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Abstract
The work presented in this thesis is the result of the KTH CICERO project “Dynamic
Engine Performance” in which the main objective was to develop simple models for
emission formation. The demand for such models is increasing, mainly due to the
tightening emission legislation for diesel engines which has lead to more complex engines
and thereby more laborious development and calibration processes. Simple emission
models can be a valuable tool during the development phase, e.g. when used with models
for gas exchange - and after-treatment systems, and for pre-calibration of the engine
control settings. Since engines in automotive application typically work under dynamic
load, the main prerequisites were that the models should be comprehensive enough to
handle the extreme conditions that can occur in engines during load transients but still
simple enough to be used for calibration.
Two main approaches have been used; one where the combustion and emission
formation processes were modeled from the flame front and downstream using
equilibrium chemistry. In the other approach, the entire mixing/entrainment process was
modeled and emission formation was modeled with kinetic chemistry. Both approaches
were found to meet the requirements but had different advantages; the first, simpler
approach had shorter calculation time while the latter was more comprehensive and
required less tuning. The latter also resulted in a model for heat release rate which can be
useful as a stand-alone model and allows the emission models to be used for untested
conditions.
Another objective in this project was to identify techniques/instruments that can be used
for emission measurements during transient operation since these are essential for
understanding of emission formation in these conditions and as validation data for the
emission models.
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1 Introduction
1.1 The diesel engine
The diesel engine was patented 1892 by the German engineer Rudolf Diesel and his
concept permitted a doubling of efficiency compared to other internal combustion
engines [1]. The engine has since been used in many applications such as power
generators, ships, aircrafts, submarines, tanks, trains, tractors, trucks and cars. As when it
was introduced, its main advantage over other power sources is its efficiency. In road
transport today, the diesel engine is dominating in heavy applications such as trucks and
buses and is increasing in popularity for passenger cars due to an increased focus on fuel
efficiency [2]. One drawback of the diesel engine compared to spark ignited engines (e.g.
gasoline) is that it typically is more expensive and has therefore traditionally been the
choice of high mileage customers. However, with increasing fuel price, the breakpoint
mileage decreases. The sales statistics, in Figure 1, show that almost half of the passenger
cars sold in Europe today are powered with diesel engines. The increase has been even
more dramatic in Sweden where the share has increased from less than 10% in 2005 to
around 50% in 2010.

Figure 1. Share of Diesel in new car registration [2]
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Even though introduction of new technology such as electric vehicles may compete with
internal combustion engines in some applications, fully replacing it is not realistic with
technology available today. The energy density of diesel fuel is about 100 times higher
than the best available batteries for electric vehicles [3]. As examples would an electric
passenger car with the same range as a diesel driven one weigh over three times more and
a long range truck would not be allowed to carry any load at all. Also, they would be very
expensive. A more likely development is more wide spread use of hybrid vehicles and
more of them being diesel-electric hybrids rather than gasoline-electric.

Besides higher production cost, the other main drawback of the Diesel engine has been
that it emits more pollutants compared to spark-ignited engines. However, the difference
has decreased significantly during the last two decades. Even though it is a difficult
challenge, the engine manufacturers continuously reduce the emission levels to comply
with the tightening legislation.
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1.2 Diesel engine combustion
Diesel combustion is a complex process composed of several sub-processes; fuel is
injected into the cylinder where the inducted charge has been compressed. The fuel jet
then breaks up into droplets which evaporate and the gaseous fuel is mixed with the
surrounding gases by entrainment into the jet. Reactions start within the mixture and
eventually combustion occurs and quickly spreads throughout the cylinder where
combustible mixtures are available. The time between the start of injection until
combustion occurs is called the ignition delay period and the subsequent combustion is
called the premixed combustion phase. Following this is a mixing-controlled phase where
the combustion stabilizes and starts at an almost constant distance downstream the
injector nozzle, at the so called lift-off length, and the combustion process remains
steady until the end of injection. The last phase is called the late combustion phase. In
this phase, the in-cylinder gas-motion is no longer dominated by the fuel sprays. Instead,
effects of intake charge motion, e.g. swirl and tumble, are more prominent. The four
stages are illustrated in a schematic representation in Figure 2.

Figure 2. Typical Diesel engine heat release rate diagram showing the different combustion phases [1].
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Images of the different combustion phases from an optical access engine are shown in
Figure 3. Different camera settings were used in the different stages.

Figure 3. Fuel injection during the ignition delay period (upper left), premixed combustion (upper right),
mixing controlled combustion (lower left) and late combustion (lower right). Courtesy of Mikael
Lindström.
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1.3 Conceptual models
As the main part of the fuel’s energy typically is released during the steady/mixing
controlled phase of the combustion process, several models have been developed for it.
A well known model is the conceptual model developed by Dec [4] based on laser
measurements in diesel engines. The model has played an important role in
understanding the combustion process and emission formation. An example of a more
recent model is the one developed by Kosaka [5] who added more details regarding
several aspects into his model. These two models are shown in Figure 4. The models
show that soot starts to form in the center of the flame and continues to grow further
downstream in the flame. Another main feature in the models is the high temperature
flame sheet surrounding the flame, where soot is oxidized and NOx is formed.

Figure 4. Two conceptual models for diesel combustion, Dec [4] (left) and Kosaka et al [5] (right).
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A common representation for emission formation is equivalence ratio – temperature
plots which show under what conditions soot and NOx emissions are formed. An
example is shown in Figure 5 together with Dec’s conceptual model.

Figure 5. Typical mixing line and emission formation in the equivalence ratio – temperature plane [6].
It shows that soot typically is formed at equivalence ratios higher than two in a certain
temperature range. Soot formation simulations often show a bell shaped temperature
dependence peaking between 1800 and 2000 K, i.e. slightly higher than in Figure 5. As
illustrated in the conceptual models, Figure 4, soot oxidation and NOx formation occur
in the same conditions, i.e. where the temperature is high and there is available oxygen
and/or OH.
Figure 5 also shows a typical path through the equivalence ratio – temperature plane
(mixing line) that fuel injected at a certain instant follows as it moves downstream from
the injector nozzle. Starting at high equivalence ratio; as the surrounding gases are
entrained into the jet, temperature increases slowly initially mainly due to the entrained
gas’ higher temperature. As the fuel reaches the lift-off length where combustion starts,
the temperature increases rapidly and then continues to increase as more gases are
entrained into the flame and more oxygen is available to the fuel. When enough gases
have been entrained to fully oxidize the fuel, at equivalence ratio 1, further entrainment
acts as dilution and the temperature decreases. The combustion and emission formation
processes will be described more thoroughly in the next section.
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1.4 Diesel engine emissions – effects on human health
and the environment
Soot together with other non-gaseous emissions (solid or liquid) are collectively called
Particulate Matter (PM). PM emissions have been shown to be harmful to human’s
respiratory and cardiovascular systems and to decrease lung function and cause lung
diseases. PM emissions also cause environmental contamination.
The diesel engine’s other main emission problem is NOx emissions (Nitrogen Oxides).
NOx emissions are also harmful for human’s respiratory passages and can affect
vegetation. NOx emissions are also the cause of smog which is formed together with
hydrocarbon emissions exposed to sunlight. Smog was the first discovered automotive
pollution problem found in the 1940s in the Los Angeles basin.
Another issue is CO2 emissions which are believed to contribute to global warming.

1.5 Emission legislation
As a result of the smog problem in Los Angeles, the first emission standards were
introduced in California in the early 1960s [1] and although smog is not a worldwide
problem, other problems such as the effects on human health has lead to introduction of
emission standards in many parts of the world. The legislated levels vary significantly on
different markets and are still most strict in the US but the standards in the European
Union (EU) are not far behind [7]. For Heavy Duty diesel engines in the EU, the first
standard was issued 1992 and since then PM and NOx emissions have been reduced by
95 and 75% respectively. The next level, Euro 6, goes into effect 2013 and the total
decrease compared to 1992 will then be 97% for PM-emissions and 95% for NOxemissions. These reductions have been accomplished by improvement of components
such as the injection system and gas exchange system and by introduction of new
technology such as Exhaust Gas Recirculation (EGR). Also, the engine control system
has been developed significantly. In addition, most manufacturers have introduced
exhaust aftertreatment system, such as particulate filters and Selective Catalytic Reduction
(SCR) for NOx emissions. Future legislation will also introduce a limit for the number of
particles being emitted from the engines.
The other legislated emissions, hydrocarbons (HC) and carbon monoxide (CO), has
typically not been problematic for diesel engines. However, part of the PM emissions are
hydrocarbons that are condensated on the particles. Also, HC and CO emissions must be
considered as new concepts for diesel combustion, such as low temperature combustion,
are being developed.
There is currently no legislated limit for CO2 emissions from Heavy Duty diesel engines.
However, these are directly proportional to the fuel consumption of the engines which is
an important competitive aspect for engine manufacturers.
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1.6 Project motivation
Due to the increasing complexity of the diesel engine, the optimization process is
becoming increasingly challenging. For every control variable that is added, the number
of test points needed increases rapidly. Besides being time consuming, engine testing is
expensive and an alternative is therefore desirable.

1.7 Project description
The objectives of this project is to develop models for emission formation in diesel
engines that can be used to support the optimization process by enabling a preliminary
“offline” calibration, by computer simulations. These models could for example be used
together with 1-D software or mean value model for the engine’s gas-exchange system to
include emission predictions in full engine simulations. Other possible applications for
the models are for example concept studies for gas exchange systems and development
of aftertreatment systems. To be useful in these applications, the calculation time for the
models must be as reasonably short. This limits the level of detail that can be considered
and the suggested models are therefore strongly simplified regarding both fluid
mechanics and chemical reactions.
Since the engine certification procedure includes transient operation, i.e. with varying
load and speed, a requirement was that the model should be able to handle the extreme
conditions that can occur under transients. When the load is increased, the turbocharger
needs time to accelerate and deliver the airflow that corresponds to the load. During this
time period, the excess of air in the combustion chamber cannot be maintained which
causes impaired oxidation of fuel and soot and higher average temperature.
To generate validation data for transient emissions, it was necessary to identify
measurement techniques that could be used for high resolution measurements, both for
emission measurements and for measurements that are needed to define the cylinder
inlet and outlet conditions such as various temperatures, pressure and flow rates.
The aim of this thesis is to give a summary of the modelling approaches that have been
used and how they are related to each other. In some parts, the theory behind the models
is described in more detail than in the papers.
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2 Emission formation in diesel engines
As described in the introduction, the main pollutants from diesel engine combustion are
soot and Nitrogen Oxides (NOx). Their formation and oxidation processes are described
in this section.

2.1 Nitrogen Oxide (NOx) emissions
NOx is a collective term for nitrogen oxide (NO) and nitrogen dioxide (NO2). In diesel
combustion, NO is mainly formed in three mechanisms: The prompt (or Fenimore)
mechanism and the nitrous oxide mechanism where NO is formed from reaction
between oxygen radicals (O) and hydrogen cyanide or nitrous oxide. The third, and most
important, mechanism is the thermal (or Zeldovich) mechanism which originally includes
two reactions proposed by Zeldovich and later was complemented with a third
reaction [8]:
(1)
(2)
(3)
NOx is mainly formed where O2 and OH are available in combination with high
temperature. As illustrated in the conceptual models, Figure 4, during the mixing
controlled part of combustion, NOx is mainly formed in the flame sheet that surrounds
the flame.
Even though both NO and NO2 are included in the legislation, only the first is often
considered for two reasons; NO is the dominating component of NOx inside the
combustion chamber and; NO2 is formed from oxidation of NO [9]. However, when the
exhaust gases have been expelled to the atmosphere, all NO becomes NO2.
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2.2 Soot formation and oxidation
The first step towards soot formation is formation and growth of polycyclic aromatic
hydrocarbons (PAHs) which eventually coalesce and form the first small particles. This
transition from gas-phase species to solid particles is referred to as nucleation. The
particles then grow via surface reactions similar to the growth reactions for PAHs [10],
i.e. mainly by HACA mechanism (H-abstraction-C2H2-addition). When particles collide
they either coalesce completely and form new spherical particles or agglomerate, i.e. stick
to each other. The combination of these two processes gives the soot particles a complex
structure (equivalent diameter ~100-1000nm), with irregular chains of smaller particles
called primary particles (~20nm). An example is shown in Figure 6.

Figure 6. An example of the structure of soot from diesel combustion [11].
One theory is that coalescence only occurs for smaller particles since large ones do not
have sufficient time for fusion. Another theory is that the spherical shape of the primary
particles is the result of simultaneous surface growth and coagulation and that the
transition to agglomeration occurs when the surface growth reactions decrease [10].
As shown in Figure 4 and Figure 5, soot formation occurs in the rich regions of the
flame while the counterbalancing process, soot oxidation, occurs where O2 and OH are
available, i.e. the same conditions that promote formation of NOx. OH is the dominant
oxidant in total, especially in rich conditions where the concentration of O2 is low.
However, for late oxidation the O2 mechanism is more important [12].
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3 Emission modelling - review
Modelling emission formation can be divided into two aspects: First, the chemical
reaction aspect of the formation processes must be formulated in a way that is valid for
the relevant conditions, e.g. diesel combustion. The second step is to describe conditions
in the combustion chamber, i.e. the fluid dynamic aspect. Even in research applications
at least one of the two aspects has to be simplified to make the calculations manageable
and in engineering applications, e.g. optimization and diagnostics, emission calculations
are typically simplified in both aspects. This section includes examples of presented
modelling approaches and in what applications they are used.

3.1 NOx modelling approaches
Some examples can be found with detailed chemical reaction systems for NOx formation,
e.g. Zabetta et al. [13] and Broadwell and Lutz [14]. However, the most common
approach in engineering applications for diesel engines is to only consider formation via
the Zeldovich mechanism presented in the previous section. In order to reduce the
calculation when only NOx emissions are modelled, the reaction systems can be reduced
to only consider the main combustion products and the reactants in the Zeldovich
mechanism, e.g. Rejnö [15].
A popular simplification is to use the equilibrium concentrations of the reactants in
Zeldovich mechanism (the equilibrium approach), e.g. [9], [16], [17], [18], [19] and [20].
The assumption is valid at typical flame temperatures in diesel combustion. NOx models
are also often simplified in the fluid dynamic aspect due to the relatively isolated
formation region in the flame sheet. The most simplified approach, adopted by e.g.
Chmela et al. [16] and Ericsson et al. [20], is to consider two 0-D parts of the combustion
chamber (zones). One zone contains all combustion products and one contains the rest
of the gases. Egnell [9], Andersson [19] and Lapuerta et al. [17] used an extension of the
two-zone approach with multiple zones containing combustion products (0-D
multizone). The zones are created during the combustion with the current flame
temperature, mass and residence time for NOx formation. More detailed models are
mainly used when soot formation also is considered, e.g. Hountalas et al. [17] who used a
3-D model.
Empirical correlations are also used in some applications. Since NOx formation to a high
degree depends on temperature, the emissions can to some extent be estimated from
correlations, e.g. Andersson [19] and Ahmad et al. [21].
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3.2 Modelling approaches for soot formation and oxidation
Modelling the complex process of soot precursor (PAHs) formation require detailed
chemical reaction mechanisms which, due to limited computational resources, are mainly
used in simulations where the fluid dynamic aspects of the combustion are strongly
simplified. Examples are the closed reactor simulations of Kitamura et al. [22] and the
Two-Stage Lagrangian (TSL) model which was developed by Broadwell and Lutz [14] for
NOx calculations and used by Pickett et al. [23] for formation of soot precursors.
Kitamura’s group also included a detailed model for the solid phase soot particle
reactions based on the “method of moments” developed by Frenklach and Wang [23].
The method of moments describes particle number and mass according to
Schmoluchowski’s self-preserving particle size distribution function. This method was
also used by e.g. Akihama et al. [25] and Balthasar et al. [26].
For simulations when more detailed fluid dynamics is required, e.g. CFD, the soot
formation and oxidation calculations must be simplified. Vishwanathan and Reitz [27]
and Leung et al. [28] used reduced reaction systems for the gas phase reactions and
generic reactions for the solid phase reactions, i.e. a single reaction for each step of the
formation and oxidation processes; nucleation, coagulation, agglomeration and oxidation.
Fusco et al. [29] and Tao et al. [30] simplified the calculations further by only including
two gas phase reactions; fuel to acetylene (C2H2) and acetylene to soot precursors.
An even more simplified approach was suggested by Hiroyasu [31] including only two
reactions; one for soot formation directly from fuel and one for soot oxidation. Several
variants of the formulation have been suggested: Belardini et al. [32] and Patterson et al
[33] used different activation energy for soot formation. Patterson et al. also reformulated the oxidation rate based on the Nagle and Strickland-Constable (NSC) model
which is commonly used for soot oxidation by O2. Magnussen et al. [34] used an
oxidation rate based on the same parameters as the original formulation but also included
the kinetic energy in the combustion chamber. Kaario et al. [35] and Warth [36]
suggested using the results of detailed models to estimate soot formation as a function of
equivalence ratio and temperature.
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3.3 Modelling approach and application
As described in the two previous sections, emission models have been presented with a
wide range of complexity both for NOx emissions and soot. However, soot models are in
general more detailed regarding both the fluid dynamic aspects and the formation
mechanisms. The previously described modelling approaches are compared in Figure 7
regarding their complexity and estimated computational time. The complexity of the
modelling approach is represented by the order of magnitude of computational cells
multiplied with the order of magnitude of reactions that are considered (not including
equilibrium reaction systems since look-up functions can be used).
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Figure 7. Different modelling approaches and their applications. The calculation time, in seconds per
engine cycle, is estimated from the complexity of the models. The orders of magnitude for computational
cells and kinetic reactions are shown for each approach as (cells x reactions).
The NOx modelling approaches; empirical correlations, 0-D/3-D multizone with
equilibrium chemistry and 0-D with simple kinetic chemistry all are in the low
complexity/low computational time area of the plot and are therefore feasible for
engineering applications. The two simplest approaches can even be used for real-time
applications. Contrary, most soot modelling approaches require longer computational
times and are therefore mainly usable for research applications.
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4 Emission models used in this project
The main objective in this project was to develop models that could be used for
optimization of control settings and for concept studies of the gas exchange system.
These applications can be regarded to fit in between the categories Engineering applications
and Real time applications which imply that the work should be focused in the lower left
area of the diagram in Figure 7. Two different modelling approaches have been used in
this project. The 0-D multizone approach with equilibrium chemistry was used in the
first half of the project. In the second half, a novel 1-D multizone approach was
developed and used with a simple kinetic reaction system.
The 0-D multizone model with equilibrium chemistry was developed based on the NOx
models presented by Egnell [9] and Lapuerta et al. [17]. The combustion event/heat
release curve is discretized and NOx formation rate is calculated separately for the
combustion products from every discrete time step. At each time step, a zone is created
and traced to the end of the engine cycle. The zones are assumed to be created in the
flame front at the current flame temperature and are then diluted by the surrounding
gases according to a simple function. This approach is mainly diagnostic since heat
release rate is one of the inputs to the model. To also include soot emissions, a soot
oxidation model was implemented into the framework of the NOx model. Soot
emissions trends were estimated based only on the oxidation rate in different operating
conditions. This approach was developed during the first half of the project, and
presented in Paper 2, 3 and 4. Even though reasonably good agreement between
predicted and measured emissions was achieved with the approach, some potential
improvements were observed:
•

•
•

•

The simple function used for mixing estimation was not based on physics but
tuned to improve the accuracy of the predictions. The function only accounts for
effects of global air/fuel ratio.
The model has several independent tuning parameters which makes calibration
time consuming.
The model needs heat release rate as an input which means that it could only be
used to predict emissions for operating conditions where the heat release rate has
been measured, or be used together with a separate heat release rate model.
The accuracy of the emission predictions could still be improved, especially for
steady state.

To be able to improve the models in these aspects, the equilibrium approach and the
entire structure of the previous model was replaced with a new 1-D modelling approach.
The starting point was to model the entire mixing/entrainment process, not only
post flame-front as in previous experiments. Entrainment was estimated with the
thoroughly validated correlation developed by Naber and Siebers [37]. The benefit of this
change is that one tuning parameter can be removed and that several important
differences between operating conditions can be predicted. Other benefits were that it
allowed implementation of a simple model for heat release rate and a phenomenological
14

soot formation model. Heat release rate was modelled by assuming that it is controlled by
the rate of gas entrainment into the fuel jet, except during the initial premixed part of the
combustion. Soot formation was modelled by tracing the mixing line in the
equivalence ratio – temperature plane where soot formation can be estimated from
results of complex models as suggested by Kaario et al. [35] and Warth et al. [36].
The equilibrium approach was replaced since it is only valid at high temperatures, i.e.
close to the flame front, and should not be used to estimate the gas composition
upstream. However, in order to reduce the computational time, the reaction system was
reduced to only contain the main combustion products and the main reactants for NOx
formation and soot oxidation.
The complexity of the modelling approach is comparable to the 3-D approach with
equilibrium chemistry, shown in Figure 7, which uses more computational cells but less
complex reaction rate calculations. The 1-D multizone approach was presented in Paper
5 and 6.
To clarify the differences of the two modelling approaches they are described side by side
regarding their framework (0-D/1-D multizone), gas phase chemistry (including NOx
formation) and soot formation/oxidation in the following sections.

4.1 Models for in-cylinder conditions
4.1.1 0-D multizone
In the 0-D multizone approach, the conditions in the cylinder are derived directly from a
measured heat release rate. The heat release curve is discretized and emission formation
is calculated for each step (zone). The time step used in the model was one crank angle
degree. The zones are generated at the flame front and entrainment/mixing with the
surrounding gases is only considered downstream this point. Mixing/entrainment is
estimated with a simple function as suggested by Lapuerta et al. [17]:
1

exp

(4)

Upper index is zone number and lower index is time step. Time step 1 is the start of
combustion and time step n is when the n:th zone is created. The function describes how
the normalized air/fuel ratio in the zone increases from the ratio at the flame front
(typically ~1) to the global ratio
as a function of crank angle degree .
is
when the exhaust valves open. The shape constants and
are used to tune in the
function. The function can mimic that the mixing/entrainment rate decreases at low
global air/fuel ratios since the entraining gases becomes diluted by combustion products.
However, other important parameters such as engine speed, injection pressure and incylinder density are not considered which means that the function must be tuned in for a
typical/representative condition.
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The mass in the zones is calculated as:
· 1

·

⁄

(5)

is the measured cumulative heat release. ⁄
is the stoichiometric mass ratio
of gas and fuel. The total mass of gases entrained into the spray should be used, i.e.
considering dilution from recirculated exhaust gases (EGR) and combustion
is the fuel’s Lower Heating Value.
products.
4.1.2 1-D multizone
While the 0-D model is diagnostic, the 1-D model is predictive, i.e. it does not require
measured data as an input. Instead, the conditions in the combustion chamber are
estimated from the operating conditions and engine settings. The fuel flow into the
combustion chamber is calculated from the engine settings and the combustion process
is estimated based on the conditions in the cylinder.
4.1.2.1 Fuel flow rate

Fuel flow rate through the injector nozzle can be calculated as:
(6)
Where
is the injector nozzles flow loss coefficient.
is the nozzle area,
is the injection velocity excluding losses:
density and
2

is the fuel

(7)

and
is the pressure of the fuel inside the injector and of the gas outside, i.e. in the
combustion chamber.
If the exact timing of the injection is not measured directly, e.g. via injector needle lift,
the delay between the electronic signals to the injector and the fuel flow has to be
considered. The injector has a delay for opening the injector needle and another for
closing it, and the profile is not a perfect top-hat, there are opening and closing slopes.
Figure 8 shows fuel flow and spray impulse for the common-rail injector that was used in
some experiments and the corresponding delays and slopes. It was found that the delays
and slopes are more or less constant at longer injection durations, i.e. when the fuel flow
has stabilized before the injector signal is changed to close it. However, for shorter
injections, e.g. at low load or for pilot- or post-injections, the behaviour is more difficult
to characterize.
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Figure 8. Injector Solenoid activation and fuel impulse measurements [38].
4.1.2.2 Gas entrainment into the fuel jet

Entrainment of gases into the fuel jet was estimated with a correlation developed by
Naber and Siebers [37]. The equivalence ratio , i.e. one over lambda, can be estimated
as a function of axial distance from the nozzle exit :
⁄

(8)

The characteristic length
accounts for the effects of various parameters; fuel density
, density of the gas surrounding the fuel jet , the effective injector nozzle diameter
· and the jet spreading angle tan ⁄2 :
·
⁄

(9)

The constant was found empirically when the correlation was fitted to penetration
data. The constant was set to 0.66 [37] at first but was later adjusted to 0.75 [39].
However, 0.66 was used in this work.
A schematic of the correlation is shown in Figure 9.
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Figure 9.Schematic of Naber and Siebers correlation for entrainment into fuel jets[37].
The jet spreading angle is estimated with another correlation [40]:
.

⁄2

0.0043

(10)

The coefficient was found to vary slightly when different nozzles were used (0.26
0.01). In this work, the constant was set to 0.24 which was found empirically to give the
best agreement of the evaluated parameters.
4.1.2.3 Implementation

The discrete formulation for the distance from the injector nozzle
·

is:
(11)

Upper index is zone number and lower index is the time step. Time step 1 is the start of
injection. Time step n is when the n:th zone is created, i.e.
0 . is time. The
velocity in the jet
can be calculated using momentum conservation:
·

·

1

⁄

·

(12)

⁄
is the stoichiometric mass ratio of gas and fuel. The equivalence ratio
is
estimated with equation 8 using the characteristic length, equation 9, and spreading angle,
equation 10. Characteristic length and spreading angle are calculated when the fuel in
each zone is injected, i.e. when
.
is the mass of fuel in each zone calculated
using the fuel mass flow
from equation 6 multiplied with the time between two time
steps, i.e.
·
. The time step used in this model was 0.2 crank angle
is the fuel’s exit velocity from the injector nozzle
degrees.
2

(13)

which is the velocity excluding losses, equation 7, corrected with the velocity coefficient
, i.e. including losses.
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4.1.3 0-D multizone vs. 1-D multizone
The implementation of the two approaches 0-D/1-D multizone is similar in several
aspect, however there are important differences. The main differences are summarized in
Table 1.
Table 1. Summary of 0-D and 1-D multizone approach for mixing/entrainment.
Derived from

0-D
Measured heat release rate

Starting point

Flame front (

Entrainment
rate

Simple fitted function with constant
shape for all cases. Tuned in to get
the best overall agreement.

Comprehensive correlation.
Accounts for effects of
operating conditions.

Shape, starting point λ

Jet spreading coefficient

1 crank angle degree

0.2 crank angle degrees

Tuning
parameters
Time step

1-D
Estimated rate of injection

1)

Injector nozzle exit (

0)

The two approaches are illustrated in Figure 10. The simple mixing function used in the
0-D approach fitted to the solutions from the 1-D approach. Lambda modelled with the
1-D approach, i.e. with the correlation developed by Naber and Siebers [37], is shown for
the entire injection duration with 1 zone/CAD. The simple mixing function, equation 4,
can be fitted to the 1-D solutions but with different constants in different parts of the
injection. Different constants should also be used for different operating conditions.
However, when the mixing function was used in the 0-D approach, the same constants
where used for all parts of the injection and all operating conditions. The constants were
used as independent tuning parameters for predicting engine out emissions.
2
1.8

↑ global lambda

1.6
1.4

Lambda

1.2
1

↑ flame front lambda

0.8
0.6
0.4

Simple mixing function C=9, Mx=1.1
Simple mixing function C=2, Mx=1.4
Naber and Siebers correlation

0.2
0

0

20

40

60
[CAD]

80

100

Figure 10. The simple mixing function used in the 0-D approach fitted to the solutions from the 1-D
approach.
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4.2 Calculating temperature in the flame
4.2.1 Flame temperature in the 0-D approach
The same method has been used to calculate flame temperature in both approaches, i.e.
adiabatic flame temperature. The adiabatic flame temperature is calculated with an
iterative function that finds a temperature where the enthalpy of the products equals that
of the reactants at the starting temperature, e.g. [17], [9]. Only the six main combustion
products are considered for this calculation: CO2, H2O, N2, O2, CO and H2. The
composition of the combustion products are calculated with a system of equations
considering the balance of C, H, O and N atoms in reactants and products, and the
equilibrium concentrations from the reactions in equations 14 and 15 below.
.

(14)

.

(15)

As the equilibrium of equations 14 and 15 is different at different temperatures, the
composition of the products is re-calculated for every iteration. The reaction rates and
the products enthalpies were found in the NIST database [41].
In the 0-D approach, the in-cylinder conditions are derived from measured heat release
and the zones are assumed to be created at the flame front. The zones are therefore
initiated with the calculated flame temperature at
1. The exact
was found
empirically, i.e. used as a tuning parameter as suggested by Egnell [9]. The temperature
in the zones then decrease due to the expansion of the combustion chamber and due to
mixing with the surrounding gas in the cylinder. As lambda in the zones approaches the
global value, the temperature approaches the average temperature in the cylinder.
(16)
·

·

·

Upper index is zone number and lower index is time step. Time step 1 is the start of
combustion and time step n is when the n:th zone is created.
is the average
temperature in the combustion chamber. is the pressure in the cylinder. is the ratio
of specific heats.
is the adiabatic flame temperature calculated at the current incylinder conditions with
equation 4.

1. The lambda in each zone

is calculated according to
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4.2.2 Flame temperature in the 1-D approach
The method used to estimate flame temperature in the 1-D approach is similar to the
method used for the 0-D approach, however lift-off length and ignition delay are also
considered.
Lift-off length, i.e. the axial distance where reactions start to occur was estimated with a
correlation developed by Pickett et al. [42]. According to the correlation, the lift-off
length
depends on the following parameters arranged by decreasing sensitivity;
ambient temperature , stoichiometric fuel mass fraction
, injection velocity ,
ambient density
and injector nozzle diameter . The constant was determined
empirically to 7.04·108 [42].
.

·

.

.

(17)

Due to ignition delay, fuel injected in the first part of the injection can be fully mixed
prior to the start of combustion, i.e. have equivalence ratios lower than 1. A correlation
developed by Kook et al. [43] was used to estimate ignition delay. The length of the
ignition delay period
depends on ambient temperature , ambient oxygen fraction
and pressure , arranged by decreasing sensitivity:
·

.

·

·

⁄

(18)

The constant ( =12.25) and the scaled activation energy (
empirically [43].

⁄

3242 K) were found

During the initial ignition delay period and upstream the lift-off length, the temperature
in the flame was approximated as equal to the ambient temperature. After the ignition
delay period and upstream the lift-off length, the temperatures in the zones are estimated
as the adiabatic flame temperature for the (individual) conditions in the zones. When the
equivalence ratio in the zones are below 1, the temperature in the zones decreases due to
the expansion of the combustion chamber and due to mixing with the surrounding gases,
i.e. the same assumption that was used in the 0-D approach.
For the zones/conditions where the equivalence ratio is higher than 1 at the start of
combustion, the flame temperature calculations can be summarized as:
1
(19)
·

·

·

1

Upper index is zone number and lower index is time step. Time step 1 is the start of
injection and time step n is when the n:th zone is created. is logical and. is logical or.
is the average temperature in the cylinder.
is the temperature of the gas
surrounding the fuel jet. is the pressure in the cylinder. is the ratio of specific heats.
is the equivalence ratio in the zone calculated with equations 8 to 13. The lift-off
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, equation 18, are calculated at the start of
length , equation 17 and ignition delay
injection.
is the adiabatic flame temperature calculated for the conditions in the zone.
For the zones where the combustion if fully premixed, i.e. the equivalence ratio is lower
than 1 at the start of combustion, the adiabatic flame temperature is used in the first time
step after the start of combustion. After that, temperature is calculated as for not fully
premixed zones/conditions with equivalence ratios lower than 1.
By combining flame temperature and the entrainment calculations, the path or “mixing
line” in the equivalence ratio – temperature plane (as in Figure 5) can be estimated. An
example for a not fully premixed zone is shown in Figure 11.

Figure 11. Example of time history for equivalence ratio and temperature
4.2.3 Modelling heat release rate
As entrainment rate, ignition delay and lift-off length are included in the 1-D modelling
approach, a simple heat release model could be implemented without much further work.
The heat release model was used to estimate the in-cylinder conditions which are
required to the model, i.e. pressure and temperature of the gases surrounding the jet. The
heat release model was also used to confirm that entrainment rate was modelled
correctly.
The heat release rate is assumed to be mixing controlled, i.e. that the energy released
from each zone is proportional to the amount of fuel that can be oxidized by the oxygen
that has entrained. The same constraints as for the flame temperature calculations are
used, i.e. no energy is released upstream the lift-off length or until the end of the ignition
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delay period. An additional constraint is that any fuel bound as soot does not release its
energy until that soot is oxidized. The heat release model can be summarized as:
0
·

·

1

·

1

(20)

Upper index is zone number and lower index is time step. Time step 1 is the start of
injection and time step n is when the n:th zone is created. is logical and. is logical or.
is the cumulative heat release rate.
is the equivalence ratio in the zone calculated
with equations 8 to 13.
is the fuel mass in the zone calculated with the fuel mass flow
in equation 6 and the time between two time steps, i.e.
·
.
is
the Lower Heating Value of the fuel. Lift-off length , equation 17 and ignition delay
, equation 18, are calculated at the start of injection.
The heat release rate is calculated as:
∑

∑

(21)

Shown in Figure 12 is an example of modelled heat release rate and shows the steps from
injector signals to fuel flow to heat release rate. Injector solenoid activation and deactivation are here called ESOI and EEOI (Electronic Start of Injection and Electronic
End of Injection). Also shown is the delay in heat release due to soot formation. The
effect is minor in this case, only a minor reduction in maximum heat release rate and a
slightly increased late heat release rate can be seen.

Figure 12. Example of modelled fuel flow and heat release rate with soot formation and without (no
soot). Also shown is the measured heat release rate.
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4.3 Gas phase chemistry models
4.3.1 The equilibrium approach
Since the formation time for the reactants in the Zeldovich mechanism, i.e. O, O2, N,
OH and H, are much shorter than the time available for formation of NO at typical
diesel combustion flame temperatures, the equilibrium concentration of these reactants
can be used. As the main oxidants for soot is O2 and OH, the approach can also be used
to estimate soot oxidation. The method for finding the equilibrium concentration of
these reactants is an extension to the method that is used to calculate flame temperature
but since four additional species are considered, four more reaction balances are required
to solve the equation system:
.

(22)

.

(23)
.

(24)

.

(25)

With, the equilibrium assumption [1], NO formation can be written as:
⁄
⁄

⁄

Where
denotes equilibrium concentration and
for the Zeldovich mechanism, equations 1, 2 and 3.

(26)
is the equilibrium reaction rates
(27)
(28)
(29)

4.3.2 The kinetic approach
To calculate the combustion chemistry at lower temperatures, i.e. upstream the flame
front, a simple kinetic model was developed. The model was developed by arranging a
reaction system which included all species of interest according to two criteria: it should
consist of as few reactions as possible (for calculation speed) and it should be balanced,
i.e. when the reactions reached equilibrium the solution should be close to the results
from the equilibrium calculations described above for the species of interest, i.e. NO,
OH and O2. The following reaction system was composed with reactions and reaction
rates from the NIST database [41]:
(30)
(31)
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(32)
(33)
(34)
(35)
(36)
(37)
(38)
The conventional way of calculating chemical kinetic is to use ODE-solvers (Ordinary
Differential Equations) or discrete calculations. Unfortunately ODE-solvers are much
too time consuming for the application in this project and with the high reaction rate of
some of the reactions in the system, discrete calculation tend to “crash” if not extremely
short time steps are used. The typical problem with too long time steps is that species
can reach concentrations lower than zero. This problem was avoided by using a semidiscrete semi-analytical method. A standard reaction can be written as:
,

(39)

Where , , and are concentrations of reacting components and
forwards and backwards reaction rates. The formation rate of is:
· ·

·

·

and

are the

(40)

A discrete solution for the concentration of species
·

is:
(41)

Where is time and lower index is discrete time step. The semi-discrete, semi-analytical
solution is calculated by using the analytical solution for each species, assuming that the
other species in the reaction are constant during each time step:
·

· ·

· ·

·

· 1

· ·

(42)

This allowed time steps that were orders of magnitude greater than the discrete solver
and thereby significantly reduced computational time. Since it is a coupled reaction
system, the formation rates are more complex but the principle remains the same. As the
reaction rates increases with temperature, a smaller time step ∆ is used at higher
temperatures :
∆

10 , 10

·

5 · 10

·

(43)

With the function, the solutions were within 5 % of the solutions from the ODE-solver.
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4.3.3 Equilibrium vs. kinetic reaction system
The solutions from the kinetic reaction system is compared to the equilibrium approach
in Figure 13 showing concentrations of O2, NO and the species involved in thermal NO
formation, i.e. the Zeldovich mechanism (equations 1-3). Simulations for two
temperatures are shown; 2750K and 1750K, both at 30 Bar and equivalence ratio 1. In
the simulation with higher temperature, the reactants for NO formation reach their
equilibrium concentrations after a very short time, i.e. the equilibrium assumption is valid
(the timescale for diesel combustion can be estimated from Figure 11 where equivalence
ratio 1 is reached after ~1ms). In the other case with lower temperature, the reactions
require much longer time to reach equilibrium and the equilibrium assumption is
therefore not valid on the relevant timescale. Hence, a kinetic reactions system is required
for calculating the gas composition upstream the flame front.

Figure 13. Gas composition at two different temperatures. The dashed lines are calculated with the
kinetic reaction system and the * markers are the equilibrium concentrations. The solid line shows NO
formation calculated with the equilibrium assumption (NOEA). Different timescales are used for the two
conditions.
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4.4 Soot models
4.4.1 0-D multizone soot predictions
Since the zones in the 0-D multizone approach are created at the modelled flame front,
i.e. at stoichiometric conditions, it is not possible to implement a model for soot
formation which occurs in the rich regions of the flame. However, the increased soot
emissions that occur in transient operation are closely coupled to the impaired conditions
for oxidation caused by turbocharger lag. Due to this lag, the excess of air in the
combustion chamber is often decreased significantly which reduces the availability of
oxygen for oxidation of soot. Soot emissions were therefore estimated based on the
oxidation rate, assuming that the fraction of fuel that was bound in soot in the flame
front, i.e. when the zone was created, is roughly constant for all conditions. The trends
were matched quantitatively to the measurements by tuning in the starting fraction of
soot when the zone was created. The best match was found assuming that 1 % of the
fuel was bound as soot when the zone was created.
As previously described, soot is oxidized by both OH and O2. OH is the dominant
mechanism in total, especially in rich conditions where the concentration of O2 is low.
However, for late oxidation in the post flame-front gases the O2 mechanism is more
important [12]. Soot oxidation rate

was therefore calculated with the model

developed by Nagle and Strickland-Constable (NSC model) [1].
(44)

,O

,
,
and
are mass, density, average particle diameter and molecular
weight of soot. The diameter is interpreted as the average diameter of the primary
particles, Figure 6, which is difficult to estimate and has therefore been used as a tuning
parameter (~25-75nm).
is the oxidation rate calculated as:
1

(45)

⁄
Where
1
and
, B , Z and T are temperature dependent
functions. The oxidation calculations were implemented in the 0-D framework, i.e. with a
simple mixing function, flame temperature calculations and equilibrium chemistry.

27

4.4.2 Predicting soot emissions in a 1-D multizone model
In the 1-D multizone model soot formation rate was estimated base on the results from
the detailed model presented by Kitamura et al [22], as suggested by Kaario et al. [35]. A
simple function was fitted to the results of Kitamura’s work where soot formation was
presented for a range of temperatures and equivalence ratios. The fitted function and the
data it were fitted to are shown in Figure 14.
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Figure 14. Soot formation in the equivalence ratio-temperature plane. Results from Kitamura et al. [22]
(left) and the fitted function (right).
The results from the detailed model shows that equivalence ratio has a strong effect on
soot formation and no soot is formed at equivalence ratios lower than ~2. The formation
is also limited to a temperature range between approximately 1500 and 2500 K and has a
bell shaped temperature dependence with highest formation rate at ~1800-2000 K.
The fitted function for soot formation rate was formulated as:
·

2 ·

·

·

(46)

is fuel mass. The
Where
is the equivalence ratio,
is pressure and
proportionality constant
0.07 was found empirically to give the same yield as the
is the temperature
results from the model presented by Kitamura et al. for n-heptane.
term, defined here as:
1 ·

·
·

T
T

,

1800

,

1800K

(47)

Since rich conditions are also considered in this modelling approach, an OH oxidation
reaction developed by Ezekoye et al. [44] was added to the previously described NSC
model for oxidation by O2:
, OH

· 1.27 6 ·

·

·

.

(48)
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Where Γ is the collision efficiency which was set to 0.1. XOH is the molar fraction of OH
molecules. T is temperature. A is the surface area of soot, m which is calculated by
converting soot mass to volume and then to surface area. As in the 0-D modelling
approach, the average particle diameter was used as a tuning parameter.
The net formation rate of soot can be formulated as:
,O

(49)

, OH

However, it was found that the contribution from the OH mechanism was dominating,
i.e. it made little difference for the total oxidation if the O2 mechanism was included or
not. Therefore, the O2 mechanism was not included in the 1-D calculations.
4.4.3 Comparison of soot modelling approaches
Figure 15 shows the predicted soot rate (% of fuel) at different equivalence ratios with
the soot model that was used in the 1-D multizone approach, equation 49. Different
parts of the injection (zones) are shown for two different operating conditions. As shown
in Figure 15, despite large variations in soot formation rate, the amount of fuel that is
bound as soot at equivalence ratio 1 is fairly constant at ~0.5 %. The estimation used in
the simpler approach was 1 %. However, if a very wide range of conditions is considered,
the variation would probably be more significant.
.
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Figure 15. % of fuel bound as soot. Dashed/solid lines are two different operating conditions and the
lines with same line type represent different parts of the injection. The dashed lines represent an operating
condition with less EGR and thereby higher temperature and soot formation rate but also higher
oxidation rate.
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5 Measurement techniques
5.1 Transient measurements
Identifying suitable measurement techniques has been a fundamental part of this project.
Evaluating transient engine performance and generating validation measurements for
transients adds demands regarding the sampling frequency and response time of the
instruments. Particulate Matter (PM) has been measured regarding PM mass, particle size
and particle number concentration. The instruments used for PM mass measurements
are; an Opacimeter (AVL 439), a Tapered Element Oscillating Microbalance (TEOM RP
1105) and a Filter Smoke Meter (AVL 415). Particle size distribution has been measured
with an Engine Exhaust Particle Sizer (TSI EEPS 3090) and particle number
concentration was measured with Condensation Particle Counters (TSI CPC model 3025
and 3010). An initial test was set up to evaluate their transient performance by measuring
their response in a load transient. The TEOM and the Filter Smoke Meter were found
not to be suited for transient measurements. The TEOMs response time was estimated
to more than 20 seconds which is clearly too high for transient measurements. The Filter
Smoke Meter require a sampling time of around 10 seconds which is also too high. The
other instrument’s response times were estimated to around 1 second which is too high
for cycle resolved measurements (~0.1 seconds) but sufficient to evaluate emission
performance with different control strategies. The result of the response test is shown in
Figure 16, where the different instruments’ signals have been normalized by their initial
peak values.
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Figure 16. Response of various instruments for PM-measurements. Opacimeter, Engine Exhaust
Particle Sizer (EEPS) and Condensation Particle Counters (CPC TSI model 3025 and 3010)
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The Opacimeter and the faster CPC (TSI model 3025) where used simultaneously in
some experiments. With this combination, PM is measured regarding both mass and
number concentration which allows estimation of average particle size. An example of
measured opacity and number concentration is shown in Figure 17. Figure 17 shows that
the opacity/number concentration ratio increases during the transient. This indicates that
the average particle size is increased.
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Figure 17. Simultaneously measured opacity and particle number concentration during a load transient.
The load is increased at cycle 0.
Transient NOx emissions have been measured with a fast chemiluminescence detector
(Cambustion fNOx400). This instrument only measures NO which is acceptable for
transient measurements where the NO2/NOx ratio typically is low [1]. With a response
time of only 4 ms, this instrument is capable of cycle resolved measurements.
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5.2 Recreation of transient conditions
As described in the previous section, the measurement techniques for PM were not able
to resolve emissions from individual cycles during the transients and the agreement of
the predicted PM had to be estimated with the response time of the measurements taken
in consideration. Also, the measurements of inputs to the model, e.g. air/fuel ratio and
EGR rate and temperatures, have response times that have to be considered. To address
this issue, a different approach for evaluation of transient emissions and validation data
generation was used in some experiments. The inlet/outlet conditions to the engine and
its control settings, e.g. injection timing and injection pressure, were measured during
transient operation in a Euro V engine. The conditions and settings were then replicated
in a single-cylinder research engine operating at steady-state. This way, the issues
regarding the response time of the emission measurements was eliminated. However,
there are some discrepancy between the transient conditions and recreated transient
conditions, e.g.; the engine temperature cannot be matched, the operating conditions are
estimated from transient measurements which do have problems with response time.
Even though the measurements of model inputs do not agree perfectly with the
conditions in the transient, the set of inputs used to model emissions are correctly
matched with the emission measurements. The correlation between the transient and
recreated transient emission is shown in Figure 18. The transient NO measurements in
the figure were measured with a NOx sensor (NOx-nose). The response time of this
sensor is approximately 1 second.

Figure 18. Correlation between transient emission in a full engine and recreated transient emissions in a
single-cylinder research engine operating in steady-state. The load increase starts at cycle 0.
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6 Results
Some of the key results of the project are presented in this section. The predicted
emissions from the 0-D model and the 1-D model are compared to measured data. Also,
the heat release model in the 1-D approach is evaluated.

6.1 Results - 0-D multizone model
As previously described, the 0-D approach was originally developed for NO predictions.
Therefore, only NO emissions were considered in the initial validation of the 0-D model.
The model was implemented in Simulink and connected to a GT-Power model that had
been validated for transient conditions in an adjacent project [45]. This way, the emission
model received inputs from the GT-Power model which is one of the possible
applications. Combined, these two models can predict the gas exchange system’s
performance and the effects on emissions. As a simple validation, the engine was
operated with three different EGR-valve positions during the initial part of a full load
transient and NO emissions were measured with a fast analyzer (Cambustion fNOx400).
The predicted EGR-rate from the GT-Power model and the predicted NO emissions
from the 0-D model are compared to the measure data in Figure 19. A more detailed
description of the experiment and validation is found in Paper 2.

Figure 19. Example of results from Paper 2. EGR rate (left) and NO emissions (right) during load
transient with different engine settings. Measured curves are solid and modelled are dashed. Three
different positions of the EGR-valve during the transient were evaluated; fully open, 50% open and
closed.
The validation showed that the modelling approach could be used to predict NO
emission during transients with reasonable agreement. However, it was found that some
of the discrepancies between the modelled and measured emission could be explained by
erroneous inputs, i.e. errors from the GT-Power model were transferred to the emission
model. An example is the discrepancy between modelled and measured NO in the case
with fully open EGR valve, between 2 and 4 seconds (right part of Figure 19). This
discrepancy can be correlated to an underestimated EGR rate in the left part of Figure
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19. Since this kind of issues make the validation process more difficult, it was decided to
instead use measured data as inputs for future validations.

800

0.8

600

0.6

Soot [% of fuel]

NO [ppm]

After the initial validation of the 0-D approach, soot predictions based on soot oxidation
rate were added as previously described. As an initial validation of the combined NO and
soot 0-D model, the measured data for inputs and outputs (emissions) were measured in
steady state. The tuning parameters in the model; mixing function, flame front lambda,
initial soot fraction and particle diameter, were tuned in for the overall best fit to
measured data; Examples of the validation, presented in Paper 3, are shown in Figure 20
where the crank-angle resolved emission predictions are compared to the measured
engine out emissions. Soot emissions were measured with an opacimeter.
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Figure 20. Example of results from Paper 3. Modelled emissions during an engine cycle compared to
measured engine-out emissions (markers). Compared to a reference case (5), case 4 is operated with higher
EGR rate and case 3 has earlier injection timing.
The validation in Paper 3 showed that 0-D approach could be used to model both NO
and soot emissions. However, the overall accuracy of the NO predictions decreased
compared to the previous validation since the model was simultaneously tuned in for
both NO and soot.
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The combined soot and NO model was then applied on transient conditions and was
found to only require minimum re-tuning of the settings from the steady state validation.
In this experiment, load transients were evaluated with a range of settings for the EGRvalve, VGT-position and minimum lambda. NO emissions were measured with the fast
analyzer (Cambustion fNOx400) and soot emissions with an opacimeter. Examples of
results from the transient validation, which was presented in Paper 4, are shown in Figure
21.
700

0.4
Pred. 1
Meas. 1
Pred. 2
Meas. 2
Pred. 3
Meas. 3

NO [ppm]

500
400
300
200
100
0
-10

Pred. 1
Meas. 1
Pred. 2
Meas. 2
Pred. 3
Meas. 3

0.35

Soot [% of fuel]

600

0.3
0.25
0.2
0.15
0.1
0.05

0

10

20

30

Cycle

40

50

60

0
-10

0

10

20

30

40

50

60

Cycle

Figure 21. Example of results from Paper 4. Modelled (Pred) and Measured (Meas) NO emissions
(left) and soot emissions (right) during load transients with different engine settings. Measured curves are
solid and modelled are dashed. The EGR-valve was fully closed during the first ten cycles in case 2 and
3but slightly open in case 1. In case 3, the VGT position was adjusted from the settings in case 2 for
faster turbocharger acceleration.
The transient validation of the 0-D approach, presented in Paper 4, showed that the
predicted emissions agreed fairly well with the measurements in some aspects. The
agreement for low load conditions, prior to the load increased (at cycle 0 in Figure 21),
was in general quite poor. For the part of the transient after the load increase, the
predictions agreed qualitatively with the measurements, i.e. the model could predict the
advantages and disadvantages of different control strategies. The soot predictions are
difficult to evaluate quantitatively cycle by cycle, due to the response time of the
measurements, but appears to agree well overall after the load increase. The NO
emissions agree fairly well quantitatively after the load increase, except between cycle 20
and 30 in Figure 21 where the NO emissions are strongly overpredicted. However, this
discrepancy coincide with an underestimation of soot emissions, which might indicate a
problem with the model inputs.
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6.2 Results - 1-D multizone model
Similar to the validation of the combined NO and soot 0-D model, the 1-D model was
initially validated for steady state operation. As an initial test, the model’s ability to
predict the effect of EGR, injection timing, engine speed and injection pressure was
evaluated. The parameters were evaluated in five levels, one reference case and two
higher and two lower levels. For every parameter that was evaluated, the other
parameters were almost constant at the reference setting. When the injection pressure
was varied, the injection timing was adjusted slightly to get the maximum heat release rate
at the same crank-angle. When the engine speed was varied, the injection timing was
adjusted to get the start of combustion at the same crank-angle.
During the validation measurements, the engine was equipped with an endoscope with
which the maximum in-cylinder temperature and relative in-cylinder soot concentration
can be estimated with the two-color method. The validation for the effects of EGR on
heat release rate, maximum in-cylinder temperature, in-cylinder soot and engine out
emissions is shown in Figure 22.
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Figure 22. Example of results from Paper 5. Validation of the modelling approach regarding the effects
of EGR on; heat release rate (top left), maximum in-cylinder temperature (top right), in-cylinder soot
concentration (bottom left) and engine out emissions (bottom right).
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The validation of the effects of injection timing, engine speed and injection timing on
heat release rate and engine out emissions is shown in Figure 23. The full validation is
presented in Paper 5.
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Figure 23. Example of results from Paper 5. Validation of the modelling approach regarding heat
release rate (left) and engine-out soot (right). Effects of injection timing (top), engine speed (middle) and
injection pressure (bottom).
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The initial validation of the 1-D approach was encouraging as most effects were
predicted qualitatively. However, the model was not able to predict the effects of
injection pressure on soot emissions. As previously described, the particle diameter has a
strong effect on the soot oxidation rate, and is a tuning parameter in the 1-D model. The
particle diameter was tuned in to get the best overall agreement. The suggested
explanation is that the average particle diameter decreases when injection pressure
increases. Also, the effect of EGR on NO emissions was overpredicted while the effect
of engine speed and EGR on soot emissions was underpredicted.
To address the problem with injections pressure, the particle diameter was implemented
as a function of injection pressure which was tuned in at a few different operating
conditions. Also, the effect of swirling motion in the cylinder was implemented in the
model, and the implementation of the entrainment correlation was modified. The 1-D
model, with these modifications, was validated for transient conditions in Paper 6.
In this validation experiment, the inputs and outputs of the model were measured in a
single cylinder engine operating in steady-state with inlet/outlet conditions and engine
settings that correspond to selected cycles during full load transients in a Euro V engine
(recreated transient conditions). This approach was chosen to improve the accuracy of
the inputs and outputs as previously described. The agreement between measured and
modelled emissions, for the recreated transient conditions, is shown in Figure 24.

Figure 24. Example of results from Paper 6. Modelled and Measured NO emissions (left) and soot
emissions (right) for load transients at different engine speeds recreated in a single cylinder research engine
in steady state operation. Measured curves have filled diamond markers and modelled have open circles.
Figure 24 shows that the predicted emissions agree well with measured data for both NO
and soot emissions. In Paper 6, it is also shown that neither NO nor soot emission have
systematic errors for the parameters evaluated in Paper 5, i.e. engine speed, EGR rate,
injection pressure and injection timing. The soot predictions have lower agreement than
the NO predictions. The main reason is probably that soot is modelled in a more
simplified manner. However, another contributing factor could be that the soot
measurements have lower accuracy.
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With the implementation of the modifications, the accuracy of the heat release rate
predictions increased also. The overall agreement of the predicted heat release rate,
presented as the crank angle where 10, 50 and 90 % of the cumulative heat release is
reached, is shown in Figure 25

Figure 25. Overall agreement for predicted cumulative heat release rate.
Figure 25 shows that the modelled heat release agrees well with the measured data. The
main discrepancy is for the angle for 90 % cumulative heat release. The last phase of the
combustion is considered to be important for soot oxidation, which implies that the
accuracy of the soot predictions could be increased further if modelling this part of the
combustion is improved. However, some contribution of the discrepancy could be
because it is more difficult to evaluate heat release rate, during this late phase, from
measurements.
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7 Summary
The main objective in this project was to develop models formation of soot and NO in
diesel engines that are comprehensive enough to predict the tail pipe emissions during
transient operation but still simple enough to be used in applications that require short
calculation time. Due to the restriction of calculation time, the modelling approaches that
have been used are mainly based on correlations and describe the combustion and
emission formation processes in 0 or 1 dimension. Also, strongly simplified chemistry
has been used.
Two different models have been developed and validated; one simpler 0-D with close to
real time performance (~0.15 s per engine cycle on a standard laptop) and one more
detailed 1-D which require around 3 seconds per engine cycle. The simpler model
considers NOx formation and soot oxidation which are calculated from the flame front
and downstream of it while soot formation upstream is assumed to be constant between
operating conditions. The mixing/entrainment of gases into the fuel jet was estimated
with a simple function and the chemical reaction rates were based on the equilibrium
assumption. The more detailed model predicts the entire mixing/entrainment process
based on Naber and Siebers correlation and can therefore also be used for estimation of
the soot formation process based on results from detailed soot models. As the
equilibrium assumption only is valid at high temperatures, i.e. for post flame front
calculations, a kinetic reaction system was used instead.
Both approaches have been validated and are considered to meet the requirements,
however they have different advantages; the simpler model is less comprehensive and
requires more tuning but has, due to its simplicity, a much shorter calculation time. The
more detailed model also includes a heat release rate model which allows the model to be
used for untested conditions.
The secondary objective was to identify useful measurement techniques/methods to
provide validation data for the models and to improve the understanding of emission
formation during transients. This was addressed by evaluating a variety of
instruments/methods regarding their transient performance, i.e. response time and
sampling frequency, and using the best suited. Another approach was to measure
operating conditions and engine settings in a Euro V engine during transient conditions
and use them in a single-cylinder engine operating in steady state. This way, conventional
measurement methods could be used.
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8 Future work
Since the models used in this project are simplified, adding more details would most
likely improve the accuracy and the range of validity. However, the intended application
of the models must also be considered. For applications where calculation time is
prioritized, the models could instead be simplified further.
Due to the framework and the starting point of the 0-D approach (the flame front), there
are few possibilities to add more details to the model. However, the calculation time
could be reduced further by reducing the number of zones, e.g. to only two zones as
suggested by Chmela et al [16] and Ericsson [20].
The 1-D approach has a more flexible framework and could be adapted for the intended
application. In applications where accuracy and range of validity are prioritized, examples
of suggested modifications are:
•
•

•
•

•

The framework of the 1-D model could be extended to a 2-D approach where also
radial differences in entrainment rate and emission formation are included
The entrainment rate in the current 1-D model is based on a steady jet. The transient
parts of the injection event, i.e. during the initial penetration and after the end of
injection could be included using the model developed by Musculus [46]
More species and gas phase reactions could be considered
The current soot modelling approach, i.e. estimating soot formation rate from the
results of complex models, could be improved by using dynamic soot formation
plots with correlations for soot formation rate in a wider range of conditions
A more detailed soot model could be used, e.g. a multi-step model, and also predict
particle number concentrations and particle size

In applications where the calculation time is prioritized, some possible simplifications
could be:
•
•

The equilibrium assumption used in the 0-D approach could be used instead of a
kinetic reaction system
Fewer zones could be considered
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10 Summary of papers
Paper 1
Evaluation of Techniques for Transient PM-measurements, A. Westlund, H-E. Ångström,
SAE 2008-01-1680
Presented by Westlund at 2008 SAE International Powertrains, Fuels and Lubricants
Congress, June 2008, Shanghai, China
This paper describes the evaluation of various techniques/instruments regarding their
response time. Response time is a critical parameter for transient measurements. The
evaluated instruments were; two different Condensation Particle Counters (CPC) which
measure particle number concentration, an opacimeter measuring light extinction which
is proportional to the PM mass, a Tapered Element Oscillating Microbalance which
measures the PM mass directly and an Engine Exhaust Particle Sizer (EEPS) which
measures the size-distribution of the particles continuously. The response times were
estimated by performing measurements during a load transient where the amount of
engine-out soot increased significantly from one cycle to the next, i.e. producing a stepresponse.. The opacimeter and one of the particle counters where found to be the
instruments best suited for transient measurements.
The measurements and evaluation were performed by Westlund. The paper was written
by Westlund and reviewed by Ångström.

Paper 2
Prediction and Measurements of Transient NO Emissions for a Two-stage Turbocharged HD
Diesel Engine with EGR, A. Westlund, N. Winkler, F. Diotallevi, H-E. Ångström,
Thiesel conference
Presented by Westlund at the Thiesel conference in Valencia, Spain 2008.
A 0-D multizone NOx model was coupled to GT-Power to predict NOx emission during
load transients with different control settings. The GT-Power model of a two-stage
turbocharged heavy-duty engine had previously been validated with experimental data.
The objective was that with the added NOx model, the engine’s control settings could be
optimized for response and NOx emissions simultaneously. The multizone model used a
simple function to estimate post flame-front mixing and used equilibrium chemistry to
calculate the formation rate of NO. As a simple validation experiment, NOx emissions
were measured with a fast analyzer during a load transient from low to full load with
three different EGR valve positions; closed, 50% open and fully open.
The measurements were performed by Westlund. The GT-Power model was built by
Winkler. The emission model was developed by Westlund and Diotallevi. The paper was
written by Westlund and reviewed by Ångström.
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Paper 3
Fast Physical Prediction of NO and Soot in Diesel Engines, A. Westlund, H-E. Ångström,
SAE 2009-01-1121
Presented by Westlund at SAE World Congress & Exhibition, April 2009, Detroit, MI,
USA
The paper describes how a new approach for soot emission modelling was implemented
into the 0-D multizone model previously used for NOx predictions. By evaluating the
conditions for oxidation in the post flame-front gases, the model was shown to predict
trends for engine out soot for a range of steady state operating conditions. The trends
were fitted to measured data by adjusting the estimated amount of soot at the start of the
calculations, i.e. at the flame front. Thanks to the simple framework, the calculation time
for predictions of both NOx and soot was approximately 0.15 seconds per engine cycle.
The measurements were performed by Westlund. The model was developed and
calibrated by Westlund. The paper was written by Westlund and reviewed by
Ångström.

Paper 4
Fast Physical Emission Predictions for Off-line Calibration of Transient Control Strategies, A.
Westlund, H-E. Ångström, SAE 2009-01-1778 (2009)
Presented by Westlund at SAE International Powertrains, Fuels and Lubricants Meeting,
June 2009, Florence, Italy.
The emission model presented in Paper 3 was applied for predictions of transient
conditions. Emissions for load transients with a range of control strategies were
measured as validation data. PM was measured with an Opacimeter and a particle
counter. NO emissions were measured with a fast NO analyzer. The model required
minimum tuning from the steady state calibration and was able to predict both NO and
soot emissions with fairly high accuracy. The results showed that the model could be
used to “pre-calibrate” the engine’s control settings with computer simulations which
was the objective of the work.
The measurements were performed by Westlund. The model was developed and
calibrated by Westlund. The paper was written by Westlund and reviewed by Ångström.
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Paper 5
Validation of a Simplified Model for Combustion and Emission Formation in Diesel Engines Based on
Correlations for Spray Penetration and Dispersion, Gas Entrainment into Sprays and Flame Lift-off, A.

Westlund, M. Lindström, H-E. Ångström, SAE 2010-01-1494
Presented by Westlund at SAE International Powertrains, Fuels & Lubricants Meeting,
May 2010, Rio De Janeiro, Brazil.
A new approach for emission modelling was developed to improve the range of validity
of the predictions and to include soot formation in the calculations. The conditions in
the flame were estimated based on correlations for entrainment rate into the fuel jet, liftoff length and ignition delay. Unlike the previous modelling approach, the rich part of
the flame was also modeled which allowed estimation of soot formation based on results
from complex models. A simple kinetic reaction mechanism was implemented to
estimate the chemistry in the colder regions of the flame where the previously used
equilibrium approach is not valid. Also, based on the correlations, a model for heat
release rate was developed which extends the use of the model to previously untested
conditions. As an initial validation, the model was tested for a range of steady state
operating conditions in a heavy-duty engine and was shown to be capable to predict both
soot- and NOx emissions and heat release rate.
The measurements and evaluation were performed by Westlund and Lindström. The
model was developed and calibrated by Westlund. The paper was written by Westlund
and reviewed by Ångström.

Paper 6
A 1-D model for Heat Release Rate and Emission Formation in Diesel Engines Based on
Correlations for Entrainment Rate, Lift-Off Length and Ignition Delay – Validation for
Transient Conditions, A. Westlund, M. Lindström, H-E. Ångström. To be submitted.
In this paper, the validity of the modelling approach presented in Paper 5 was verified for
transient operation by evaluating predicted NOx- and soot emissions and heat release
rate. The model was shown to predict both emissions and heat release rate with satisfying
accuracy in conditions representing full load transients at different engine speeds. In this
experiment, the validation data was not measured during transient operation. Instead the
inlet and outlet conditions to a production heavy-duty engine and its control setting were
measured in transients and replicated in a single-cylinder research engine operating at
steady state. Even though all aspects of transient operation cannot be recreated, e.g.
engine temperature, the accuracy of the measurements increases since the response times
of the instruments no longer are an issue. The validation showed that both heat release
rate and emissions could be predicted with satisfying accuracy also for transient
conditions.
The measurements and evaluation were performed by Westlund and Lindström. The
model was calibrated by Westlund. The paper was written by Westlund and reviewed
by Ångström.
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Paper 7
Modelling Soot Precursor Formation in Reacting Jets with Simplified Fluid Mechanics and Detailed
Chemical Mechanisms, A. Westlund, L. M. Pickett. To be submitted.
Presented in this paper is the result of an investigation on formation of soot precursors
in diesel flames. Soot precursors were modelled with the Two-Stage Lagrangian (TSL)
model which used simplified fluid mechanics to estimate the conditions in the flame and
fully detailed chemical reaction mechanisms to calculate the formation soot precursors.
The chemical mechanism used to represent diesel fuel was validated by comparing the
simulations with soot measurements from a combustion vessel. The objective of the
work was to develop correlations for how different parameters affect the soot formation
region regarding the boundaries of the region and the quantity. With the correlations,
soot formation can be predicted from a reference case (shown in Figure 26) for a range
of injection pressures, injector nozzle diameters and conditions for the gas surrounding
the fuel jet. The results can be used to increase the range of validity of the approach that
was used to predict soot formation in Paper 5 and Paper 6, where a constant region was
used for all conditions.
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Figure 26. A comprehensive/corrected soot formation map generated by TSL simulations.
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The simulations and evaluation were performed by Westlund and Pickett. The paper
was written by Westlund and Pickett.
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