engine

Examensarbete utfört i Fordonssystem
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2 Övrig rapport

2

URL för elektronisk version

ISBN

ISRN

Serietitel och serienummer
Title of series, numbering

ISSN

Titel:
Title:

Författare:
Author:

Sammanfattning
Abstract

Nyckelord
Keywords

The goal is to model the intake manifold dynamics in a turbocharged diesel
engine. Pressure and temperature are the central properties that are modeled
and all models are physically based. The models are implemented and simulated
in Simulink as part of a model representing a complete engine, namely the
Mercedes-Benz OM611, a 2.2 liter four cylinder turbocharged diesel engine. A
research car with this engine and an extensive measurement system is used to
collect measurements needed for validation of the intake manifold models.

Three intake manifold models are presented and validated. All of them agree
well with measurement data under the condition that exhaust gas recirculation
is not active. When it is active however errors occurs, this is thought to be
because of erroneous modelling of the EGR system.

Intake manifold models can be used for control and diagnosis purposes. This
has become very important in recent years since tough legislations about low-
ering exhaust emissions, and detecting various faults has been made.

Vehicular Systems

Dept. of Electrical Engineering April 2, 2001

LITH-ISY-EX-3084

http://www.fs.isy.liu.se

April 2, 2001
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Abstract

The goal is to model the intake manifold dynamics in a turbocharged diesel
engine. Pressure and temperature are the central properties that are mod-
eled and all models are physically based. The models are implemented and
simulated in Simulink as part of a model representing a complete engine,
namely the Mercedes-Benz OM611, a 2.2 liter four cylinder turbocharged
diesel engine. A research car with this engine and an extensive measurement
system is used to collect measurements needed for validation of the intake
manifold models.

Three intake manifold models are presented and validated. All of them
agree well with measurement data under the condition that exhaust gas
recirculation is not active. When it is active however errors occurs, this is
thought to be because of erroneous modelling of the EGR system.

Intake manifold models can be used for control and diagnosis purposes.
This has become very important in recent years since tough legislations
about lowering exhaust emissions, and detecting various faults has been
made.
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ii Notation

Nomenclature

Symbol Quantity Unit
AV alve Effective area of EGR valve opening m2

cp Heat capacity at constant pressure J/(kg ·K)
cv Heat capacity at constant volume J/(kg ·K)
h Enthalpy J
hHT Heat transfer coefficient W/K
mAir Mass of air in intake manifold kg
mEGR Mass of exhaust gas in intake manifold kg
ṁAir Change of air mass in intake manifold kg/s
ṁEGR Change of exhaust gas mass in intake manifold kg/s
ṁInter Change of air mass in intercooler kg/s
ṁIntake Change of total gas mass in intake manifold kg/s
NEng Engine speed RPM
pError Relative error in pressure simulation %
pIntake Intake manifold pressure Pa
ṗIntake Change of intake manifold pressure Pa/s
q̇Intake Rate of heat transfer in the intake manifold J/s
R Gas constant for intake manifold gas mix J/(kg ·K)
RAir Gas constant for air J/(kg ·K)
RExh Gas constant for exhaust gas J/(kg ·K)
TAmb Ambient temperature K
TEGR Temperature of EGR flow after valve K
TEGRC Temperature of EGR flow after cooler K
TError Relative error in temperature simulation %
TExh Temperature of exhaust manifold K
TIntake Intake manifold temperature K
TInter Temperature after intercooler K
TSim Simulation time s
TWall Intake manifold wall temperature K

ṪIntake Change of intake manifold temperature K/s
u Internal energy per mass unit J/kg
U Internal energy J
VEng Displaced volume m3

VIntake Intake manifold volume m3

WEGR Mass flow thru EGR pipe kg/s
WFuel Mass flow of fuel into cylinders kg/s



Notation iii

Symbol Quantity Unit
WInlet Mass flow into cylinders kg/s
WInter Mass flow after intercooler kg/s
WTurb Mass flow thru turbine kg/s
ZEGR EGR rate %
γ = cp/cv Ratio of heat capacities -
εEGRC EGR cooler efficiency -
ηV ol Volumetric Efficiency -
ρIntake Intake manifold density kg/m3



iv Notation

Abbreviations

CDI Common rail Direct Injection
CI Compression Ignited
ECU Electronic Control Unit
EGR Exhaust Gas Recirculation
F&E Filling and Emptying
MVEM Mean Value Engine Model
NOx Nitrogen-oxide
OBD On Board Diagnosis
RPM Revolutions Per Minute (engine speed)
VGT Variable Geometry Turbocharger
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1 Introduction 1

1 Introduction

The goal of this thesis is to model the intake manifold dynamics of a tur-
bocharged diesel engine, and compare the simulated results with an exist-
ing model. Model accuracy and computational speed are both important.
Without accuracy the model is less valuable, and if it requires a lot of com-
putational power it will be too slow for practical use. The input signals
to the model are taken from measurements done with the research car (see
chapter 3).

The modelling and simulation are carried out in the Matlab/Simulink
environment.

1.1 Background

In recent years a lot of work has been put into the field of Mean Value En-
gine Modelling (MVEM) and simulation of such models. The development
is often driven by laws and legislations about lower fuel consumption and
emissions. Also the increase in computational power during the last years
has made modelling and simulation a powerful tool for developers in the
automotive business. A model of the inlet manifold can be used in control
applications, as well as for diagnosis purposes, such as an On Board Diag-
nosis (OBD) system. This system is for detecting faults, such as leaks in air
paths, that increase the emissions and reduces the driveability of the car.
An OBD system can consist of a model of the monitored part. This model
is simulated on line and the simulation results are compared with measured
values from the engine. This setup demands a correct model that do not
require too much computational power, not always a simple equation.

1.2 Method

To capture the dynamic behavior of the pressure and temperature in the
intake manifold a model containing different state equations is used. First
a previously developed model is presented. This model uses pressure and
mass in the manifold as states. In an attempt to improve the simulations a
new model is derived from basically the same assumptions but with pressure
and temperature in the manifold as states. The third model is an extension
of the latter and includes heat transfer between the gases inside the manifold
and the manifold walls. All three models are validated with measurement
data from the research car.



2 1.3 Thesis outline

1.3 Thesis outline

A short overview of the thesis and what the chapters contain are given in
the following paragraphs.

Chapter 2, Turbocharged Diesel Engines A short introduction to
diesel engines in general and the Mercedes-Benz OM611 engine in particular.
Special features such as Exhaust Gas Recirculation (EGR) and Variable
Geometry Turbocharger (VGT) are also explained here.

Chapter 3, The Research Car An overview of the measurement system
installed in the research car is given.

Chapter 4, Model Theory and Development Different ways to model
the intake manifold, and it’s importance to the whole engine model is dis-
cussed. Three models of the intake manifold are derived.

Chapter 5, Generating Volumetric Efficiency Maps The Volumet-
ric Efficiency is discussed and two maps are created from different datasets.

Chapter 6, Model Validation Validation of the intake manifold models
using measurement data are performed. The different models are compared
regarding both correctness of the simulated quantitys and computational
speed.

Chapter 7, Extensions Future work is discussed in this chapter.

Chapter 8, Conclusions In this chapter the conclusions drawn from this
work are presented and discussed.
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2 Turbocharged Diesel Engines

The information about turbocharged diesel engines presented in this chap-
ter, and much more, can be found in both [1] and [2]. Book [2] can indeed
be recommended since it is specialized on turbocharged internal combustion
engines. Useful information can also be found in [3], from where figure 2.1
originates.

Diesel engines, also known as Compression Ignition (CI) engines, have
been turbocharged for more than five decades. It is the operating principle
of the CI engine that enables them to be turbocharged without some of
the problems occurring when turbocharging Spark Ignition (SI) engines.
The basic idea of turbocharging is to increase the amount of air inducted
in the cylinders. The more air you induct, the more fuel you can inject,
and the more power output you get. A turbocharged engine can then be
made smaller than a naturally aspirated engine which has the same power
output, i.e. a turbocharged engine has a higher power to weight ratio.
Other advantages is that pumping losses and friction decrease. There exists
different ways to boost the intake air pressure. Either the air is compressed
by a mechanically driven pump, or a turbine-compressor combination is used
powered by energy from the exhaust gases. The Mercedes-Benz engine, used
in this project, is equipped with the latter.

In a diesel engine the fuel is injected directly into the cylinder. Before
the fuel is injected air is inducted and compressed in the cylinder. During
compression the temperature is increased to over the self ignition tempera-
ture of the fuel. When combustion is required to start the fuel is injected,
and after a small delay period when the liquid fuel evaporates and mixes
with air, spontaneous ignition occurs. Since combustion starts before the
whole amount of fuel is injected the possibility for negative effects such as
knock is limited.

The operating principle of a four stroke CI-engine can be described in
the following way. In figure 2.1 the movement of the piston and the valves
are shown for the four strokes.

Intake stroke The intake valves are open and as the piston moves
downwards the cylinder is filled with fresh air.

Compression stroke The intake valves closes and as the piston moves
upwards the air in the cylinder is compressed. This causes the temperature
to rise to about 800 K. In the end of this stroke the fuel is injected. The
air temperature and pressure are above the fuels ignition point, therefore
spontaneous ignition initiates the combustion process.

Expansion stroke Due to the high pressure created by the combustion
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the piston is accelerated downwards. In the end the exhaust valves open.
Exhaust stroke The piston moves upwards and pushes the burned

gases into the exhaust system. When the piston reaches its top position a
new cycle starts.

CompressionIntake Expansion Exhaust

Inlet Inlet Inlet InletExhaust Exhaust Exhaust Exhaust

Figure 2.1: The four strokes of an internal combustion engine

2.1 The OM611 engine

The engine that is modelled in this master thesis is the Mercedes-Benz
OM611. This is a 2.2 liter, 16 valve, four cylinder diesel engine with com-
mon rail direct injection (CDI) fitted in a Mercedes E-class. A schematic
overview of the engine is given in figure 2.2. The engine has no throttle
and is equipped with both Exhaust Gas Recirculation (EGR) and Variable
Geometry Turbocharger (VGT). EGR and VGT will be described in the
following sections.

2.2 Exhaust Gas Recirculation

The concept of EGR has been introduced as a way to decrease NOx pro-
duction. Since NOx is mainly produced under high pressures and high
temperatures, it is possible to control its formation by either reducing the
compression or the temperature in the combustion chamber. When using
EGR it is the temperature that is affected. EGR mixes cooled exhaust gas
into the intake air stream, helping to lower combustion temperatures as less
air and fuel are burned in each cycle.
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Figure 2.2: Schematic overview of the OM611 engine

One of the drawbacks with EGR is that it decreases the combustion
stability. Because you don’t want to loose driveability, i.e. power output,
EGR is only active during low load conditions. The amount of EGR diesel
engines can tolerate before misfire is up to 40 percent. The use of EGR
reduces the formation of NOx up to 30 percent.

2.3 Variable Geometry Turbocharger

A conventional turbocharger has a limited optimal working area. At low
engine speeds there is not enough flow through the turbine to drive the
turbocharger, and at high engine speeds some of the flow must bypass the
turbine by a waste gate not to exceed the maximum rotational speed of the
turbine. During accelerations from low engine speeds there is a time lag,
called turbo lag, between the demand and the actual increase in acceleration.
This lag exists because the turbine has to build up enough speed before the
compressor can work effectively.

In order to widen the optimal working area, especially in the lower engine
speeds, variable geometry turbocharging is applied. The basic idea is to
have a variable inlet geometry to the turbine. This is managed by a set
of vanes arranged in the path of the flow. By changing the angel of the
vanes the inlet area to the turbine changes. During low engine speeds when
the flow trough the engine is small one can increase the velocity of the flow
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by partially closing the vanes, thus gaining turbine speed. With this setup
there is also no more need for a waste gate.

In some literature the name variable nozzle turbocharger (VNT) is used.

2.4 Air Path System

In this section an overview of the air path system is given. The intake
manifold is a small but important part of this system. Engine models are
often based on the mass flow through the engine.

In figure 2.3 the air path system for the OM611 engine is presented.
After entering the engine through the air filter (not shown in the figure),
the air is compressed by the turbo charger (compressor). In the turbo
charger the temperature of the air is also increased. This is an unwanted
effect, so the air is then cooled in the charge air cooler (intercooler). Since
there is no throttle the flow of air then directly enters the intake manifold
where it can be mixed with recirculated exhaust gases. Then the air is
inducted into the cylinders where combustion takes place. On the outlet
side of the cylinders the exhaust gases enters the exhaust manifold, from
where a portion of the gases can be recirculated through the EGR cooler
back to the inlet manifold. The rest is led through the turbine (VGT) that
drives the compressor and then through catalysts and silencer (not shown).

Charge Air Cooler

EGR-valve

EGR-pipe

Intake Manifold
Turbo Charger

Figure 2.3: Overview of the air path system



3.1 The Mac2 measuring and application unit 7

3 The Research Car

The research car is a Mercedes E-class with the 2.2 liter diesel engine de-
scribed in the previous section. A number of extra sensors has been installed
in this engine to be able to closely monitor the behavior of certain param-
eters. The measurement system consists of five major components. An
overview of them is given in figure 3.1.

Figure 3.1: Schematic figure of the measurement components

3.1 The Mac2 measuring and application unit

For measuring and storing parameters from the research car a laptop com-
puter is used. This computer has to be able to communicate with the Engine
Control Unit (ECU) and the additional measuring equipment installed. To
do this the Mac2 unit is used as an interface. Measuring data is gathered
by the ECU and the additional sensors and sent via the Mac2 unit to the
laptop. In the laptop it is stored and can be saved as a Matlab m-file. The
software used for this application is called INCA and it is distributed by
ETAS GmbH [4]. This software is also used for controlling the engine via
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the ECU and to change the programming of the ECU.

3.2 The engine control unit (ECU)

The standard ECU usually integrated with this engine has been exchanged
for a modified ECU. This ECU is equipped with an extra Flash-EPROM
memory. This is done to allow modifications in the engine control program.
Modifications to the control program was done a couple of times during the
work on this thesis. For example the EGR valve had to be set in a closed
position during some measurements, and the ability to specify the amount
of fuel to be injected was used while doing measurements on a roll testbed.

3.3 The AD-Thermoscan

The AD-Thermoscan is used for temperature measurements. It has fourteen
channels that can be connected to thermal elements, in this case K-elements
(NiCr−Ni). The resolution of the temperature measurement can be chosen
between two ranges depending on whether a high resolution is wanted over
a shorter range or a lower resolution over a longer range. The two ranges
are from -25◦C to 1250◦C with a resolution of 5◦C, or from -50◦C to 205◦C
with a resolution of 1◦C. Which range is used depends on where the sensor
is located, both ranges are used in this measurement system. The device is
produced by CSM GmbH.

3.4 The AD-Scan

The AD-Scan is similar to the AD-Thermoscan, but it is used for pressure
measurement. The pressure sensors connected to the measuring channels
are so called expansion stripe elements. They transform a change of pressure
to a change in resistance. The change of resistance causes a voltage change
which is what the AD-Scan handles. With this setup pressures ranging from
500 mBar to 4000 mBar can be measured.
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4 Model Theory and Development

The simulation model used in this thesis is based on the OM611 engine de-
scribed is section 2.1. This is a model simulating the complete engine and it
was developed by Ricardo Consulting Eng. Ltd [5] and DaimlerChrysler [6].
In this model the engine is represented by a lumped parameter model based
on quasi steady-state flow assumptions. The non-steady flow energy equa-
tion is applied in which heat transfer to the environment and changes in
flow kinetic energy are neglected. This method of modeling combine physi-
cal principles with the use of steady state maps [7].

As can be seen in figure 4.1 the model is divided in different subsystems.
The work in this thesis is concentrated on the intake manifold, which is a
subsystem of the inlet system. The rest of the engine model will, with a few
exceptions, be viewed only as a simulation package.

The engine model has been optimized at DaimlerChrysler for the pur-
pose of diagnosis [8]. It is this model that is the basis in this thesis.

Model Inputs
Inlet Pumping Exhaust EGR

Systemand
CombustionSystem System

Figure 4.1: Overview of subsystems in simulink model

4.1 Intake Manifold Model

Modelling the intake manifold in a correct way is important because this
system governs the flow into the engine’s cylinders. This flow is crucial to
engine performance since the amount of air inducted into the cylinders to a
large extent governs the amount of fuel that can be burned, and therefore the
power output. The amount of air in the intake manifold depends mainly on
three factors: the flow into the manifold (from intercooler and EGR valve),
the flow into the cylinders, and the inlet manifold pressure. The flow into
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the cylinders is determined by a parameter called volumetric efficiency, see
chapter 5.

The intake manifold can be viewed as a reservoir. Flows from both the
intercooler (WInter) and the EGR valve (WEGR) are entering the reservoir
and the flow into the cylinders (WInlet) is leaving the reservoir, see figure
4.2.

p

IntakeT

Intake

VIntake

W

W

W
Inter

EGR

Inlet

Figure 4.2: Intake manifold

Three intake manifold models will be derived and discussed in the fol-
lowing sections. The first model uses pressure and mass in the manifold as
states and the other two uses pressure and temperature. EGR is included in
all models and in the last one heat transfer is also included. These models
are so called Mean Value Engine Models (MVEMs). They are dynamic,
physically based and simplified models. They describe the time develop-
ment of desired variables on a time scale a little larger than an engine cycle,
so cycle to cycle variations of the parameters are not captured. MVEMs
are often used when designing model based engine control systems and for
diagnosis.

To generate the models Filling and Emptying (F&E) modelling is used.
With this method the gas state in the manifold, or any control volume, is
defined by mass and energy conservation equations along with information
on the mass flow rates into and out of the manifold. This method assumes
a number of simplifications. The pressure, temperature and composition
inside the manifold are assumed homogeneous. Also instant and perfect
mixing of incoming flow with matter inside the manifold is assumed.

By using conservation of mass in the manifold and the ideal gas law a
very simple intake manifold model can be obtained. This model consists of
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one manifold pressure state equation and the assumption that the intake
manifold temperature is constant ([9], [10]). In an engine equipped with a
turbocharger and EGR however the assumption of constant temperature is
not correct. This leads to also considering the conservation of energy in the
manifold.

As input signals to the intake manifold models the following parameters
are needed: WInter, TInter,WEGR, TEGR and NEng. For the model including
heat transfer the intake manifold wall temperature, TWall, is also needed.
However, a measurement of this temperature was not available so an approx-
imation was used instead (see section 6.2.3). All input signals are measured
with the research car except for WEGR which is taken from the EGR model
(see section 4.5).

4.2 p & m State Model

In this section the pressure and mass state model is presented. This model
uses pressure and mass in the intake manifold as states. An adiabatic as-
sumption is made, i.e. heat transfer in the mainfold is neglected.

A short derivation of the state equations are made here, a more thorough
one can be found in [11].

We will have two gases mixing inside the volume, the fresh air from the
intercooler and the recirculated exhaust gas . But when we derive the state
equations we will treat the two gas components separately, see figure 4.3.

When we treat the two gas components separately we assume that each
of them has, in the intake manifold, the partial pressure pi, the mass mi

p

m

T
dV2,in

dV1,in

dm2,in

dm1,in

T2,in

T1,in

dV2,out

dm2,out

T2,out

dV1,out

dm1.out

T1,out

Figure 4.3: Intake manifold with two gas components.
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and the gas constant Ri. The temperature T and volume V are the same
for both gas components. Applying the ideal gas law gives us

piV = miRiT (4.1)

We will now consider one of the gas components, called component 1.
Assume that during the short time interval dt, a small volume dV1,in is
pushed into the reservoir. The work to push this volume into the reservoir
can be assumed to be

pdV1,in = dm1,inR1T1,in (4.2)

The gas also carries the internal energy (per mass unit)

u1,in = cv1T1,in (4.3)

There is also a flow out of the reservoir of gas component 1. For this
flow it holds that

pdV1,out = dm1,outR1T1,out = dm1,outR1T
u1,out = cv1T1,out = cv1T

(4.4)

By using equations 4.2-4.4 and the relation cp = cv +R we can write the
non-steady energy equation for gas component 1

dU1 = dm1,incv1T1,in + dm1,inR1T1,in − dm1,outcv1T1,out − dm1,outR1T1,out

= dm1,incp1T1,in − dm1,outcp1T1,out (4.5)

It also holds that

dp1V = dm1R1T +m1R1dT = R1(dm1T +m1dT )
dU1 = dm1cv1T +m1cv1dT = cv1(dm1T +m1dT )

(4.6)

For gas component 1 it then holds that

cv1dp1V

R1
= dm1,incp1T1,in − dm1,outcp1T (4.7)

By letting W1 denote the mass flow, we can rewrite this relation as

ṗ1 =
R1cp1

V cv1
(W1,inT1,in −W1,outT ) (4.8)
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This is the pressure state equation when we have only one gas compo-
nent. For the current system with two gas components we have

ṗ = ṗ1 + ṗ2 =
R1cp1

V cv1
(W1,inT1,in −W1,outT ) +

R2cp2

V cv2
(W2,inT2,in −W2,outT )

(4.9)
By letting subscript 1 denote the air, and subscript 2 denote the recir-

culated exhaust gas in the manifold and the assumption that

W1,out = m1
m1+m2

Wout,tot

W2,out = m2
m1+m2

Wout,tot
(4.10)

we can rewrite the pressure state equation in the following way

ṗIntake =
1

VIntake
(
RAircpAir

cpAir −RAir
WInterTInter +

RExhcpExh

cpExh −RExh
WEGRTEGR

−
(

(1 − ZEGR)
RAircpAir

cpAir −RAir
+ ZEGR

RExhcpExh

cpExh −RExh

)
WInletTIntake)

(4.11)

where

ZEGR =
mEGR

mAir +mEGR
(4.12)

When we have two inflowing gases we get two mass balance equations

ṁAir = WInter − (1 − ZEGR)WInlet

ṁEGR = WEGR − ZEGRWInlet
(4.13)

Since we now have the pressure and mass in the manifold we can use
the ideal gas law to calculate the temperature

TInter =
pIntakeVIntake

(mAir +mEGR) mAirRAir+mEGRREGR
mAir+mEGR

=
pIntakeVIntake

mAirRAir +mEGRREGR
(4.14)

Equations (4.11) and (4.13) together form the pressure and mass state
equations model including EGR.

The implementation of this model into simulink can be seen in appendix
B in figures B.1 and B.2.
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4.3 p & T State Model

In this model we will use pressure and temperature in the intake manifold as
states. Heat transfer in the manifold is neglected, i.e. we have an adiabatic
assumption. We also assume perfect mixing of the air and EGR flow in
the manifold and that air and exhaust gas properties are equal. The latter
assumption results in the following simplifications

cv = cvAir = cvExh

cp = cpAir = cpExh

R = RAir = RExh

When EGR is included conservation of mass in the manifold requires
that

ṁIntake = WInter +WEGR −WInlet (4.15)

Applying conservation of energy to equation (4.15) leads to the equation

WInter · hAir +WEGR · hEGR −WInlet · hInlet

= d(m·u)
dt = WInletcvTIntake +mIntakecvṪIntake

(4.16)

Equation (4.16) can now be rewritten in the following way by using that
the enthalpy can be expressed as hx = TxRγ/ (γ − 1)

ṪIntake =
WInterTInterRγ

(γ − 1)mIntakecv
+

WEGRTEGRRγ

(γ − 1)mIntakecv

−WInletTIntakeRγ

(γ − 1)mIntakecv
− WInletTIntake

mIntake
(4.17)

By using the ideal gas law pV = mRT and the fact that cv = R/ (γ − 1)
this equation can be written as

ṪIntake =
WInterTInterRγTIntake

pIntakeVIntake
+
WEGRTEGRRγTIntake

pIntakeVIntake

−WInletT
2
IntakeRγ

pIntakeVIntake
− WInletT

2
IntakeR

pIntakeVIntake
(4.18)

The final form of the temperature differential equation can now be writ-
ten by applying mass conservation from equation (4.15). This leads to the
equation
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ṪIntake =
RT 2

Intake

pIntakeVIntake

[
WInter

(
γ
TInter

TIntake
− 1

)

+WEGR

(
γ
TEGR

TInter
− 1

)
−WInlet (γ − 1)

]
(4.19)

The inlet manifold pressure state equation can now be deduced. To do
this we use the differentiation of the ideal gas law applied to the mass of
gas in the intake manifold

ṗIntake =
R

VIntake

(
ṁIntakeTIntake +mIntakeṪIntake

)
(4.20)

and equation (4.19). This results in the following equation

ṗIntake =
γRTIntake

VIntake

(
WInter

TInter

TIntake
+WEGR

TEGR

TIntake
−WInlet

)
(4.21)

Equations (4.19) and (4.21) together form the temperature and pressure
state equation model including EGR.

How this model is implemented in simulink is shown in appendix B
figures B.3 and B.4. For simulating this model the heat transfer coefficient
(hHT ) is set to zero.

4.4 Heat Transfer Model

In the models deduced in the previous sections we have made an adiabatic
assumption, i.e. no heat transfer occurs between the gases in the intake
manifold and the intake manifold walls. For a naturally aspirated engine
without a EGR system this assumption might very well be valid. In this case
when there is a turbocharger and EGR present however, the temperatures
in the manifold will vary over a wider range and reach higher values, and
heat transfer may be important to include.

The model presented there is a natural extension of the model deduced
in the previous section. The same assumptions are made except that heat
transfer is taken into account when the equations are derived.

Conservation of mass in the manifold requires

ṁIntake = WInter +WEGR −WInlet (4.22)
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Using the differentiation of the ideal gas law we get the relation

ṗIntake =
R

VIntake
(WInter +WEGR −WInlet) +

pIntake

TIntake
ṪIntake (4.23)

Applying energy conservation to the intake manifold gives

d(mcvT )Intake

dt
= WIntercpTInter +WEGRcpTEGR −WInletcpTIntake − q̇Intake

(4.24)
The effect of heat transfer is here captured by the term q̇Intake. It

consists of the heat transfer coefficient (hHT ) and the temperature difference
between the gas inside the manifold and the manifold walls (TIntake−TWall),
see equation 4.27.

Rearranging equation 4.24 results in the temperature state equation

ṪIntake =
RT 2

Intake

pIntakeVIntake

[
(γ

TInter

TIntake
− 1)WInter + (γ

TEGR

TIntake
− 1)WEGR

−(γ − 1)WIntake − q̇Intake

cvTIntake

]
(4.25)

Inserting equation (4.25) in (4.23) results in the pressure state equation

ṗIntake =
γRTIntake

VIntake

[ TInter

TIntake
WInter

+
TEGR

TIntake
WEGR −WInlet − q̇Intake

cpTIntake

]
(4.26)

Equations (4.25) and (4.26) together form the pressure and tempera-
ture state equations for the model including heat transfer and EGR. The
expression for q̇Intake is

q̇Intake = hHT (TIntake − TWall) (4.27)

where hHT is the heat transfer coefficient and TWall is the intake mani-
fold wall temperature.

The implementation of equations 4.25 and 4.26 into simulink can be seen
in appendix B figures B.3 and B.4.
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4.5 EGR Model

The EGR system consists of a connection between the exhaust manifold and
the intake manifold. Thru this connection exhaust gases are recirculated to
the intake system. To make the EGR more effective an intercooler is used
to cool the exhaust gas before it mixes with the fresh intake air. The cooled
exhaust gas is injected into the air flow thru a valve just before the intake
manifold. An overview of the EGR system is given in figure 4.4.

Exhaust
manifold

Intake
manifold

EGR
valve

EGR
cooler

Engine

WTurbWEGR

WInter

WExh

WInlet

WEGR

T EGRC

T EGR

Figure 4.4: Schematic overview of the EGR system

The system is modelled in two parts, the EGR cooler and the EGR
valve flow. In the cooler model only the temperature change is regarded,
the pressure in the cooler is assumed to be equal to the pressure in the
exhaust manifold. The cooler is modelled as a simple heat exchanger and
the exit temperature of the EGR cooler can be predicted by

TEGRC = TExh − εEGRC(TExh − TCool) (4.28)

where εEGRC is the EGR cooler efficiency. The EGR cooler efficiency is
implemented as a two dimensional look up table and is a function of engine
speed and the mass flow through the EGR system.
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εEGRC = f(NEng,WEGR) (4.29)

However, it was found out that the model for the EGR cooler worked
very poorly and it was replaced by a sensor that measures the temperature
directly after the intercooler. This means that the temperature TEGRC is a
direct input to the model.

In the valve flow model two basic equations are used for the flow and
temperature of the gas flowing thru the valve:

WEGR = AV alve
pExh√
TExh

ψ
(

pIntake
pExh

)
TEGR =

(
pIntake
pExh

) γ−1
γ TEGRC

(4.30)

The effective area of the valve opening (AV alve) is an important param-
eter. It is modeled as a lookup table where the control signal from the
ECU is the input signal. The data for the lookup table was provided by the
valve-supplier. It has to be investigated further whether this lookup table
is correct.

Except for the usual form of EGR called external EGR there is also
internal EGR. This is the backflow of exhaust gases from the cylinders into
the intake manifold. It is assumed that these gases will be concentrated
around the intake ports so the influence on the manifold is neglected.
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5 Generating Volumetric Efficiency Maps

There exists no easy way to measure the mass flow at the intake ports
without changing the characteristics of the manifold. So instead models of
varying complexity is used to calculate the port mass flow from other vari-
ables. The model used in this thesis is the so called speed-density equation,
a simple and common model. This equation states that the mass of air
flowing into the cylinders equals the volume flow of the engine, times the
air density. But since the engine is not a perfect pump, a correction term
is needed. This dimensionless constant is called the volumetric efficiency
and it measures the effectiveness of an engines ability to induce air from the
intake manifold into the cylinders. It is defined as the ratio of the actual
volume flow rate of air entering the cylinders and the rate at which volume
is displaced by the piston. So the expression for the volumetric efficiency
becomes:

ηV ol = 120
WInlet

NEngρIntakeVEng
(5.1)

In the model the volumetric efficiency is implemented as a 2D lookup
table. The flow into the cylinders can be rewritten in terms of inlet manifold
density by using the expression for ηvol and the lookup table:

WInlet =
ηV olNEngρIntakeVEng

120
(5.2)

To create a volumetric efficiency map the following parameters are needed:
WInter, TIntake, pIntake and NEng. If the EGR is active during the measure-
ment you also need the EGR rate ZEGR.

The volumetric efficiency maps presented in this chapter are created in
the following way. Measurement data from all the variables and operating
points are implemented as vectors in a matlab m-file. Break points for engine
speed and intake manifold density is chosen. This set of break points create
a grid covering the operating range of the engine. The intake manifold
density is calculated for each operating point using ρIntake = pIntake/(RAir ·
TIntake). If EGR is active the EGR flow is calculated using WEGR = WInter ·
ZEGR/(100 − ZEGR). For each operating point the corresponding value of
the volumetric efficiency is calculated using equation (5.1). Because of static
conditions while measuring the data WInlet consists of WInter +WEGR. The
volumetric efficiency can now be seen as a function of engine speed and inlet
manifold density and therefore presented as a 3D surface, see figures 5.1 and
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5.2 for examples. Interpolation is used to find values in between measured
points.

This way of implementing the volumetric efficiency is straight forward
and computationally fast, but it requires a thorough mapping of the engine
under static conditions. Another way to predict the intake port mass flow,
without the need for static engine mapping, is presented in [12]. In this
paper the quantity air charge per stroke is modeled instead of the volumetric
efficiency.

5.1 Using engine testbed data

Measurement data from an OM611 engine in a testbed was used to create
this map. The data was taken from a database. The measurements are
performed by running the engine at a fix engine speed with a fix fueling
value. For each combination of engine speed and fueling the needed param-
eters are measured after the values has stabilized. The EGR system was
active during this measurement. The EGR-rate was measured using a CO2

analysis.
The engine speed break points is set in the range of 1000-4500 rpm, in

steps of 500 rpm. At each of these engine speeds we have eight different
fueling conditions ranging from low to near maximum fueling. This gives
us a set of 64 operating points that encloses most of the engines operating
range. ηV ol is now represented by the map shown in figure 5.1.

This volumetric efficiency map was found out to work quite poorly with
the model, as we will see in the validation chapter. To improve the results
an empirically based correction was implemented in the simulink model.
The corrections in the map significantly improved the model output.

5.2 Using roll testbed data

Since the volumetric efficiency map generated from the engine testbed data
was not correct for the engine in the research car, we decided to generate
a new map. The basis for this map is measurements with the research car
on a roll testbed. Eight engine speeds were selected and for each engine
speed seven different fueling conditions was set. To achieve static running
conditions the amount of fuel injected was controlled by a laptop via the
ECU. Unfortunately the brake in the roll testbed was not strong enough to
let us gather all the measurements needed on low engine speeds. That is why
this map is only valid down to engine speeds around 2000 rpm. The map
is extended by extrapolation to engine speeds down to 1500 rpm. This was
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Figure 5.1: Volumetric Efficiency map generated from testbed data
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Figure 5.2: Volumetric Efficiency map generated from roll testbed data
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made to allow simulation of more test data and one must keep in mind that
the map may not be totally correct in this region. However, simulations
have shown good results. The EGR system was turned off during this
measurement. The reason for this is that in contrast to an engine testbed
it was not possible to measure the EGR-rate directly in the car. However,
the influence of the EGR is included in the map since the map is a function
of the intake manifold density which is mostly effected by the EGR. The
generated map is shown in figure 5.2.
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6 Model Validation

The different models of the intake manifold presented in this thesis are val-
idated in this chapter. The validation is made by comparing the simulated
quantity’s with measurements made in the engine. The generated volumet-
ric efficiency maps will also be validated using one of the intake manifold
models.

6.1 Validation of volumetric efficiency maps

Since there is no way to measure the actual flow of air into the cylinders
the validation can not be done by comparing the simulated air flow with a
measured one. Validation is instead performed in the following way:
The p & m state model is simulated with a number of different measurement
files using all three volumetric efficiency maps (see chapter 5), all other
parameters are kept constant. The pressure in the intake manifold is then
compared for the different simulations. The differences in the simulations
are then only due to the differences in the volumetric efficiency maps.

This method for validation only tells us which map that fits our model
best and nothing about the maps ability to predict the air flow into the
cylinders in a correct way. By assuming that the rest of the model is correct
however, this tells us that the map should also be correct. Another way to
validate the volumetric efficiency map would be to use a more complex model
of the intake manifold. Such a model could be based on the Navier and
Stoke equations, which can describe a number of the complex phenomena
occurring inside the manifold [13].

The volumetric efficiency map is generated from steady-state data, but
it is also used to predict port air mass flow during transient operation. So
the assumption that a transient trajectory consists of a series of steady-
state operating points is made. Since this is just an approximation an error
might be involved. This error, along with others such as inertial effects,
wave effects, heat transfer, backflow and friction are discussed in [13] and
found to be quite small.

Only one of the measurement files used for validation is presented here.
In figure 6.1 the engine speed profile of this file is shown. As can be seen
this measurement consists of both dynamic and near constant parts. The
EGR system in not active.
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Figure 6.1: Engine speed profile of validation file

6.1.1 Map from engine testbed

First the map based on the engine testbed data is validated. Figure 6.2
shows the measured and simulated intake manifold pressure. The profile
of the simulated pressure seems to fit the measurement quite well, but it
is much to low. This might be because the prediction of the port air mass
flow is to high, thus making the simulated pressure in the intake manifold
drop. It can also be seen that the error is smaller when the pressure is
higher, which is shown in figure 6.3 where the relative error is presented. It
is obvious that the error in the pressure simulation when this map is used
is too large for any practical use.
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Figure 6.2: Pressure simulation using map based on engine testbed data
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Figure 6.3: Relative error in pressure simulation using map based on engine
testbed data

6.1.2 Modified map from engine testbed

The pressure simulation and the corresponding relative error with the modi-
fied map are shown in figure 6.4 and 6.5 respectively. A major improvement
from the previous simulation can be seen. The simulated pressure is always
a bit to high but it follows the measured pressure signal very accurately.
Again the error is smaller when we have high pressures.
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Figure 6.4: Pressure simulation using the modified engine testbed data map
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Figure 6.5: Relative error in pressure simulation using the modified engine
testbed data map

6.1.3 Map from roll testbed

Since this map is based on measurements collected with the research car it
should be the one that best describe the port air mass flow. Judging from
figure 6.6 and 6.7 this is also the case.
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Figure 6.6: Pressure simulation using map based on roll testbed data

6.1.4 Validation summary

In table 6.1 the relative error for the pressure simulations using the different
volumetric efficiency maps are shown. As suspected the map based on mea-
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Figure 6.7: Relative error in pressure simulation using map based on roll
testbed data

surements from the roll testbed gives the most accurate result. This map
will also be used for the validation of the intake manifold models. Using
this map has some drawbacks since it does not cover the whole operating
range of the engine (see section 5.2). For future work a new and complete
volumetric efficiency map should be created so validation can be made over
the whole operating range of the engine.

Data source Relative error (%)
Engine testbed 13,69
Modified engine testbed 2,15
Roll testbed 1,56

Table 6.1: Relative errors for the pressure simulations
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6.2 Validation of Intake Manifold Models

The intake manifold models will be validated regarding both pressure and
temperature in the manifold, where pressure is the most interesting quantity.
This validation is made using measurement data collected from the research
car during various driving conditions. The pressure measurement data is
collected using both the production line sensor and an extra sensor. The
production line sensor is used by the ECU to collect data. It is a standard
component that was installed when the car was produced. The extra sensor
is part of the additional measurement system described in section 3.4. The
average value of the two signals are used as the pressure reference. A uniform
temperature in the intake manifold is assumed, the real temperature is
however distributed inside the manifold. This makes it hard to get a correct
measurement of the temperature since the one measured is only a local value
around the sensor.

Also the simulation time of the models is of interest. A model imple-
mented in the ECU for On Board Diagnosis purposes often has to be simu-
lated on-line, and since the computational power of the ECU is limited this
means that the model can’t be too complex. The intake manifold models
are simulated using Matlab/Simulink on a 550 MHz Pentium 3 computer
with 256 MB of RAM and Windows 98 operative system.

Two measurement/simulation files are presented in the following sections
for each of the different models, one with the EGR system disabled and one
with active EGR system. A disabled EGR system means simply that the
EGR valve is stuck in a closed position (see figure 2.3). When the EGR
system is active the EGR valve is controlled by the ECU. This means that
depending on the operating point of the engine the EGR valve is open or
closed, which results in rapid changes of the EGR flow. Since the EGR flow
has a big influence on both intake manifold pressure and temperature it is
important to model this flow accurately.

The engine speed profiles for the two measurement files used for valida-
tion is shown in figure 6.8 (without EGR) and 6.9 (with EGR). In figure
6.10 the simulated EGR flow into the manifold is shown. This is for showing
where in the simulation the EGR is active.

The error in the simulations are calculated in the following way

Error =
|Simulated value−Measured value|

Measured value
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6.2.1 p & m state model

In figure 6.11 and 6.12 the simulation results from the p&m state model
are presented. When EGR is inactive (figure 6.11) the pressure simulation
follows the measured signal quite well. It is always a bit to low though. In
the pressure error plot we can see that the maximum error is about 7,5%.
This error occurs when there is a fast pressure change in the manifold.
Also other spikes can be seen in the parts of the signal where the pressure is
rapidly changing. For the temperature simulation a similar behavior like the
pressure simulation can be observed. The simulated temperature is always
a bit low, but the main error occurs during rapid dynamic behavior of the
system. This behavior of the temperature simulation is expected because
the calculation of the temperature is based on the pressure and gas mass
inside the manifold (see equation 4.14). And since a change of pressure can
occur much faster than a change of temperature, a temperature spike can
be produced when the pressure is changing fast.

When EGR is active (figure 6.12) a much larger error can be seen in
both the pressure and temperature simulation. An error of up to 50% in
the pressure simulation and 60% in the temperature simulation indicates a
poor EGR model.

6.2.2 p & T state model

The validation for this model without EGR is presented in figure 6.13. The
pressure simulation is very similar to the one with the p&m state model,
and hence the relative error is almost the same. This is expected since the
only difference in the two pressure state equations is that the gas properties
are treated differently (see equations 4.11 and 4.21). In the temperature
simulation however a major improvement can be seen. All of the spikes
shown in the previous simulation are gone and the simulated signal follows
the measured very accurately. The simulated temperature does not quite
come up to the temperature measurements however. This is thought to
be a result of heat transfer in the intake manifold. The location of the
temperature sensor may also be important.

When EGR is active (figure 6.14) there are again large errors in the
simulations. An improvement from the p&m state model can be seen in
the absence of too large and fast changes in both simulated pressure and
temperature.
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6.2.3 p & T state model including heat transfer

The simulation results for this model without EGR can be seen in figure
6.15. The temperature simulation shows the most improvements but also
the pressure is slightly improved.

With EGR active (figure 6.16) we can now see that the temperature
signal looks much better than with the two previous models. There is still
a large maximum error of about 30% but the overall error is smaller and it
shows that the simulation follows the measurement quite well.

A problem occurs when heat transfer is included in the state equations.
This problem is that the intake manifold wall temperature (TWall) in equa-
tion (4.27) has to be known. There is no sensor for this temperature so
only a rough approximation has been used. The approximation consists of
taking the ambient temperature (TAmb, which is measured) and adding a
certain temperature to this one depending on the temperature and operat-
ing point of the engine. How this is implemented in Simulink can be seen
in figure B.3 and B.4 in appendix B. In this thesis the temperature increase
has been added manually which of course has the disadvantage of not being
able to change during a simulation. For future work it would be interesting
to investigate the intake manifold wall temperature, for example by apply-
ing a temperature sensor and see if this temperature can be approximated
by some other temperature already measured in the engine. Also the heat
transfer coefficient (hHT ) in equation (4.27) has to be known. It is set to
a value of 25W/K which is suggested in [13]. Based on the simulations
performed here this value has a good accuracy for this manifold. A more
detailed study regarding the heat transfer might be interesting for future
work.

6.2.4 Validation summary

In tables 6.2 and 6.3 the relative errors and the simulation time of the differ-
ent models are presented. Six measurement files are used for the validation
without EGR and three when the EGR system is active. The measurement
files used for generating the simulation results in figures 6.11-6.16 are num-
ber 2 (without EGR) and number 7 (with EGR). Figures representing the
other simulations can be found in appendix A.

In table 6.2 (without EGR) we can see that the error in the pressure
simulation is quite similar between the three models. As stated before this
is expected since the pressure is modeled in a very similar way. What can be
concluded of this however is that the assumption of equal air and exhaust
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gas properties (made in the models based on pressure and temperature)
does not lessen the accuracy of the simulation to any large extent. The
error in the temperature simulation is quite similar between the p&m,- and
p&T-state model. In simulations with these models often what looks like
an offset error can be seen in the temperature. One reason is probably
heat transfer in the manifold which is not included in the model. When
this heat transfer is included we can see that the temperature error in the
simulations decreases to a large extent. Thus, heat transfer seems to be
important to consider when modeling the intake manifold. Not only because
the temperature prediction is more accurate, but also the pressure prediction
since it depends on the temperature in the manifold. The simulation time
of the models based on p&T is several times smaller than of the model
based on p&m. This is valuable since the goal is to create models that are
computationally simple. The reduction in simulation time is most likely due
to more simple equations.

In table 6.3 the results from simulations with an active EGR system is
presented. We can see that the pressure simulation is somewhat better in
the models based on p&T. The errors are overall quite large though and
must be reduced before these models can be of any practical use. In the
temperature simulations the model including heat transfer is again the most
accurate, though errors are present in all models here as well.
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Figure 6.8: Engine speed profile for validation without EGR
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Figure 6.9: Engine speed profile for validation with EGR
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Simulation number
1 2 3 4 5 6

p&m- pError [%] 1.45 1.57 2.79 1.24 1.46 1.23
state- TError [%] 7.60 7.59 10.30 7.12 6.70 3.32
model TSim [s] 26.5 24.0 11.0 22.1 10.8 20.5
p&T - pError [%] 1.48 1.68 2.92 1.60 1.46 1.34
state- TError [%] 7.77 6.12 9.29 3.96 6.40 1.63
model TSim [s] 6.9 5.7 3.0 5.2 2.9 6.7
p&T - pError [%] 0.92 1.27 2.54 1.53 1.08 1.37
state- TError [%] 5.84 4.53 1.83 1.81 3.11 1.18
model+HT TSim [s] 7.0 6.3 3.2 5.5 3.0 6.8

Table 6.2: Relative errors and simulation time of the different models when
EGR is not active

Simulation number
7 8 9

p&m- pError [%] 6.61 5.77 3.54
state- TError [%] 12.89 12.74 19.00
model TSim [s] 20.2 39.2 22.3
p&T - pError [%] 4.10 4.87 3.38
state- TError [%] 12.84 13.04 17.40
model TSim [s] 27.0 20.5 28.0
p&T - pError [%] 4.28 4.59 3.32
state- TError [%] 8.48 8.58 8.59
model+HT TSim [s] 27.2 22.1 28.1

Table 6.3: Relative errors and simulation time of the different models when
EGR is active
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Figure 6.11: Comparison between the p&m state model and measurements.
EGR is not active.
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Figure 6.12: Comparison between the p&m state model and measurements.
EGR is active.
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Figure 6.13: Comparison between the p&T state model and measurements.
EGR is not active.
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Figure 6.14: Comparison between the p&T state model and measurements.
EGR is active.
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Figure 6.15: Comparison between the p&T state model including heat trans-
fer and measurements. EGR is not active.
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Figure 6.16: Comparison between the p&T state model including heat trans-
fer and measurements. EGR is active.
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7 Extensions

For future work the effect of heat transfer in the manifold would be interest-
ing to investigate further. For making the model including heat transfer of
practical use, the intake manifold wall temperature has to be found, either
by simply measuring it or creating a model for it. Also the accuracy of the
heat transfer coefficient should be validated.

Since the models work poorly when the EGR system is active it has to
be investigated whether the modelling of the EGR system is correct. This
is a good base for a future project.

A new and complete volumetric efficiency map should be created since
the ones existing for this engine are either incorrect or incomplete.
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8 Conclusions

Two new dynamic models has been constructed for the intake manifold
of a turbocharged diesel engine. One with an adiabatic assumption and
one including heat transfer in the manifold. Both models include EGR
and are based on physical considerations. Validation of these models with
measurement data shows promising results, especially the model including
heat transfer.

Comparisons between the newly constructed models, based on pressure
and temperature, and the previously developed model, based on pressure
and mass, shows that some improvements are made. The temperature spikes
present in the simulations with the p&m state model can not be seen in the
simulations with the new models. In simulations with the model including
heat transfer a large improvement of the temperature signal can be seen, so
heat transfer in the manifold is clearly important for accurate modelling of
this kind of engine.

When EGR is inactive the error in the pressure simulation does not vary
much between the models, when it is active however the models based on
pressure and temperature capture the pressure dynamics in a better way. In
these models we assume that air and exhaust gas properties are equal. From
this the conclusion that the air and exhaust gas properties can be assumed
equal when deriving the model equations are drawn. The very short spikes
that can be seen in particularly the pressure error plots present no problems
since they can easily be filtered away.

For all models errors in both pressure and temperature simulations oc-
curs when EGR is active. This is thought to be due to an erroneous EGR
model.

The simulation time of the models are also considered. When EGR is
inactive the simulation time of the models based on pressure and temper-
ature are greatly reduced from that of the model based on pressure and
mass. This is due to more simple equations. When EGR is active however,
no certain conclusions can be drawn from the few simulations presented
here.
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Appendix A: Simulation results

In this section the simulation results for the measurement files not presented
in the validation chapter are shown.
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Figure A.1: Engine speed profile for simulation file 1.
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Figure A.2: Engine speed profile for simulation file 3.
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Figure A.3: Engine speed profile for simulation file 4.
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Figure A.4: Engine speed profile for simulation file 5.
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Figure A.5: Engine speed profile for simulation file 6.
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Figure A.6: Engine speed profile for simulation file 8.
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Figure A.7: Engine speed profile for simulation file 9.
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Figure A.8: Simulated EGR flow into manifold for simulation file 8.
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Figure A.9: Simulated EGR flow into manifold for simulation file 9.
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Figure A.10: Comparison between the p&m state model and measurements
when EGR is not active. Simulation file 1.
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Figure A.11: Comparison between the p&m state model and measurements
when EGR is not active. Simulation file 3.
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Figure A.12: Comparison between the p&m state model and measurements
when EGR is not active. Simulation file 4.
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Figure A.13: Comparison between the p&m state model and measurements
when EGR is not active. Simulation file 5.
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Figure A.14: Comparison between the p&m state model and measurements
when EGR is not active. Simulation file 6.
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Figure A.15: Comparison between the p&m state model and measurements
when EGR is active. Simulation file 8.
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Figure A.16: Comparison between the p&m state model and measurements
when EGR is active. Simulation file 9.
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Figure A.17: Comparison between the p&T state model and measurements
when EGR is not active. Simulation file 1.
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Figure A.18: Comparison between the p&T state model and measurements
when EGR is not active. Simulation file 3.
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Figure A.19: Comparison between the p&T state model and measurements
when EGR is not active. Simulation file 4.
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Figure A.20: Comparison between the p&T state model and measurements
when EGR is not active. Simulation file 5.
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Figure A.21: Comparison between the p&T state model and measurements
when EGR is not active. Simulation file 6.
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Figure A.22: Comparison between the p&T state model and measurements
when EGR is active. Simulation file 8.
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Figure A.23: Comparison between the p&T state model and measurements
when EGR is active. Simulation file 9.
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Figure A.24: Comparison between the p&T state model including heat
transfer and measurements when EGR is not active. Simulation file 1.
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Figure A.25: Comparison between the p&T state model including heat
transfer and measurements when EGR is not active. Simulation file 3.
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Figure A.26: Comparison between the p&T state model including heat
transfer and measurements when EGR is not active. Simulation file 4.
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Figure A.27: Comparison between the p&T state model including heat
transfer and measurements when EGR is not active. Simulation file 5.
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Figure A.28: Comparison between the p&T state model including heat
transfer and measurements when EGR is not active. Simulation file 6.
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Figure A.29: Comparison between the p&T state model including heat
transfer and measurements when EGR is active. Simulation file 8.
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Figure A.30: Comparison between the p&T state model including heat
transfer and measurements when EGR is active. Simulation file 9.
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Appendix B: Simulink models

The equations derived for the intake manifold models in chapter 4 are im-
plemented in simulink for easy simulation. How they are implemented are
shown in this section.

The two models based on pressure and temperature are implemented
in the same way. The only difference is the part simulating heat transfer.
This part can be activated or deactivated by changing the value of the heat
transfer coefficient (hHT ). When it is set to zero heat transfer is not included
in the model.
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Figure B.2: Simulink implementation of the pressure state equation for the
p&m state model. Equation 4.11.
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Figure B.3: Simulink implementation of the temperature state equation for
the two models based on pressure and temperature. Equations 4.19 and
4.25.
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Figure B.4: Simulink implementation of the pressure state equation for the
two models based on pressure and temperature. Equations 4.21 and 4.26.


