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I ABSTRACT

Soot mediated oil thickening, normally referred to as oilsoot, is a well
known problem that can cause increased wear on lubricated moving or
rubbing components in diesel engines. The ambition of this thesis is to
understand the mechanisms of combustion and soot formation that pave
the way for this problem and use this knowledge in the development of a
predictive model for soot contamination of the oil. An additional task,
however, is the use of Computational Fluid Dynamics (CFD) as the
platform for development of the oilsoot model.

A preliminary hypothesis for soot contamination of the oil is formulated
from a combination of theoretical reasoning and previous experimental
evaluations. This states that the oilsoot growth rate is the result of
particle deposition in the oil film on the cylinder liner, followed by
scraping of contaminated oil to the crank case by the piston rings. A
controlling factor here is assumed to be thermophoresis, which has been
identified in the past as the dominating particle transport mechanism
within the viscous sublayer at combustion chamber surfaces and hence
governs the rate of particle deposition in the oil film on the liner.

A thermophoretic particle deposition model is suggested for the
calculation of soot deposition on the liner from local soot distribution as
predicted by the standard CFD code. The model is evaluated through
parameter studies comprising the influence of injection timing, liner
temperature, topland height, injected fuel quantity, equivalence ratio,
boost pressure and speed, and the agreement between simulations and
measurements is generally good. It is concluded that the peak in-cylinder
soot concentration is more important to oilsoot growth than the exhaust
soot level. Moreover, changes in in-cylinder soot distribution has strong
effect on soot mediated oil thickening. Consequently, an important
practical guideline to reduce soot mediated oil thickening is to end
injection “on time”, i.e. before the spray guided diffusion flame is directed
into the squish region rather than into the piston bowl.
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1 INTRODUCTION

The stepwise introduction of more stringent limits on exhaust
emissions from diesel engines during the last decade has
continuously forced the automotive industry to improve on the level
of emissions. Naturally, it is not accepted that this is made at
severe expense of performance, fuel economy or durability, which
all are important measures of quality on the market. For the same
reason, it is also desirable that this is achieved without the use of
exhaust aftertreatment devices, which are still quite expensive and
of questionable reliability in large scale production. Already at the
prospect of the 1994 emission standards it was believed that
exhaust aftertreatment would be necessary to achieve the
suggested emission levels, but so far engine manufacturers have
been able to keep pace with legislation even without such devices.
This has been possible through intensive research, which has
provided more detailed descriptions of the complex chemical and
thermodynamic processes involved and hence a better
understanding of how to optimize the engine with respect to
emissions. However, optimization is a somewhat relative term,
since it is rarely possible to really optimize more than one
parameter at a time. A good example is the well known trade off
relationship between NOx and soot emissions, which makes
simultaneous reduction of these pollutants difficult. In addition, it is
not unusual that measures taken to solve one problem in fact
cause other problems that will also jeopardize quality or customer
requirements but in a different way. Soot mediated oil thickening,
which is the main concern in this thesis, is a problem of this kind.

Simplistically, soot mediated oil thickening refers to combustion
generated soot that manages to escape from the combustion chamber to
the lubrication system. More commonly, this problem is simply referred to
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as oilsoot, even though this may be somewhat misleading in that the
major source of contaminating particles is combustion of diesel fuel and
not engine oil. However, by studying the combustion chamber of a DI
diesel engine, intuitively it can be realized that the only realistic escape
route for these particles is through the narrow clearance between the
piston and the liner. This also suggests that the mass of soot that
escapes to the lubrication system should depend strongly on the local in-
cylinder soot distribution, meaning that a given production of soot is likely
to result in a higher concentration of soot in the lubricant if more of it is
distributed to the outer regions of the combustion chamber. Thus, a
conceptual solution to the problem may be to avoid soot being
transported to the area around the potential escape route at the liner.
However, one of the simplest ways to reduce formation of NOx-
emissions in DI diesel engines is to retard the angle of injection, which
reduces the combustion chamber temperature and thus the thermal
formation of NOx. Unfortunately, this shifts the entire injection period,
since a specific operation point still requires approximately the same
amount of fuel. From the point of view of soot mediated oil thickening,
the main drawback here is that the last part of injection now occurs at a
lower piston position where more of the flame will be distributed directly
to the squish region and hence increase dramatically the concentration
of soot in the vicinity of the escape route at the liner. In fact, this was an
annoying but severe limitation in the struggle to achieve the Euro 3
emission standards that could be overcome only by significant
improvements on the charge air cooling, the effect of which was a
reduction of the need for injection retardation.



3

Figure 1.1. 1/8 segment of combustion chamber in a DI diesel engine. The figure is
illustrating how part of the soot cloud is extending to the outer regions of the
combustion chamber where particles may escape to the lubrication system through
the narrow clearance at the liner.

Nevertheless, customer requirements of increased power output have
made it necessary to extend the injection period and hence forced the
end of injection further into the expansion stroke. Also in this case one of
the side effects is increased soot mediated oil thickening through
increased soot concentration in the squish region. It is now well
established that the addition of soot to engine lubricant lead to increased
engine wear, particularly on components working under boundary
lubrication conditions such as in the valve train or in the liner-piston ring
system. Consequently, if not prevented by for example dramatic
shortening of the recommended oil change interval, this may result in
loss of engine performance and increased oil consumption. Either way,
this is jeopardizing manufacturer quality image, for which reason actions
must be taken to prevent soot mediated oil thickening as early in the
development process as possible.

In many cases, unwanted side effects like increased soot mediated oil
thickening are not easily foreseen, for which reason the development of
heavy duty diesel engines able to meet both future emission legislation
and customer requirements on performance, fuel economy and durability
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indeed is a challenging task. The very heart of this challenge lies in
combustion, which to most people is a phenomenon as obvious in nature
as it is unexplainable in theory. That is, for centuries people have been
fascinated by the macroscopic physical behavior of combustion, for
instance the dancing flames of a fire or a candle, whereas the theoretical
descriptions of the chemical and physical mechanisms are still
incomplete even for the simplest cases of combustion. On the most
fundamental level it can be explained as an irreversible change of state
where chemical energy is converted to heat, but even though this
explanation certainly is true, it reveals nothing about the essential
features of the processes involved. This is because combustion theory
stretches over a large number of disciplines related essentially to
thermodynamics, fluid dynamics and chemical kinetics. Over the years,
researchers from all possible disciplines have used their complete range
of knowledge and skills in different attempts to understand and explain
this remarkable phenomenon. In many respects, however, combustion is
still a poorly understood event. One reason is that until recently,
technologies needed to study combustion on sufficiently small time- and
length scales were either lacking or not mature enough to provide
reliable results. It is only in the last ten years, approximately, that
techniques like laser visualization and Computational Fluid Dynamics
(CFD) have become realistic tools in combustion research. To a large
degree, this can be contributed the dramatic development of computer
power, which as it continues will definitely bring with it new and more
advanced methods to reveal the remaining secrets of combustion. This
situation is well depicted in a recent book by Gordon P. Blair1: “It would
not be stretching the truth to say that combustion, and the heat transfer
behavior accompanying it, are the phenomena least understood by the
average engine designer. The study of combustion has always been a
specialized topic which has often been treated at a mathematical and
theoretical level beyond the grasp of all but the dedicated researcher.
And very often, the knowledge garnered by research has not been
disseminated in a manner suitable for use by the designer. This situation

                                                          
1 Blair, G.P., ”Design and Simulation of Four-Stroke Engines”, ISBN 0-7680-0440-3, 1999.
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is changing, however. The advent of computational fluid dynamic (CFD)
design packages will ultimately allow the engine designer to predict
combustion behavior without requiring him or her to become a specialist
in mathematics and chemistry at the same time”.

Even though the use of CFD is certainly growing, this technique is still far
from the kind of everyday tool that Blair predicts. It has, however, gone
from being understood and used by only a handful of researchers to a
tool that is found in most universities and automotive development
departments. It may still mainly be used by experts, but this spreading of
the CFD technique has increased the possibilities for these experts to
generate detailed and most illustrative descriptions of different flow
situations that can more easily be interpreted and translated into design
requirements by development engineers. In due time, it is possible that
this will have increased the general knowledge and understanding also
about turbulent reacting flow phenomena to a level where currently
advanced CFD simulations can be performed on a daily basis also by the
average engine designer. There should be little doubt, however, that the
current situation is that it still exists a gap between these disciplines and
that this often results in problems in communication or information
exchange between research and engineering teams. Considering that an
increasing number of research projects at the universities are financed
and also supervised with increasing influence by the industry, both the
translation of research results to proper engineering requirements and
the distinction between research and product development is becoming
increasingly important*. However, in the available literature on research
methodology, product development and project management neither of
these questions are extensively addressed.

This project is a cooperation between the Engine Development
Department at Scania CV AB and the Internal Combustion Engines
Division at the Royal Institute of Technology in Stockholm. The main aim

                                                          
* This is primarily a reflection that the author has made during his eight years at the Royal Institute of
Technology in Stockholm, but statistics from the administration at the Royal Institute of Technology also show
that the number of externally financed research projects increased with more than 10 % between 1995 and 2000.
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is to increase the understanding of in-cylinder mechanisms that may
affect soot mediated oil thickening in DI diesel engines and provide
possibilities to predict the soot contamination rate from engine
simulations. In particular, this includes formulation and implementation of
a model approach for CFD that can be applied in combustion systems
development, and the subsequent evaluation of this approach through
comparison to experimental data.
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2 GENERAL PROBLEM DESCRIPTION

This chapter is intended to give a brief introduction to the cause
and effects of soot mediated oil thickening in DI diesel engines. It
also points out some of the difficulties with the fundamental
engineering problem, which simplistically can be described as the
problem of preventing soot particles from reaching the lubricating
oil in the first place. However, already here it should be pointed out
that the objectives of this project are focused primarily on
development of a method and a tool for prediction of soot mediated
oil thickening rather than solving the engineering problem directly.

2.1 Engine Manufacturer’s Point of View
As seen for instance in the study of Rounds2, the engine industry has
been aware of the problems with oil degradation due to contamination by
soot particles at least the last 25 years. However, it was first considered
significant in the early 1990ies when it was recognized as a limiting
factor in the attempts to control NOx emissions by retarding the start of
injection (SOI). The most serious effect of this seen in test engines is
increased wear on engine components working under boundary
lubrication conditions. The rocker arm tips and cam noses in the valve
train often suffer the most substantial wear, which for instance affects the
valve timing and hence decrease the volumetric efficiency. Increased
wear may also appear in the liner-piston ring system where usually the
oil scraper ring is the most affected component, but an additional
consequence that may appear is increased liner polishing. This, in turn,
increases both oil consumption and blowby with subsequent losses of
engine power and fuel economy. These are the most likely
consequences of accelerated soot mediated oil thickening, but naturally,
the most horrifying scenario is that the soot contamination will lead to

                                                          
2 Rounds, F.G., ”Carbon: Cause of Diesel Engine Wear?”, SAE 770809, 1977.
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total loss of lubrication in some critical part of the engine, which will
undoubtedly result in seizing. Even though this certainly should be kept
in mind, it must also be admitted that seizing or other more severe
engine damage has never been identified as a consequence of high
oilsoot concentrations alone.

Wear on rocker 
arm tips

Wear on cam noses
Figure 2.1 Typical locations of oilsoot enhanced wear.

As intimated in the introduction, in some respects soot mediated oil
thickening is nothing but an annoying sub-problem following from the
struggle to achieve the legislated emission levels. In terms of product
quality, however, accelerated soot mediated oil thickening causes
secondary but unacceptable problems, mainly through substantially
increased wear or dramatically shortened maintenance intervals. In
addition, the particles or aggregates that contaminate the oil may be of
the order 50-100 nm in size, which makes them very difficult to separate
with any conventional filtering technique. As a consequence, soot
mediated oil thickening has become an additional design parameter in
the development or optimization of combustion systems, which
simplistically means that it will pose a restriction to the measures that
can be taken to optimize for instance exhaust emissions and fuel
consumption. Thus, one of the fundamental engineering problems in
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modern diesel engine development is how to do this optimization without
increasing the oilsoot level and hence the oil degradation above
acceptable limits.

There are several ways to determine experimentally the soot
concentration in used engine oil. Due to their relative simplicity and high
repeatability, spectroscopic techniques are generally preferred to
gravimetric methods. In this work, all oilsoot measurements are based on
the infrared absorption method (DIN 51452/1994). However, soot
mediated oil thickening is a long-term problem and contamination rates
are in any case relatively slow. Thus, to obtain reliable experimental
results on oilsoot concentrations it is necessary to run the engine several
hours at each operating point, which makes this both time consuming
and expensive in terms of valuable test bed time. A detailed evaluation of
the growth rate then of course requires analysis of several samples
obtained with some time interval. In addition, because of the relatively
low soot concentrations, the results are extremely sensitive to where and
how the sample is extracted from the engine, which often lead to
questions about accuracy and repeatability with this technique. All
together, this makes it very interesting to investigate the potential for
predicting oilsoot growth rates by simulation. Moreover, since the
generation of oilsoot is likely to depend strongly on local in-cylinder
conditions and particularly the interaction between the flame and the
piston surface, CFD is the natural tool-of-choice in that it provides a
multidimensional description of the combustion process.

2.2 Particle Escape Routes
The soot particles that contaminate the oil originate from the combustion
chamber, where they are formed as intermediate products during
combustion of the fuel. The only realistic way that these particles can
escape from the combustion chamber to the lubrication system is
through the narrow clearance between the piston and the liner.
Theoretically, this may occur in two different ways: Either the particles
are transported to the crank case with the blowby gases where they are
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eventually deposited in the lubricant, or the particles are deposited in the
oil film on the cylinder liner and subsequently are scraped down to the
crank case by the piston rings. Even though some fraction of particles
will be transported with the blowby, experiments at Scania have shown
that the latter of these is the only significant mechanism. This was
investigated by studying the oilsoot growth rate as function of topland
height, from which it was concluded that a ten millimeter increase in
topland height could lead to an approximate reduction of 50 % in oilsoot
growth rate with negligible effect on blowby. This conclusion was also
drawn by Tokura3, who estimated the contribution from blowby to less
than 3 %.

With the aim of decreasing lube oil consumption, piston and piston ring
dynamics have developed into a major task in diesel engine
development, e.g.Tian4 and Herbst and Priebsch5. Accordingly, oil may
transport from the area above the top piston ring to the crank case due to
the pressure gradient between the combustion chamber and ring land by
flowing through the ring end gap. Oil may also escape back to the crank
case through the narrow clearance behind and underneath the ring due
to squeezing or pumping effects caused by ring motion relative to the
piston groove sides. This dynamic behavior of the rings is influenced by
piston motion and piston slap, and differs on the thrust and anti-thrust
side. However, the most obvious transport mechanism here is due to
scraping of oil from the liner by the top ring. This is in fact designed to
minimize oil consumption, which in this respect counteracts the
prevention of soot mediated oil thickening by effectively recirculating the
oil back to the crank case.

                                                          
3 Tokura N., et al, ”Process Through Which Soot Intermixes Into the Lubricating Oil of a Diesel Engine With
Exhaust Gas Recirculation”, SAE 820082, 1982
4 Tian, T., et al., ”Effects of Piston Ring Dynamics on Ring/Groove Wear and Oil Consumption in a Diesel
Engine”, SAE 970835, 1997.
5 Herbst, H.M., Priebsch, H.H., ”Simulation of Piston Ring Dynamics and their Effect on Oil Consumption”,
SAE 2000-01-0919, 2000.
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Figure 2.2 Schematic piston ring design, Scania.

2.3 Effects of Soot Mediated Oil Thickening
While it seems generally accepted that the addition of soot to engine
lubricating oil leads to increased wear on critical components for instance
in the valve train, the detailed mechanism behind soot related wear is not
completely understood. It should be pointed out in this context, however,
that the influence of oil thickening (i.e. viscosity increase) on wear
depends on the lubrication regime, which in turn have large impact on
the wear rate. In mixed or full film lubrication, the addition of soot may in
fact decrease wear as a consequence of viscosity increase leading to
increased bearing capacity. On the other hand, depending on the
properties of the particles, these may also contribute to increased
abrasive wear. In the boundary lubrication regime, viscosity increase
may delay the build up of the hydrodynamic film hence causing
increased adhesive wear. Consequently, valve train components working
under highly transient load conditions and essentially in the boundary
lubrication regime are likely to be more seriously affected by soot
mediated oil thickening than for instance full film lubricated bearings.

The aging of oil due to soot contamination was investigated for instance
by Changsoo et al6, who studied the characteristics of 16 different oils
after 25 hours of usage in a DI diesel engine. During these 25-hour tests,

                                                          
6 Changsoo, K., et al, ”Relationships Among Oil Composition, Combustion Generated Soot and Diesel Engine
Valve Train Wear”, SAE Paper 922199, 1992.

1st compression ring

2nd compression ring

Oil scraper ring
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the engine was run at maximum fuel delivery and to further accelerate oil
degradation injection timing was retarded five degrees from standard
conditions. In general, soot concentrations in the used oils was reported
to fall in the range 1.07 to 2.56 %, leading to approximately 30 to 50 %
increase of viscosity. In addition, the average oilsoot particle diameter
was determined from scattering measurements and reported to be of the
order 90 nm. Even though it is also indicated in these measurements that
the average particle diameter decreases with increased oilsoot
concentration, this provides a reasonable estimation of the size of
particles deposited in the oil film and will therefore appear again in the
discussion on modeling aspects in chapter seven.

The theories in the field of soot induced wear can be roughly categorized
in three different groups:

• Chemical effects on the performance of anti wear agent.

• Particle abrasion on the tribofilm or the worn surfaces.

• Blockade of oil flow and subsequent lubricant starvation
between rubbing components.

In an attempt to further clarify which of these mechanisms are most
critical, a previous Scania financed project performed experiments with a
reciprocating pin-on-plate rig as shown in figure 2.3. Mineral base oil with
ZnDTP anti-wear additives and controlled contamination of both engine
soot and carbon black was used as lubricant. In these experiments, main
and interaction effects of particle concentration, normal load,
temperature and material were evaluated by a reduced factorial test in
two levels. As seen in figure 2.3, normal load has the most significant
influence on wear. Considering steady state conditions, i.e. constant
load, one of the essential findings was that even as small particle
concentrations as 0,2 % may result in up to 70 times increase in wear
rate. In addition, for a given material combination, this study indicated a
strong coupled effect of particle concentration and temperature. This is
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explained to result mainly from viscosity increase following the
combination of low temperature and high soot concentration,
consequently shifting the lubrication regime. From inspection of the worn
surfaces it was concluded that the dominating mechanism for soot
related wear is abrasion caused either by individual soot particles, soot
agglomerates or asperity contact, the latter investigated by performing
contact resistance measurements between specimen surfaces. In
contrast to the results with clean oil, the contact resistance between the
specimens was negligible when using contaminated oil, indicating that
the addition of soot interferes with the formation of adsorbed tribofilms
hence increasing metal-to-metal contact on the surfaces.

Figure 2.3. Schematic description of pin-on-plate rig (top) and indicated effects of
particle concentration, temperature, normal load and material on ring and liner wear
(bottom). Reproduced from Scania internal reports.

Abrasion was also suggested as the main wear mechanism by Ryason
et al7 and Gautam et al8. In addition, Gautam et al suggests a sequential

                                                          
7 Ryason, P.R. et al, ”Polishing Wear by Soot”, Wear 137, pp. 15-24, 1990.
8 Gautam, M. et al, ”Contribution of Soot Contaminated Oils to Wear”, SAE 981406, 1998.
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two-step mechanism that may contribute to increased engine wear. In
general terms, these two steps are described as a decrease of the
anti-wear surface coating rate due to adsorption of soot on the surface
and, subsequently, modification of the physical and mechanical
properties of the anti-wear coating through the introduction of carbon.
Simplistically, this means that the contaminating soot particles compete
with the active anti-wear coating agent for absorption sites on the
surface, which prevents formation of the anti-wear surface oxide Fe3O4 in
favor of pro-wear Fe3O by limiting the access of oxygen to the surface.
Comparisons of worn liner surfaces at Scania have indicated a mild wear
mechanism with some degree of chemical attack when using clean oil,
whereas the results when using contaminated oil implies that the
dominating wear mechanism is abrasion. Kuo et al9, on the other hand,
suggested that large soot agglomerates might blockade the transport of
oil and thus cause lubricant starvation between rubbing components,
which subsequently would lead to increased adhesive wear.

Finally, it should be mentioned also that a large number of experimental
studies in the field of soot mediated oil thickening have been initiated and
presented in recent years by the oil industry, e.g. Mainwaring10 and
Bardasz et al11,12,13,14. While further knowledge on the effects of soot
contamination and soot enhanced wear can be found in these studies
and their related references, this work now will turn its attention mainly to
the parameters of combustion that control the production of soot and
subsequently to the prediction of oilsoot growth rates through
multidimensional combustion simulation.

                                                          
9 Kuo, C. et al, ”Wear Mechanism in Cummins M-11 High Soot Diesel Test Engines”, SAE 981372, 1998.
10 Mainwaring, R., ”Soot and Wear in Heavy Duty Diesel Engines”, SAE 971631, 1997.
11 Bardasz, E.A., et al, ”Understanding Soot Mediated Oil Thickening Through Designed Experimentation –
Part 2: GM 6.5L”, SAE 961915, 1996.
12 Bardasz, E.A., et al, ”Understanding Soot Mediated Oil Thickening Through Designed Experimentation –
Part 3: An Improved Approach to Drain Oil Viscosity Measurements – Rotational Rheology”, SAE 971692,
1997.
13 Bardasz, E.A., et al, ”Understanding Soot Mediated Oil Thickening Through Designed Experimentation –
Part 4: Mack T-8 Test”, SAE 971693, 1997.
14 Bardasz, E.A., et al, ”Understanding Soot Mediated Oil Thickening Through Designed Experimentation –
Part 5: Knowledge Enhancement in the GM 6.5L”, SAE 972952, 1997.



15

3 AIM AND OUTLINE OF THIS WORK

In the two preceding chapters, the concept of soot mediated oil
thickening was introduced together with a short discussion about its
causes and effects. With this as the start point, this chapter
provides a general formulation of the main project objectives. In
addition, it describes the application of a generalized work-flow
model on the work. It may be argued that this is somewhat beside
the scope of this work, but hopefully it can be justified if taken into
consideration that the involved parties in this research project not
only are geographically separated but also differ considerably in
organization and methods for project management.

3.1 Project Objectives
As discussed in chapter 2, soot mediated oil thickening may affect
significantly the performance of the lubricant and, in addition, the
possibilities to remove particles once they have contaminated the oil are
small because the particle sizes in general are in a range where
conventional filtering techniques are insufficient. Thus, solutions that
prevent or reduce soot mediated oil thickening are preferable. Even
though this certainly is a challenging task, the work presented here does
not primarily seek to find solutions to this engineering problem or to
minimize the effects of soot mediated oil thickening. Instead, the
ambition is to understand the mechanisms of combustion and soot
formation that pave the way for this problem and to use this knowledge in
the development of a predictive model for soot contamination of the oil.

An additional task, however, is to use Computational Fluid Dynamics
(CFD) as the platform for development of this model. From the point of
view of engine development and in particular development of combustion
systems, this is an obvious choice because of the ability of the CFD
technique to predict both spatial and temporal effects that can not be
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traced easily with conventional measurement techniques. However, this
constraint makes the definition of the objectives for the research project
less precise, since CFD simulation in this field still itself is a very wide
research area. Especially difficult is the prediction of in-cylinder soot, one
reason being that the detailed chemistry of its formation and oxidation
processes still is under debate. In addition, numerical treatment of
turbulent reacting flows within reasonable frames of time and computer
power requires a number of simplifications such as the application of
boundary layer approximations and strongly simplified models for
prediction of turbulence, spray structure and combustion. Since the net
production of soot in diesel engines strongly depends on mixing of fuel
and products with oxidants as well as the interaction between the flame
and the piston bowl wall, these simplifications may significantly influence
the result of any soot model. Thus, as an important tool in the evaluation
and modeling of soot mediated oil thickening, an additional focus for this
work is the application of numerical modeling of turbulent reacting flows.

Finally, the intention is to use the developed model in a study of how
some characteristic engine parameters affect soot mediated oil
thickening and, more importantly, explain why these effects occur.

3.2 Methods and Organization
In an earlier work15, a generalized work-flow model based on a research
process concept was suggested for the oilsoot project in order to bridge
the gaps in objectives, methodology and organization between the
involved parties. This model was developed mainly from concepts
describing product development or the mechanical design process, e.g.
Pahl and Beitz16, Ullman17 and Clausing18.

                                                          
15 Dahlen, L. ”Topics Related to Combustion and Emissions Formation in Direct Injected Diesel Engines –
Volume 1: Soot Mediated Oil Thickening”, TRITA-MMK 2000:21, ISSN 1400-1179, Licentiate Thesis, Royal
Institute of Technology, Stockholm, 2000.
16 Pahl G. and Beitz W., ”Engineering Design”, ISBN 0-85072-124-5, 1984.
17 Ullman D.G., ”The Mechanical Design Process”, 1st Edition, McGraw-Hill, 1992.
18 Clausing D., ”Total Quality Development”, ASME Press, New York, 1995.
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There is certainly a difference between research and product
development in that research per definition tries to clarify details of
phenomena or processes regardless of manufacturing aspects, but there
are still many similarities between these disciplines. In general, it is the
same type of creative process, and many of the methods for generating
design concepts apply well also to generating conceptual explanations or
hypothesis formulations in research projects. Also, they are both iterative
processes where decisions are based on logical flows of information.
Thus, applying the same methodology as suggested by Ullman for the
mechanical design process, the description of a corresponding technical
research process can be illustrated as in figure 3.1. In essence, the
handling of the oilsoot project is well described by this figure.

Customer 
Requirements

Initiate
Project

Understand
the Problem

Decompose
into

 Subtasks

Plan
Project

Form
Research

Group

Document
the Work

Evaluate
Knowledge

Hypothesis
Formulation

Establish Need

Phase 1
Specification of Requirements 

and Planning

Phase 2
Conceptual Explanation

Evaluation of
Hypothesis

Investigate
Subtasks

Create
Research tools

Hypothesis
Accepted

Figure 3.1 The generalized research workflow model.

This was very helpful because it made it possible to classify and plan the
activities within the project. Naturally, this was most critical during the
pre-study and the initial phase of the work, but despite its simplicity, this
generalized work-flow model turned out to be of considerable assistance
in at least two more ways: First, at any time during the work, it was
possible to provide clear pictures of “where-are-we” and “where-are-we-
going?”. This made it a lot easier to keep all involved parties up to date
about the project status and, consequently, at all times focus on the
general objectives of the work. Second, this made the project surprisingly
self-sustaining also during times of reorganization or other disturbances
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from the project environment. In other words, through the definition of the
work flow, the project was essentially decoupled from any personal
engagement of the people within the steering committee or the
management. Once launched, the work could proceed relatively freely
and undisturbed within the frames of the approved work flow.

Methodology has been an issue among the research community as far
back as Thales, Socrates and Plato around 500 b.C., but in true
philosophic manner there still exist no solid definitions in this field.
However, regardless of approach or methodology, a central point is to
have some clues about how to evaluate and interpret the data produced
from experiments or investigations. In this case, we had a lot of test bed
data telling us how different engine parameters affect the generation of
oilsoot in a specific engine system. Consequently, the most appropriate
way seemed to be an empirical approach where an initial hypothesis is
formulated from this knowledge and then is revised by strategic attempts
to falsify it. It may be interesting to note that this approach is a main
feature of the branch of science theory known as logical positivism. As
discussed for instance by Gramenius19, this and many other fundamental
features of the logical positivism are reflected by the spirit in which the
teaching is carried out at the technical universities, and the choice of
method may indeed have been influenced by the author’s background in
mechanical engineering. Nevertheless, it must be considered an
applicable approach here.

Perhaps somewhat beside the point, but one major difficulty in the
documentation of a work of this kind is to answer the question: “to whom
am I writing?”. As a PhD thesis, it must of course be relatively
specialized, and (hopefully) deal with phenomena that are on the far
edge of the current state-of-the-art in its field and may therefore in some
respects be quite complex. However, soot mediated oil thickening is in
the end a practical problem, the prevention of which at some point
requires hands-on engineering. The complexity in the work presented
                                                          
19 Gramenius, J., ”CAD-Teknikens Roll och Värde”, PhD Thesis, Royal Institute of Technology, Department of
Industrial Management and Engineering, Stockholm, 1997.
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here lies mainly in the interactions between the ongoing processes
during diesel engine combustion; primarily in understanding these
interactions and subsequently in the development of a predictive tool that
can be of assistance in this engineering work. It can not be emphasized
enough that the combustion system, particularly in DI diesel engines, is
indeed a system rather than an isolated emission and heat generator,
and thus engine performance and emissions result in essence from
these interactions. On these grounds, this thesis also tries to convey the
oilsoot problem and in particular the aspects of its modeling in a more
wide perspective and, in doing this, the ambition is to write it not only to
the academic community but also to all those brilliant engineers who
actually make our engines work. What becomes a central point here is
the attempt to link the functionality of the simulation models to the “real”
physical processes in running engines. This gives substantial part of the
work an educative character, for which reason monography was the form
chosen for the documentation. However, the most important publications
during this project are appended for convenience.

3.3 Contents of this Thesis
In essence, the contents of this thesis can be described from the work-
flow model shown in figure 3.1 in the previous section. The first three
chapters address the initial phase of specification and planning, with
main emphasis on fundamental problem formulation and objectives
definition. Chapters four to six provide an evaluation of fundamental
theory and knowledge in some of the most relevant areas for the
hypothesis formulation and for the creation of research tools which, in
turn, are in focus in chapters seven and eight, respectively. Chapter
seven also suggests a model approach for CFD, the initial results of
which are presented in conjunction with the development of research
tools discussed in chapter eight. In chapter nine, the implemented model
approach is subject to a more extensive evaluation through comparison
between simulated and experimental parameter studies. Chapter ten
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presents the major conclusions from this work, and remarks on potential
future work that may be done to further improve the results.
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4 COMBUSTION AND SOOT FORMATION

The soot particles that contaminate the lubricant originate from
combustion of diesel fuel. Therefore, a suitable start point in the
discussion about mechanisms behind soot mediated oil thickening
seems to be a deeper look into the theory of combustion and soot
formation in DI diesel engines. In addition, as will become clear in
later chapters, CFD is still a relatively immature tool that strongly
simplifies many of the critical processes active in diesel spray
combustion. A crucial point for any user in this field hence is the
interpretation of the results. The results themselves as delivered by
the CFD-code are usually quite illustrative and easy to interpret, but
unless they can be concluded to actually represent reality they are
of little or no value. Thus, it is required of the user not only to
understand the theoretical considerations leading to the model
formulations, but also to considerable degree to have a more
practical knowledge about combustion and sprays “in reality” in
order to judge the validity of the results. This chapter attempts to
point out some of the relevant areas here. To begin with, we will
introduce some fundamental chemical kinetics and discuss
conceptually the temperature regimes of hydrocarbon oxidation.
This is followed by a more detailed look into the aspects of soot
formation and, finally, a fundamental but extensive discussion
about combustion with main emphasis on diffusion flames and DI
diesel engine combustion.

4.1 An Introduction to Combustion Chemistry
The oxidation of a complex hydrocarbon fuel typically involves thousands
of elementary reactions with several hundreds or even thousands of
different intermediate species. Under ideal conditions, however, meaning
overall homogeneous and stoichiometric mixture, sufficient time for the
reaction mechanisms to complete and a reaction temperature low
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enough to avoid formation of nitrogen oxides (NOx), the only emissions
from combustion of a hydrocarbon fuel in air are carbon dioxide and
water. Unfortunately, all practical combustion systems are far from these
ideal conditions for which reason the conversion of the fuel in practice is
not complete. As a consequence, some of the intermediate products in
the reaction chain will be found in the exhaust, for instance as soot
emissions.

4.1.1 From Chemical Equilibrium to Kinetics
A stoichiometric mixture is a mixture where the fuel to air ratio is such
that all reactants are completely consumed and converted to CO2 and
water by complete combustion. Thus, a global or stoichiometric reaction
describing complete combustion of a hydrocarbon fuel can be written

OdHcCObOHaC nm 222 +→+ (Eq. 4.1)

where the stoichiometric coefficients a-d are

2
,

4
,1 ndmcnmba ==+==         ,    (Eq. 4.2)

However, as implied in the introductory remark to this section, the path to
the final products is far from straight forward in that it involves a number
of intermediate reaction steps and products. In contrast to the term
global reaction, which implies that only the initial and final states in the
system are considered, the individual intermediate species conversions
are referred to as elementary reactions. Together, these form the
reaction mechanism through which the final products eventually may be
obtained. As indicated by the dual arrows in the symbolic chemical
equation
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k
++ ↔ (Eq. 4.3)
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a chemical reaction may proceed in either the forward or backward
direction. kf and kb denote the reaction rate constant in respective
direction and, in equilibrium, according to the law of mass action

dc
b

ba
f DCkBAk ][][][][ = (Eq. 4.4)

where the brackets denote species concentrations. Chemical equilibrium
refers to a situation where the forward and backward reactions are
balanced and thus the net species conversion is zero. The reaction rate
constants in both directions depend strongly on temperature, but by
temporally assuming that the conversion is isothermal it can be
understood from the law of mass action that for a certain temperature
there exists a certain equilibrium composition. Consequently, for the
symbolic reaction above, the equilibrium constant is defined as

ba
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b
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Eq

BA
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k
kK

][][
][][== (Eq. 4.5)

KEq > 1 means that the reaction proceeds in the forward direction to form
products C and D, whereas KEq < 1 means that the reaction instead
proceeds in the backward direction to form A and B. A large value of KEq

thus may be interpreted as an almost complete conversion of the
reactants A and B to products C and D. In addition, even though it may
be concluded from the law of mass action in equation 4.4, it should be
pointed out that not only temperature but also pressure has influence on
reaction rates. The molar concentration of a certain species is related to
its partial pressure through the thermodynamic equation of state, which
means that the pressure dependence of the reaction rate for individual
elementary reactions is equivalent to that of concentration stated in
equation 4.4.

The equilibrium constant and hence the equilibrium composition is
determined by the energy difference between reactants and products,
i.e. by the change of Gibbs free energy, ∆G, which may be expressed in
thermochemical terms as
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STHG ∆−∆=∆ (Eq. 4.6)

where ∆H is the heat of reaction, i.e. the difference in strength between
broken and formed bonds during the reaction, ∆S is the entropy change
and T is the temperature. If heat is released during the reaction, ∆G and
∆H are negative and the reaction is said to be exergonic or exothermic,
respectively. If ∆G and ∆H are positive, the reaction instead absorbs heat
and is referred to as endergonic or endothermic, respectively.

The reaction rate in both directions of an arbitrary elementary reaction
depends strongly on temperature. For instance, the flammable mixture of
diesel and air in an engine is evidently rapidly converted to products
when the temperature is raised by compression, whereas being
completely stable and apparently non-reacting at room temperature. The
reason, however, is not that the reactions have ceased completely but
that the rate at which they proceed is very slow due to the low
temperature. The equilibrium consideration is only valid in the fast
chemistry limit, i.e. it is required that the characteristic time for chemical
reactions is short compared to the characteristic time scales for mixing
and heat transfer. In most practical reaction systems, however, this
assumption is not strictly valid since the characteristic time scales may
differ substantially between different regimes. Chemical kinetics refers to
the investigation of individual reaction rates and their effect on the
product composition.

Simplistically, a chemical reaction is a collision between molecular
species where some of the original bonds in the reactants are broken
and new bonds are formed to build up the products. The type of chemical
bonds referred to here are covalent bonds, i.e. sharing of electron pairs.
However, not all collisions allow for reactions to occur. As two atoms or
molecules approach, their electron clouds which are both negatively
charged repel each other and it is therefore required that the collision
occurs with proper force and orientation for the colliding species to stay
close long enough for the bond to actually form. The repelling force
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increases the energy level of the reactants from their ground state to a
transition state that represents an intermediate high-energy complex, or
activated complex, from which the energy level then falls back to a new
ground level as the products are formed. This energy barrier which must
be overcome in order for a reaction to occur is called activation energy
and may be illustrated as in the schematic reaction energy diagram in
figure 4.1. As also seen in this example, a net energy corresponding to
the potential difference between reactants and products is released as
the products are formed, indicating an exothermic reaction.

Figure 4.1. Schematic reaction energy diagram for exothermic reaction.

However, the transition state may also fall back to the original ground
state and thus revert back to reactants. On the other hand, if the
transition state is converted to products and if the heat release is large
enough, this may increase the system temperature and in turn enhance
the formation of new transition states and subsequently products from
other reactants. Self-accelerated reactions of this kind are referred to as
thermal explosions, and the influence of temperature on reaction rates
may be discussed in terms of the reaction rate coefficient. For the
symbolic bimolecular reaction in equation 4.3 the reaction rate constant
kf can be described by the well-known Arrhenius expression

)/( RTE
f eAk −= (Eq. 4.7)
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where the pre-exponential factor A is slightly temperature dependent and
commonly referred to as the collision or frequency factor. The exponent
(-E/RT) is the Bolzmann factor, where E is the activation energy, R is the
universal gas constant and T is the temperature. As seen, this equation
is non-linear and strongly temperature dependent.

However, as mentioned earlier, the products formed by an elementary
reaction not necessarily coincide with the final products as described by
the global reaction, i.e. they are only intermediate species which will
react further if given the proper conditions. Thus, a chain of reactions
may be illustrated schematically in a reaction energy diagram as seen in
figure 4.2. As seen here, the first reaction step is endothermic and the
formation of the intermediate products hence absorbs energy from the
system. In this example, however, the second step as well as the overall
reaction is exothermic, meaning that the energy release in the second
step exceeds the initial absorption. Naturally, also in this case the
transition states may fall back to their ground states without forming
products, and both intermediate and final products may convert through
reverse reactions. In addition, if it is assumed that the mechanism is
frozen before reaching equilibrium, for instance by rapid pressure drop,
the mixture is likely to contain significant concentrations of intermediate
products P1 in addition to the final products P2. Although very simplistic,
this is actually a quite illustrative description of the cause for engine
emissions, which are in fact products of incomplete combustion.

Figure 4.2. Schematic reaction energy diagram for chain reaction.
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Radicals are species with free chemical bonds or, more strictly, an odd
number of electrons in its valence shell. They are generally highly
reactive and play an important role in combustion by accelerating the
reaction rate by providing an increased number of “reaction interfaces” in
the mechanism through their addition of free bonds. Taking hydrogen as
an example, H radicals may result from thermal dissociation of H2 in
accordance with

MHHMH ++→+2
(Eq. 4.8)

where M is a third-body species that only interferes in the reaction by
supplying the energy necessary to start the reaction, i.e. the activation
energy. On the LHS there are no free bonds, but on the RHS totally two
free bonds have been created in the formation of the two H-radicals. This
reaction may thus be said to be chain branching with respect to the
increased number of free bonds on the RHS. Moreover, this reaction is
endothermic, which is the case for most chain branching reactions. The
recombination of H to H2, however, is highly exothermic, meaning that a
large quantity of heat is liberated through this reaction. In other words,
immediately at the start of combustion there is no significant heat
release. This does not occur until the concentration of radicals has
increased to a level where their recombination reactions become
significant.

The H-radical is an example of an intermediate species that participate in
a number of reactions in combustion of hydrocarbon fuels. However, the
complete reaction mechanism in any combustion situation comprises a
large number of radical species of varying reactivity. From the non-
linearity and strong temperature dependence of the reaction rate
coefficients it can be realized that at excess of reactants the question of
what reactions will be dominating the mechanism at a certain point can
not be answered without temperature information. In addition, earlier in
this section it was pointed out that the reaction rate of an individual
elementary reaction would increase with pressure as can be concluded
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from equation 4.4. For chain reactions, however, this is normally not true
because increased pressure tends to favor ternary reactions through
which the recombination of intermediate species is favored and
consequently their concentration decay.

4.1.2 Explosion Limits
To illustrate the influence of temperature and pressure on the interaction
between the elementary reactions building up the process of combustion,
lets consider the following relatively simple description of the explosion
limits for the H2-O2 system, which are shown schematically in figure 4.3.
As seen in this figure, for a certain range of temperatures, increasing
pressure has shifting effects on the reaction mechanism. Starting at very
low level and increasing the pressure in a vessel containing a
stoichiometric mixture of hydrogen and oxygen, it is seen that the mixture
becomes explosive. Then, as the pressure is increased further, the
mixture again becomes non-explosive and remains in this regime until
the pressure reaches yet another critical level. Simplistically, this
behavior results from the fact that the interaction between reactions
within the mechanism depends on the individual reaction rates and the
dominating reaction path hence will change with the conditions in the
vessel.

Figure 4.3. Schematic illustration of the explosion limits in the H2-O2 system.
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The first limit results from the fact that at low pressure, the concentration
of reactants in the system is low and, consequently, the chain branching
which occurs mainly through the reaction

OOHOH +→+ 2
(Eq. 4.9)

is equalized by the diffusion and subsequent destruction of H-radicals to
the walls of the vessel. From physical point of view, this can also be
explained as the characteristic time for diffusion being shorter than the
chemical time, i.e. the time it takes for the reaction to complete. With
increasing pressure, the diffusion and subsequent destruction of radical
species at the walls decrease, and the first explosion limit is defined by
the balance between this destruction of radicals and the chain branching
from equation 4.9.

As the pressure is increased further, the molecular collision frequency in
the mixture increases for which reason the following reaction becomes
increasingly important

MHOMOH +→++ 22
(Eq. 4.10)

In contrast to the chain branching reaction of equation 4.9, this reaction
is chain propagating and hence no additional free bonds are introduced
with the formation of HO2. However, the HO2 radical is much less reactive
than OH, and again the reaction rates in the system are limited by the
diffusion of reactants to the walls. Thus, even though reaction 4.10 is
propagating, the formation of HO2 in this regime in fact leads to chain
break in a further reaction step, hence creating the second explosion
limit. However, at some point, the high concentration of HO2 following
from the pressure increase will favor the recombination reaction

22222 OOHHOHO +→+ (Eq. 4.11)

which itself is chain breaking, but where the product H2O2 in turn is
consumed through the reaction
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MOHOHMOH ++→+22
(Eq. 4.12)

which is chain branching. Thus, for the complete system, reactions 4.11
and 4.12 result in a net addition of free bonds to the system thus building
up the third explosion limit.

The H2-O2 system comprises totally around 40 elementary reactions, but
despite its “simplicity” this mechanism is fundamental in hydrocarbon
combustion. As pointed out for instance in the book of Gardiner20, the
reactions in the H2-O2 system are responsible for most of the O2

consumption in typical hydrocarbon-air flames at atmospheric pressure.
As mentioned, however, the oxidation of high hydrocarbons and in
particular blended fuels like diesel at engine conditions may involve
several thousands of elementary reactions, which of course means an
increase in complexity by several orders of magnitude.

4.1.3 Autoignition
The explosion limits define the pressure and temperature conditions
when reactions in a combustible mixture may become self-sustaining, i.e.
the mixture may autoignite. However, this is a kinetically controlled event
and therefore it is also required that these conditions are maintained long
enough for the mechanism to “accelerate”. This can be pictured for
instance by considering a flow reactor where the reactant feed is very
high and thus the residence time in the reactor is short. If this is taken to
its extreme, the residence time may be shorter than the time it takes for
the reactions in the system to produce a sufficient concentration of
radicals and heat to make the mechanism self-sustaining, even if the
conditions are appropriate. Thus, a fundamental quantity of autoignition
is the ignition delay time.

                                                          
20 Gardiner Jr, W.C., ”Combustion Chemistry”, Springer Verlag, New York, 1984.
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The ignition delay time of lower hydrocarbons can be shown to decrease
exponentially with increasing temperature, e.g. Peters21. For higher
hydrocarbons, however, there is an intermediate temperature range
where the dependence of ignition delay on temperature is negative,
leading to the typical delay time characteristics seen for n-heptane in the
right graph of figure 4.4.

Figure 4.4. Left: Schematic temperature increase during autoignition of low
hydrocarbons. Right: Negative temperature dependence during autoignition of
n-heptane. (From Peters21).

The negative temperature dependence again is the result of the
influence of temperature on elementary reaction rates and hence on the
reaction pathways. Because of its wide application in CFD-codes, a
generalized reaction mechanism based on the work of Halstead et al22

(i.e. the Shell model) will be used for a conceptual explanation of this
behavior. The original Shell model uses a reduced kinetic mechanism
confining five generic species and eight generic reactions to describe
autoignition of hydrocarbon fuels, whereas the reaction mechanism
described in equations 4.13 to 4.27 is actually an extension of Halstead’s
work suggested by Cox and Cole23. However, it is quite common that
extensions based on the Shell model also are referred to by the original
model name. In the scheme below, R represents a general carbon
skeleton of undefined length and functional group content. This should
                                                          
21 Peters, N., ”Fifteen Lectures on Laminar and Turbulent Combustion”, Ercoftac Summer School, Aachen,
Germany, September 14-28, 1992.
22 Halstead, M.P.,  ”A Mathematical Model for Hydrocarbon Autoignition at High Pressures”, Proc. R. Soc.
Lond. A. 346, pp.515-538, 1975.
23 Cox, R.A., and Cole, J.A., ”Chemical Aspects of the Autoignition of Hydrocarbon-Air Mixtures”, Combustion
and Flame, No 60, pp.109-123, 1985.
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be mentioned since it means that even if R appears on several locations
in a certain equation, it does not necessarily represent the same species
at each location.

Initiation
22 HORORH +↔+ (Eq. 4.13)

Propagation
22 ROOR ↔+ (Eq. 4.14)

Isomerization,
Internal rearrangement
(H-abstraction) ROOHRO2 ↔ (Eq. 4.15)

Propagation OHepoxideROOH +↔ (Eq. 4.16)

Propagation OHRCHOolefinROOH ++↔ (Eq. 4.17)

O2 addition OOROOHOROOH 2 ↔+ (Eq. 4.18)
Decomposition,
Internal rearrangement OHHROOOROOH 2 +↔ (Eq. 4.19)

Branching OHRHRO2 +↔ (Eq. 4.20)

Propagation ROHRHOH 2 +↔+ (Eq. 4.21)

Linear termination
22 HOolefinOR +↔+ (Eq. 4.22)

Quadratic termination RHRR ↔+ (Eq. 4.23)
Formation of branching agent
(alternative route) RHRORCHORO 22 +↔+ (Eq. 4.24)

HO2 recombination
22222 OOHHOHO +↔+ (Eq. 4.25)

Branching ROHRCHOHO 222 +↔+ (Eq. 4.26)
Branching,
Thermal decomposition MOHOHMOH 22 ++↔+ (Eq. 4.27)

Chain initiation is assumed through reactions between fuel molecules
with O2 in accordance with equation 4.13. Initially considering the
reacting system at low temperature (<700 K), the main propagation chain
proceeds through cleavage of ROOH with the formation of OH and
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various oxidation products in accordance with equation 4.16 and 4.17.
Propagation is also due to equation 4.21, where OH reacts with a fuel
molecule to form alkyl radicals, R. This in turn may add O2 in accordance
with equation 4.14 and form alkylperoxy radicals, RO2, which through
subsequent isomerization by internal H-abstraction leads to formation of
ROOH. Further addition of O2 may eventually lead to formation of RO2H,
which in turn may enhance chain branching through decomposition into
R and OH. Simplistically, the temperature dependence of ignition delay
time is determined by the competition between the reverse of the
propagating O2-addition step in accordance with equation 4.14 and the
rearrangement of RO2 eventually leading to formation of branching agent
RO2H. In the low temperature range approximately below 700 K,
increasing temperature leads to a net increase of the forward reaction
rate and therefore decreasing ignition delay time. For temperatures
above 700 K, however, the reverse of equation 4.14 becomes
increasingly important which leads effectively to a blocking of this path to
RO2H and consequently the ignition delay time increases. However,
branching agent RO2H may also form in accordance with equation 4.24
from reaction between RO2 and an intermediate product which here is
defined as aldehyde, RCHO. As temperature increases above 800-850 K,
the additional supply of RO2H through this reaction and the increasing
significance of the branching reactions 4.26 and 4.27 eventually lead to a
breakout of the system from the negative temperature influence on
ignition delay time.

Figure 4.5 schematically shows the temperature time history for a
hydrocarbon-air mixture that is brought to autoignition by compression.
Commonly, this shows a characteristic two-stage behavior in which the
total ignition delay time comprises two separate time scales, τ1 and τ2.
The first stage here is not accompanied by any significant temperature
increase and is consequently referred to as a cool flame. Cox and Cole23

reports the temperature increase during the cool flame to be of the order
of 80 K for a stoichiometric mixture of isooctane and n-heptane in air
compressed from approximately atmospheric conditions to a state of
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3.3.10-4 mole/cm3 and 700 K. The time lag preceding the thermal
runaway, or hot ignition, is due to the negative temperature dependence
of ignition delay.

Figure 4.5. Schematic temperature time history for two-stage autoignition.

4.2 Soot Formation
Soot emissions from diesel engines represent a loss of energy, which
would have been liberated in complete combustion of the fuel. More
importantly, both the soot particles themselves and many of the various
hydrocarbon species that may appear during combustion and potentially
are adsorbed by these particles are suspected to have hazardous impact
on human health. However, particularly in the DI combustion system
found in most modern diesel engines, but also in more ideal situations
like shock tube experiments or stationary flame studies in combustion
laboratories, the production of soot is controlled by complex processes
that still are incompletely understood.

On a fundamental level, the formation of soot can be broadly
characterized as a two-step process, where in the first step an incipient
soot nucleus of about 2 nm in diameter is formed and the second step
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involves several different mechanisms where this incipient particle grows
through reactions with the gas phase and merges with other particles. As
indicated in figure 4.6, these two steps can be referred to as particle
formation and particle growth, respectively, both comprising several
underlying and quite complex chemical and physical processes. The
particles mainly consist of carbon with some addition of hydrogen. The
C/H ratio of the incipient particles is around three, but dehydrogenation
during the second step increases the C/H ratio of the final particles to
around ten. In addition to the formation and growth processes, oxidation
of soot and its precursor species occurs through various reactions with
oxygen which binds carbon to other products, and the net formation of
soot is thus a balance between formation and growth on one hand and
oxidation on the other.

Figure 4.6. Generalized steps of soot formation.

4.2.1 Particle formation
It is generally agreed upon that soot formation starts with the formation of
a small nucleus through a gaseous-solid conversion of polycyclic
aromatic hydrocarbons (PAH). The conversion of PAH to particles is not
completely understood, but it was suggested for instance by Löffler et
al24 that it occurs through coagulation of high mass PAH species
(600 u < m < 2500 u)*. These large PAH species are assumed to be
                                                          
24 Löffler S., et al, ”Growt of Large Ionic Polycyclic Aromatic Hydrocarbons in Sooting Flames”, Soot
Formation in Combustion, Bockhorn H. (Ed), Springer-Verlag Berlin Heidelberg, 1994.
* u refers to atomic mass units.
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initially stacked by van der Waals forces and, simplistically, held together
long enough for chemical bonds to form. Consequently, incipient soot
particles appear in the approximate mass range 2000-5000 u, and
distinguishes from large (planar) PAH in the stacking of PAH species into
a three-dimensional particle. Similar arguments were put forward also by
D’Alessio et al25, who suggested that large soot precursor species may
consist of two or three layers of PAH joined together by aliphatic bonds.
Scattering measurements have indicated that the average size of these
transition species is of the order 2 nm. According to Mauss*, each PAH
layer contains about 50 C-atoms and the interlayer spacing is
approximately 3.5 Å.

As discussed in the previous section, the kinetics of any chemical
reaction depend strongly on temperature and in complex chain reaction
mechanisms this may shift the dominating reaction path as the system
temperature changes. Through shock tube experiments with mixtures of
different hydrocarbon fuels and argon at temperatures in the range 1600-
2300 K, Graham et al26 concluded that aromatic hydrocarbons could form
soot by two very different routes as illustrated in figure 4.7. This
conclusion was based on the observation that at relatively low
temperatures (approximately below 1800 K), the net soot yield increased
with increasing temperature whereas the soot yield then dramatically
decreased as the temperature was increased further. From these results,
Graham et al suggested that aromatic fuel species may enhance planar
PAH growth in the low temperature regime through direct condensation.
At sufficiently high temperatures, however, even the strong aromatic ring
structure will be broken, for which reason Graham et al suggested that
PAH growth and hence soot nucleation at high temperatures is
dominated by reactions between fragmentary aliphatic molecules and

                                                          
25 D’Alessio  A., et al, 24th Symposium (International) on Combustion, The Combustion Institute, Pittsburgh, pp.
973-980, 1992.
26 Graham S.C., et al, ”The Formation and Coagulation of Soot Aerosols Generated by the Pyrolysis of Aromatic
Hydrocarbons”, Proc. R. Soc. Lond., Vol. A344, pp. 259-285, 1975.

* Prof. Fabian Mauss, Lund Institute of Technology, Sweden, Personal communication.



37

subsequent cyclization. Naturally, PAH may also form from aliphatic fuel
species through this route.

Figure 4.7. Conceptual soot formation routes. (Reproduced from Graham et al26)

A key issue for soot inception is the build up of initial benzene (C6H6)
from fragmentary species as a platform for PAH growth. Extensive
evaluations of some of the numerous mechanisms suggested in this field
were made for instance by Westmoreland et al27,28, whose work was
based on studies of stationary premixed low pressure acetylene (C2H2)
flames and QRRK calculations*. Perhaps the most widely accepted route
to benzene, however, is the conceptual path suggested by Frenklach et
al29, which was based originally on shock tube pyrolysis of acetylene.
This work was then extended to studies of laminar premixed
acetylene/oxygen flames by Frenklach and Warnatz30, and later
summarized for instance by Frenklach and Wang31. Frenklach and co-
workers suggested that the key to initial PAH formation, i.e. formation of

                                                          
27 Westmoreland, P.R., et al,”Forming Benzene in Flames by Chemically Activated Isomerization”, Journal of
Physical Chemistry, Vol. 93, No. 25, pp. 8171-8180, 1989.
28 Westmoreland, P.R., et al, ”Tests of Published Mechanisms by Comparison With Measured Laminar Flame
Structure in Fuel-Rich Acetylene Combustion”, 21st Symposium (International) on Combustion, The
Combustion Institute, pp. 773-782, 1986.
29 Frenklach M., et al, ”Detailed Kinetic Modeling of Soot Formation in Shock Tube Pyrolysis of Acetylene”,
20th Symposium (International) on Combustion, The Combustion Institute, Pittsburgh, pp. 887, 1985.
30 Frenklach M. and Warnatz J., ”Detailed Modeling of PAH Profiles in a Sooting Low-Pressure Acetylene
Flame”, Combust. Sci. and Tech., Vol. 51, pp. 265-283, 1987.
31 Frenklach M. and Wang H., ”Detailed Mechanism and Modeling of Soot Particle Formation”, Soot Formation
in Combustion, Bockhorn H. (Ed), Springer-Verlag Berlin Heidelberg, 1994.
* Refers to the Quantum Rice-Ramsperger-Kassel method.
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the first aromatic ring, is the addition of vinyl (C2H3) to acetylene resulting
in vinylacetylene (C4H4). As seen in figure 4.8, at high temperature this is
proposed to be followed by abstraction of hydrogen to vinylacetylene
radicals (C4H3) and subsequently addition of acetylene to benzene. At
low temperatures, the formation of benzene proceeds directly through
addition of acetylene to butadienyl radicals (C4H5).

Figure 4.8. Suggested path for formation of initial benzene. (Reproduced from
Frenklach and Wang31).

From experiments with premixed low pressure acetylene flames, for
instance Stein et al32 suggested an alternative pathway to benzene from
propargyl radical (C3H3) recombination. This path was conceptually ruled
out by Westmoreland27 on the grounds that propargyl recombination
would favor the formation of linear species rather than benzene, but
according to Stein et al this reaction results in fulvene and benzene, the
direct formation of the latter being favored at higher temperatures.
Additionally, benzene may result in a second step from isomerization of
fulvene, which should be very rapid at flame conditions. The basic
argument of Stein et al is that the exothermicity of propargyl radical
recombination is much higher than for instance the addition of acetylene
to vinylradicals, thus making the C3H3-path less sensitive to dissociation

                                                          
32 Stein, S.E., et al, ”A New Path to Benzene in Flames”, 23rd Symposium (International) on Combustion, The
Combustion Institute, Pittsburgh, pp. 83-90, 1990.
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at high temperatures. Thus, propargyl recombination may be a significant
source of initial benzene in flames.

For planar PAH growth, Frenklach and co-workers have suggested a
reaction path based on the abstraction of hydrogen from aromatic
molecules followed by addition of acetylene as shown in figure 4.9. This
is generally referred to as the HACA-mechanism (Hydrogen Abstraction,
C2H2 Addition), and is widely accepted as an important mechanism for
PAH growth.

Figure 4.9. Path to planar PAH growth in accordance with the HACA-mechanism
(Reproduced from Frenklach et al31)

As mentioned, the reaction paths illustrated in figure 4.8 and 4.9 were
obtained from shock tube experiments and studies of laminar premixed
acetylene/oxygen flames. What can be questioned at this point is
whether these hold also for aromatic fuels and for the extension to
unsteady high pressure diffusion flames such as in diesel engine
combustion. While the latter still appears to be beyond extensive
experimental evidence, the extension of the HACA-mechanism also to
combustion of aromatic fuels is more thoroughly investigated. Again,
Frenklach et al33 provides experimental data from shock tube
experiments indicating that fuel structure may be important during the
initial stages of combustion, but that the formation of soot then relaxes to
the HACA-mechanism regardless of fuel. However, further discussion on

                                                          
33 Frenklach, M., et al, ”Effect on Fuel Structure on Pathways to Soot”, 21st Symposium (International) on
Combustion, The Combustion Institute, pp.1067-1076, 1986.
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the subject requires a more detailed look on the experimental methods
and that we again consider the influence of temperature on the chemical
processes, for which reason the remainder of this section in some
respects have to precede the combustion theory that will be given in
section 4.3. First, there is a fundamental difference between flames and
shock tubes with respect to residence time or temperature time history.
Simplistically, in shock tube experiments, a combustible mixture is
ignited in the end of a long tube and the reaction wave propagates
through the mixture at supersonic speed. The reactions proceed not by
transport of heat and radicals from the already burned zone, but rather
from the rapidly increased temperature and pressure introduced by the
supersonic shock wave. On the other hand, taking a stationary laminar
premixed flame as an example, the flame is fed by the reactant flow
which of course propagates at a much lower speed than the supersonic
shock wave. Thus, the times available for soot formation in these two
devices are vastly different, and as a result the maximum soot yield in
shock tube experiments is shifted towards higher temperature compared
to flames. At decreasing residence time, higher temperature is required
to accomplish the energy transfer needed to accelerate kinetic processes
and consequently, results from a shock tube experiment at a certain
temperature may be substantially different from those in premixed
flames. The extension to diffusion flames does not make the situation
easier. In premixed flames, the fuel is mixed with the oxidizer already at
the onset of combustion, and will interfere in the chemical mechanism by
providing oxidative radicals in the entire domain. Thus, at all times, this
will work against the formation of precursor species through oxidation. In
diffusion flames, per definition, the fuel and oxidizer are initially
separated and the progress of combustion depends in essence on their
transport into the reaction zone. However, due to the gradients of
temperature and equivalence ratio, oxidation is effectively prevented in
the core region whereas formation of soot is enhanced through pyrolysis
of fuel species. Therefore, fuel structure has a major influence on soot
formation in diffusion flames whereas in premixed flames the formation
of soot assuredly depends on the size of the fuel carbon backbone but is
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essentially unaffected by the specific fuel structure. These fundamental
differences in apparatus and between the flame types will result in
somewhat contradictory results when comparing results from shock tube
experiments to those of stationary flame studies or practical diffusion
flames. Because of the vastly different residence times, one such effect
is the temperature shift for the maximum soot yield in diffusion flames
compared to shock tubes mentioned above. An interesting comparison
that illustrates this difference is given by Pischinger et al34, even though
this is actually a comparison of two different fuels and therefore not valid
in strict sense. However, what makes this so interesting is that it is a
comparison between a setup commonly used in kinetic experiments, i.e.
acetylene shock tube pyrolysis, and the “real” situation in a DI diesel
engine.

Figure 4.10. Comparison of soot yield from shock tube experiments with acetylene
and burned gases from diesel combustion. (From Pischinger et al34). Note the clear
difference in soot onset temperature.

To sum up this reasoning, the question what reaction paths dominate the
build up of precursor species and incipient soot formation in hydrocarbon
combustion is somewhat confusing. It depends, as discussed above,
primarily on the flame type and combustion temperature and for diffusion
                                                          
34 Pischinger F., et al, ”Soot in Diesel Engines”, Soot Formation in Combustion, Bockhorn H. (Ed), Springer-
Verlag Berlin Heidelberg, 1994.
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flames also to significant degree on fuel structure, for which reason the
extension of the mechanisms above to turbulent high pressure diffusion
flames on complex hydrocarbon blends like diesel is not obvious. In
addition, even though there are limits for the total concentration of for
instance PAH in commercial diesel fuels, the fuel contents are not
specified with respect to individual species. Thus, “diesel” may contain
any kind of aromatics in any proportions within the legal limits. However,
as pointed out in literature, e.g. Glassman35 and Heywood36, the
properties of soot particles are relatively unaffected by the conditions
under which they are produced or the fuel that is burned. Their chemical
character is identical regardless of whether the particles originate from
diffusion flames or premixed conditions, which suggests that the overall
formation mechanism is the same and the influence of flame type and
fuel structure is only with respect to intermediate routes early in the
formation of precursor species. Thus, what is affected by the flame type
and fuel structure is primarily the rate of incipient soot formation or, if you
will, the production of initial particles that later may grow through surface
reactions with the gas phase. It should also be mentioned in this context
that the current state-of-the-art numerical models typically applying
kinetic schemes comprising a number of species and elementary
reactions of the order 100 and 500 to 1000, respectively, actually
succeed relatively well in predicting soot formation even for turbulent
diffusion flames, e.g. Balthasar37.

4.2.2 Particle Growth
The second step of the formation process, particle growth, involves
several processes where the initial soot nuclei grow in size and merge to
chains or clusters of individual spherical particles, each with a final
diameter approximately between 15 and 40 nm. Figure 4.11 from the
book of Heywood36 illustrates the structure of a single particle, built up
from stacked layers of PAH as discussed earlier. Totally, each spherule
is here reported to confine somewhere between 105 and 106 C-atoms,
                                                          
35 Glassman, I., ”Combustion”, 3rd Edition, Academic Press, ISBN 0-12-285852-2, 1996.
36 Heywood, J.B., ”Internal Combustion Engine Fundamentals”, McGraw-Hill, ISBN 0-07-100499-8, 1988.
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and agglomerates may consist of approximately 4000 individual
particles.

Figure 4.11. Arrangement and stacking of PAH-layers in soot. (From Heywood36)

Coagulation refers to a growth mechanism where soot particles collide
and merge into one single particle. This process decreases the number
of particles, but increases the particle size. Neither coagulation nor
aggregation, which is the process where particles merge into chains or
clusters, changes the soot volume fraction. The only way soot volume
fraction can increase is through surface growth, referring to the process
through which reactions on the particle surface invoke species from the
gas phase in the particle. The vast majority of the total soot volume
fraction in a diffusion flame (roughly estimated more than 90 %) originate
from surface reactions. As in the case of PAH growth, acetylene is
usually pointed out as the prime soot surface growth agent. Principally,
the change of soot volume fraction with time due to surface reactions can
be discussed in the light of a rate expression of the type

22HCS
S pkA

dt
df = (Eq. 4.28)

where fS is the soot volume fraction, pC2H2 is the partial pressure of
acetylene, AS is a characteristic reaction surface area on the particle and
k is an Arrhenius type rate constant which must take into account the
decline in reactivity with time shown for instance by Bockhorn et al38.
Moreover, it is widely accepted that the characteristic reaction surface
area does not correlate well with the actual particle surface area, for
which reason a concept of an active surface area is employed. The
                                                                                                                                                                                    
37 Balthasar, M., ”Detailed Soot Modeling in Laminar and Turbulent Reacting Flows”, PhD Thesis, Lund
Institute of Technology, Sweden, 2002.



44

surface growth reactions hence are assumed to occur at specific
locations on the surface referred to as active sites. There is still
disagreement on the physical interpretation of the concept of active sites,
but a simplistic mechanistic interpretation may be that they are radical
sites that arise due to abstraction of hydrogen from the surface. As
implied, however, growth reactivity declines as particles age which it has
been argued occurs through thermal stabilization or deactivation of
active sites, i.e. tempering. On these grounds, Frenklach et al31

suggested the HACA-mechanism be applicable also for surface growth.
On per-site basis, this comprises the reactions

2isoot
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isoot HCHHC 1 +→←+ *
,, (Eq. 4.29)
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ProductsOC 4k
2isoot →+*

, (Eq. 4.32)

ProductsOHHC 5k
isoot →+, (Eq. 4.33)

where equations 4.32 and 4.33 refer to the simultaneous oxidation of
soot. C*

soot,iH corresponds to an active radical site on the soot surface
and Csoot,iH is a potential active site on the soot surface binding a
hydrogen radical. Index i+1 refers to the size of C2H2 addition to the site.
Assuming quasi steady conditions for C*

soot,iH, the number density of
surface radicals is expressed as
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(Eq. 4.34)

where )( , HC isootχ  is the number density of potential radical sites on the
surface which in the work of Frenklach was estimated to 2.3x1015 cm-2.

                                                                                                                                                                                    
38 Bockhorn, H., et al, ”Investigation of the Surface Growth of Soot in Flat Low Pressure Hydrocarbon Oxygen
Flames”, 20th Symposium (International) on Combustion, The Combustion Institute, Pittsburgh, pp. 879, 1985.
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Consequently, the surface growth rate on the form of equation 4.28
translates into

[ ] [ ]
[ ] [ ] [ ] [ ] Sisoot

2f422f3f2b1

f122f3S AHC
OkHCkHkHk

HkHCk
dt
df ⋅⋅

+++
⋅= )( ,

,,,,

,, χ
(Eq. 4.35)

where AS is the total particle surface area. However, the only routes
removing active sites from the system are equations 4.32 and 4.33, for
which reason the decay in surface growth with particle age in terms of
the HACA-mechanism must be explained by either a decrease of the
forward reaction rate of equation 4.29 or an increase of its reverse
reaction rate.

However, it was shown for instance by Macadam39 that direct PAH
addition also might play significant role in soot surface growth.
Particularly in diffusion flames this may be a significant source of soot
growth due to generally high concentrations of PAH species.

4.2.3 Oxidation
Most of the soot formed in a diffusion flame only act as intermediate
species and burn up as it passes the reaction zone and reaches leaner
high temperature environment. A rough estimate for instance from the
gas sampling data of Pischinger et al34 implies that more than 90 % of
the soot formed in diesel engines is oxidized prior to exhaust. More
recently, the rapid development of laser diagnostics has resulted in an
increasing number of detailed investigations of in-cylinder soot
concentrations, e.g. Inagaki et al40, the results of which support this
statement. As mentioned earlier, the oxidation of soot and precursor
species occurs simultaneous to the formation and growth processes
throughout the entire combustion period.

                                                          
39 Macadam, S., ”Soot Surface Growth in Stationary Combustion Systems”, PhD Thesis, MIT, 1997.
40 Inagaki, K., et al, ”In-Cylinder Quantitative Soot Concentration Measurement by Laser-Induced
Incandescence”, SAE 1999-01-0508, 1999.
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Oxidation in the fuel rich core of a diffusion flame is effectively inhibited,
which as discussed leads to substantial surface growth until the particles
reach leaner environment. For lean to slightly fuel rich conditions,
however, oxidation of gas phase C2 through C4 species may proceed due
to reactions with molecular oxygen. For oxidation of vinyl radicals and
acetylene Warnaz et al41 suggests

222232 HOHCOHC +↔+ (Eq. 4.34)

OHHCCOOHC 222 +↔+ (Eq. 4.35)

However, for oxidation of acetylene Glassman35 adds the following
reaction with biradical oxygen

COCHOHC 222 +↔+ (Eq. 4.34)

and for oxidation of propargyl radicals

HCOCOCHOHC 2233 +↔+ (Eq. 4.36)

Moreover, oxidation of vinylacetylene and butadienyl radicals37

HCOHCOHCOHCn 2234 ++↔+− (Eq. 4.37)

COOCHHCOHCi 22234 ++↔+− (Eq. 4.38)

HCOHCOHCOHCn 32254 ++↔+− (Eq. 4.39)

Oxidation of benzene is initially due to reactions with OH and O, and
proceeds in later steps also due to reactions with molecular oxygen and
various radical species. Figure 4.12 taken from the book of Glassman35

illustrates the general mechanism identified in an atmospheric turbulent
flow reactor.

                                                          
41 Warnaz, J., et al, ”Combustion: Physical and Chemical Fundamentals, Modeling and Simulation, Experiments,
Pollutant Formation”, Springer-Verlag, Berlin, 1996.
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Figure 4.12. General mechanism for benzene oxidation in an atmospheric flow
reactor. Line thickness indicates species relative magnitudes. (From Glassman35).

Particle oxidation is indeed related to surface growth in that it too
involves active sites absorption of species on the soot surface, however,
in this case oxygenated radical species with subsequent desorption of
carbon. As in equations 4.38 and 4.39, Frenklach31 suggests this occurs
through reactions with molecular oxygen or OH radicals. Because of its
high concentration in flames, particularly OH radicals are stressed as an
important species in soot oxidation. Following the work of Roth et al42,
the reaction probability for OH at flame conditions exceed that of O2 by at
least an order of magnitude. In addition, despite lower reaction
probability than that of biradical oxygen, the comparatively high
concentration of OH makes this reaction more likely to take place in
flames.

4.3 Combustion

4.3.1 Diffusion Flame Characteristics
As a simple start point, consider a stationary gaseous fuel jet in an
overall lean environment of air as shown schematically in figure 4.13.
                                                          
42 Roth, P., et al, ”High Temperature Oxidation of Suspended Soot Particles Verified by CO and CO2
Measurements”, 23rd Symposium (International) on Combustion, The Combustion Institute, Pittsburgh, pp. 1484,
1990.
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Although this in many respects is quite different from the conditions
prevailing in DI diesel engines, it is a good place to start in that it is
possible to consider some fundamental aspects of combustion without
having to deal with the complexity associated with liquid fuel sprays.
Naturally, however, liquid spray combustion and particularly combustion
in DI diesel engines will be the main issue in this section.

Figure 4.13. Schematic mixing characteristics of a gaseous fuel jet.

Typically, combustion of a gaseous fuel jet is an example of a diffusion
flame, meaning that the mixing rate of fuel and air is much slower than
the chemical reaction rates and hence the total rate of reaction
essentially depends on mixing. Virtually in all practical situations, and
certainly for engine applications, the flow is turbulent and the mixing can
be assumed dominated by turbulence effects. However, temporarily
disregarding the mixing phenomenon itself, this will result in a fuel rich
core around which the mixture is gradually leaned out as implied in
figure 4.13. Now, combustion in strict sense can only occur if fuel and
oxidants are mixed within the flammability limits of that specific mixture
and, at least theoretically, the diffusion flame reaction zone will be
confined to a narrow region somewhere at the interface between the two
fluids. However, as discussed in the previous section, the heat from the
reaction zone may indeed enhance chemical reactions on the fuel rich
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side, but without excess of oxidants it is not combustion in the meaning
of fuel oxidation but rather a thermal decomposition process, i.e.
pyrolysis. If the chemical reactions are infinitely fast, it can be shown that
this region coincides with the surface at which the reactants are mixed in
stoichiometric proportions. Theoretically, this is the typical structure of a
diffusion flame, where the reaction zone is considered as an infinitely thin
sink for reactants. However, due to the fact that chemical reaction rates
in reality are finite and the available time does not allow the chemical
processes to proceed to equilibrium, a still simplified but somewhat more
realistic assumption is that the reaction zone is not strictly confined to the
stoichiometric isosurface but to a narrow region around it. In any case,
the close to stoichiometric conditions in the reaction zone of a diffusion
flame means that the temperature in this region becomes extremely high,
i.e. close to the adiabatic flame temperature. Combined with the lack of
oxidants in the fuel rich core, the high reaction zone temperature and the
subsequent heat transfer from it makes this type of flame typically
associated with a large soot production. However, most of the soot that
is formed in the core is oxidized as it passes through the hot reaction
zone and is exposed to oxidative radicals. It is the black body radiation
emitted during this burning of soot particles that gives a hydrocarbon
diffusion flame its characteristic yellowish color and makes it appear
relatively large. However, the actual reaction zone, characterized by a
bluish light arising from chemiluminescence, is only confined to the
narrow region around the stoichiometric interface. Even though the
temperature here is higher, the heat flux from the yellowish soot
combustion is much larger.

Figure 4.14 schematically shows the variation of species through a
stationary gaseous diffusion flame at a fixed height above the nozzle.
Regardless of the overall equivalence ratio, fuel and air diffuses into the
reaction zone and in accordance with the assumption of infinitely fast
chemistry they are considered to be completely consumed at the
stoichiometric interface between them. To the right in this figure are
experimental results from corresponding measurements in a methane/air



50

diffusion flame as presented in the book of Glassman35. As seen here,
the O2 concentration starts to drop at around 9 mm from the flame center
and is completely consumed at around 6 mm from the center. The
concentration of methane, CH4, shows a similar behavior from within the
jet. The maximum concentrations of complete combustion products, CO2

and H2O, appear slightly to the lean side of the theoretical position of the
reaction zone identified by the intersection between the concentration
profiles for CH4 and O2. CO, however, which is an intermediate and
incomplete combustion product resulting from insufficient supply of
oxidants, show a maximum slightly to the rich side of the reaction zone.

Figure 4.14. Left: schematic distributions of fuel, oxidizer and products in a gaseous
fuel jet. Right: Measured concentrations of various species and equivalence ratio as
functions of lateral position for a fixed flame height in a methane/air diffusion flame
(from Glassman35).

If the flow is laminar, mixing of fuel and air is controlled by molecular
diffusion. This produces a steady flame, much like the flame seen on a
candle. As the jet velocity is increased, the laminar flame height also
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increases. At some critical velocity, the leading edge of the flame
becomes unstable and, as a result, the flame height is slightly
decreased. Further increase in jet velocity will increase this instability to
a point where the flame is fully turbulent. It can be shown that the
turbulent flame height now is unaffected by the jet velocity and instead
becomes a function of nozzle diameter only. Hence, further increase of
the jet velocity will not increase the flame height for a turbulent diffusion
flame. Instead the flame will lift from the nozzle exit, causing a gap
between the exit and the flame stabilization point commonly referred to
as the flame lift-off distance. This increases linearly with jet velocity as a
result of extinction due to high strain rates in the region immediately at
the nozzle exit, which in turn is a consequence of the increased
turbulence intensity introduced by the jet. Simplistically, the fuel
residence time is determined in essence by the scale of turbulence,
which at this point becomes short compared to the chemical time. An
important point here is that even though there is no combustion, the jet
upstream of the stabilization point mixes with air and thus the feed to the
flame is partially premixed. Since the leading edge of the fully turbulent
flame remains at approximately the same location regardless of the jet
velocity, this means that the actual flame length is decreasing. Finally, at
a critical jet velocity, lift-off reaches its maximum height and the flame is
simply blown out by the fuel jet as a result of the reactant feed to the
flame having reached the lean flammability limit already upstream of the
point of flame stabilization. This behavior is well depicted in figure 4.15
taken from the book of Glassman35. However, an interesting remark for
the discussion about diesel combustion later in this section is that the net
production of soot in a turbulent diffusion flame just prior to blow-off is
very low, which can be contributed the “premixed-like” turbulent mixing in
the lift-off region.
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Figure 4.15. Schematic behavior of a gaseous fuel jet with increasing jet velocity.
(From Glassman35)

Basically everything that has been discussed above also applies to
combustion of liquid fuels. The difference, however, lies mainly in the
complex and interacting processes governing the breakup and
transformation of the liquid jet into a vaporized spray. Much of the theory
about combustion of liquid fuels was originally developed from the
simplified case of combustion around an isolated droplet, which will be
addressed here to illustrate some basic concepts. Considering droplet
burning in a non-saturated atmosphere as depicted in figure 4.16, heat is
transferred to the droplet as a consequence of the temperature
difference between the reaction zone and the droplet surface.
Evaporated fuel diffuses from the droplet surface towards the reaction
zone and similar diffusion of oxidants occurs from the environment.
Consistent with the fast chemistry assumption, the reaction zone is
considered infinitely thin and stabilizes at a distance from the droplet
surface where the reactants are mixed in stoichiometric proportions.
Figure 4.16 also shows schematically the distributions of fuel, oxidants,
products and temperature, strongly reminding of the distributions seen in
figure 4.14. Since we are considering an already burning droplet, it is fair
to assume for the moment that the droplet has been sufficiently heated
by its environment and that the surface temperature therefore is constant
and on an absolute level of approximately the fuel boiling temperature,
i.e. the evaporation temperature. The heat required to evaporate the
liquid fuel from this point is known as latent heat of vaporization.
Increasing the temperature in the reaction zone or, rather, the heat
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transfer to the droplet will thus not increase the surface temperature but
instead increase the evaporation rate.

Figure 4.16. Schematic description of droplet combustion and distributions of
reactants, temperature and products.

The fuel burning rate in the case of isolated droplet combustion is
controlled by evaporation, as indicated by the d2-law:

tdd β−= 2
0

2 (Eq. 4.40)

where d is the instantaneous droplet diameter at time t, d0 is the initial
droplet diameter and β is the evaporation constant which for instance
may be calculated as suggested by Kanury43

)ln( B18
l

gg +=
ρ
ραβ (Eq. 4.41)

                                                          
43 Kanury, A.M., ”Introduction to Combustion Phenomena”, Gordon and Breach Science Publishers, 1994.
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where lρ  is the liquid fuel density, gρ is the condensed phase fuel

density, αg is the thermal diffusivity and B is the Spalding transfer
number. This, in turn, is calculated from
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−+
−+∆= ∞∞φ (Eq. 4.42)

where H∆ is the heat of combustion, ∞,OY  is the free stream
concentration of oxygen, cp,l is the specific heat of the liquid phase, cp,g is
the specific heat of the condensed phase, ∞T  is the free stream
temperature, BT  is the fuel boiling temperature, LT  is the liquid droplet
bulk temperature, φS  is the stoichiometric fuel/oxygen ratio and Lv is the
latent heat of vaporization.

The important point here is that the d2-law is valid regardless of whether
combustion occurs or not. The rate of vaporization depends mainly on
the type of fuel, droplet size and freestream conditions. Combustion
does, however, influence the temperature gradient at the droplet surface
and hence indirectly also the evaporation rate as can be realized for
instance by studying equation 4.42. Figure 4.17 shows experimental
results from combustion of benzene taken from the book of Glassman35.
The linear decrease of d2 confirms the droplet diameter follows equation
4.40.

Figure 4.17. Experimental confirmation of the d2-law. (From Glassman35)
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Basically, through equations 4.40, 4.41 and 4.42, it is indicated that
vaporization rates and hence burning rates increase with gas density,
heat of combustion, ambient and liquid bulk temperature, and inversely
with liquid density, vapor saturation and latent heat of vaporization.
However, it is evident that the influence of Spalding transfer number on
the evaporation constant β is small compared to the influence of density.
Thus, relatively speaking, changing the gas/liquid density ratio would
have significantly stronger impact on the vaporization rate than for
instance changing the temperature in the atmosphere around the droplet.
Strictly, however, the discussion above considers the initial droplet
temperature uniform and equal to the bulk temperature TL. The term
cp,l(TB-TL) in the denominator of equation 4.42 expresses the energy
required to raise the surface temperature of the droplet from its initial
value TL to the evaporation temperature, and the eventual excess energy
is then considered to vaporize the liquid. However, some of the heat
gained by the droplet will be lost by conduction to the bulk liquid, the
temperature of which naturally also increases with time. It is clear from
equation 4.42 that this change of liquid bulk temperature with time will
increase the value of Spalding transfer number, and that neglecting this
transient heating may thus result in overpredicted evaporation rates.

4.3.2 Combustion and Soot Formation in DI Diesel Engines
Based on figures 4.13 and 4.14, let’s start the discussion about
combustion in DI diesel engines by picturing a similar situation where the
gaseous fuel jet is replaced with a diesel spray. As will be seen shortly,
this can be illustrated by a similar schematic structure with a fuel rich
core in the center and a gradually increased mixing of vaporized fuel and
entrained air towards the spray periphery. However, the liquid phase
processes occurring prior to vaporization and mixing are quite complex
and not extensively understood. Fuel atomization refers to the unsteady
breakup of the liquid into small droplets, and as described for instance by
Lavernia and Wu44, this is initiated by disturbance waves on the liquid
surface. These disturbances rupture the liquid jet surface and leads to

                                                          
44 Lavernia, E.J., Wu, Y., ”Spray Atomization and Deposition”, John Wiley & Sons Ltd, 1996.
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disintegration of isolated liquid fragments or ligaments, which
subsequently may breakup further into droplets. The shadow images due
to Cronhjort45 in figure 4.18 may serve as simple illustrations of this
interaction. It should be noted, however, that these images are obtained
at conditions far from those prevailing in DI diesel engines and therefore
should be seen mostly as illustrative examples of spray phenomena.

Penetration length 0.42mm
(40 times magnification)

Penetration length 0.9 mm
(20 times magnification)

Penetration length 1.9 mm.
(20 times magnification)

Figure 4.18.  Early break-up phenomena in a diesel spray. Ambient pressure is 12
MPa and peak injection pressure is 96 MPa. (Courtesy of Andreas Cronhjort, Royal
Institute of Technology, Stockholm).

For diesel engine conditions, these disturbance waves arise essentially
from the shear between the jet and the ambient atmosphere caused by
the high injection velocity or due to cavitation effects in the nozzle.
Moreover, the droplets and liquid fragments will collide and interact in
this rich multiphase region, and these events are still to this day poorly
understood. In any case, however, it is these processes that in essence
are responsible for the spray structure, which refers to the local
instantaneous fuel distribution in the combustion chamber and is the
major factor controlling the initiation and progress of combustion in DI
diesel engines. This has been discussed in detail for instance by
Winklhofer et al46, who suggested the conceptual structure for
evaporating diesel sprays shown in figure 4.19 based on shadow
imaging in an optically accessible engine.

                                                          
45 Gåsste J., Cronhjort A. And Konstanzer D., ”Photographic Investigation of a Sliced Diesel Spray”, ILASS
Europe, 13th Annual Conference on Liquid Atomization and Spray Systems, Florence, Italy, 1997.
46 Winklhofer, E., et al, ”The Influence of Injection Rate Shaping on Diesel Fuel Sprays – An Experimental
Study”, ImechE, Proc. Instn. Mech. Engrs., Vol. 206, pp.173-183, 1992.
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Figure 4.19. Left: Shadow image of a diesel spray just prior to ignition in an optically
accessible engine. Right: Conceptual model for diesel spray structure. (Courtesy of
Ernst Winklhofer, AVL).

The work of Winklhofer et al provides a detailed and most illustrative
description to the concept of diesel spray structure: “The entire spray, as
seen in this photograph, comprises fuel concentration levels in the order
of 100 kg/m3 at the spray center (the liquid fuel density is about 840
kg/m3 and an equivalent fuel concentration level must be expected at the
nozzle orifice) to about 1 kg/m3 or less at the spray periphery, which in
the photograph still is seen as part of the spray. Furthermore, the image
depicts the spray geometry and indicates distinct spatial features: highly
concentrated fuel in the central opaque part in the spray, fuel droplets
within the spray periphery and, further downstream, clouds of fuel vapor.
These features may be addressed as spray structure, emphasizing the
qualitative but still very detailed nature of the information about fuel
distribution”. As will be demonstrated in chapter eight, the problems of
describing accurately the spray structure with reasonable computational
effort in numerical simulation is currently one of the major obstacles in
simulation of diesel spray combustion.

- 10 -

- 20 -

- 30 -
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What also complicates the situation in the diesel engine is the
autoignition process, which both depends on the mixing of fuel and air in
appropriate proportions and on the transiently changing in-cylinder
conditions due to compression. Experiments have indicated that it occurs
somewhere in the downstream portion of the vaporized cloud, e.g. Dec47,
and presumably the fuel consumed during the premixed burn originates
from the earliest injected fuel. The fraction of fuel that is mixed within the
flammability limits burns rapidly, leading to a sharp increase in heat
release and subsequently to the onset of the diffusion flame. This
behavior is illustrated in the schematic heat release curve of a DI diesel
engine shown in figure 4.20. Another obvious complication also indicated
in this figure is the vaporization of the fuel, which as discussed above
proceeds the mixing with air and requires heat from the compressed gas
to raise the temperature of the liquid to the vaporization temperature.
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Figure 4.20. Schematic rate of heat release in a DI diesel engine.

In addition, diffusion flame onset is not well defined, but as shown for
instance by Larsson48 this too occurs somewhere in the downstream
region of the jet. In case of swirl, however, it is most likely to occur on the
leeward side of the spray due to the transport of vaporized fuel in that
direction imposed by the swirling motion. Figure 4.21 shows a group of

                                                          
47 Dec, J., ”A Conceptual Model of Diesel Combustion Based on Laser Sheet Imaging”, SAE 970878, 1997.
48 Larsson, A., ”Optical Studies in a DI Diesel Engine”, SAE 1999-01-3650, 1999.
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selected images showing the initial spray development and diffusion
flame onset and development in a single cylinder Scania test engine with
optical access. The experimental technique applied here, i.e. direct
photography or flame luminosity imaging, is based on detection of
radiation from burning of soot particles and thus only able to picture the
diffusion controlled combustion and not the premixed phase. However,
visualization of the spray prior to diffusion flame onset was accomplished
by illuminating the combustion chamber with an external flashlight
through a light guide in the cylinder head. Some additional aspects of
this technique are also discussed in chapter seven.

-9° ATDC -5° ATDC 0° ATDC

Figure 4.21. Initial spray development, diffusion flame onset and development in a
single cylinder version of the Scania DSC14 engine. (From Larsson48).

In this study, Larsson evaluated approximately 23000 images of spray
development and combustion at low and intermediate load with respect
to engine parameter influence on macroscopic spray and flame
properties such as liquid penetration, flame lift-off and flame length.
Typically, for the low to intermediate load conditions used in this study,
maximum liquid penetration of 23-25 mm is reached at premixed
combustion onset and then drops 2-3 mm during the premixed
combustion phase as a result of increased vaporization. These values
fall in approximately the same range as reported by for instance
Winklhofer49 and Siebers50. As indicated in figure 4.22, diffusion flame
lift-off during injection is typically established 4-6 mm closer to the nozzle
than the maximum liquid penetration. As injection ceases, however, the
rear end of the flame moves upstream along the spray as it burns off the

                                                          
49 Winklhofer, E., ”An Experimental Database for Diesel Spray Combustion”, 26th Symposium (International) on
Combustion, The Combustion Institute, pp.2541-2547, 1996.
50 Siebers, D.L,”Liquid-Phase Fuel Penetration in Diesel Sprays”, SAE 980809, 1998.
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last injected fuel, after which it again moves away from the nozzle during
the late combustion phase.

Figure 4.22. Liquid penetration, flame lift-off and flame length. (From Larsson48).

Flame lift-off trends in diesel sprays was studied for instance by Chomiak
and Karlsson51. As reported here, as a result of the high strain rates
introduced by the combination of high jet velocity and small nozzle holes,
lift-off distances in DI diesel engines are orders of magnitude larger than
can be observed for gas jets at ambient conditions. On the basis of CFD
simulation applying a detailed chemical approach and a novel
turbulence-chemistry interaction model (the Partially Stirred Reactor
concept, PaSR), Chomiak and Karlsson suggested the mixing in the lift-
off region is effectively controlling the conditions for combustion in DI
diesel engines. On these grounds, they also concluded that increasing
substantially the lift-off distance and hence the degree of premixing in the
feed into the flame, i.e. high injection pressure and small nozzle orifice,
may lead to simultaneous reduction of both soot and NOx emissions.

It is almost impossible to discuss diesel engine combustion and soot
formation without again considering the very extensive work of
Dec47,52,53. On the basis of laser diagnostics, Dec developed a
conceptual model for DI diesel combustion in the absence of swirl and
wall effects as shown in figure 4.2347. In many respects, Dec’s work
offers a detailed and consistent explanation of flame structure in DI
                                                          
51 Chomiak, J., and Karlsson, A., ”Flame Lift-Off in Diesel Sprays”, 26th Symposium (International) on
Combustion, the Combustion Institute, Pittsburgh, pp.2557-2564, 1996.
52 Dec, J., ”The Effect of Injection Timing and Diluent Addition on Late-Combustion Soot Burnout in a DI
Diesel Engine Based on Simultaneous 2-D Imaging of OH and Soot”, SAE 2000-01-0238, 2000.
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diesel engines, that basically wraps up all essential conclusions for
diesel engine combustion reached above and, in addition, gives insights
into some mechanisms likely to control soot production. In this work,
various laser diagnostic tools were applied which can be summarized
under the name laser sheet imaging. These will not be extensively
discussed here, but a fundamental feature of laser sheet imaging worth
pointing out is the distinct location of a two-dimensional plane for the
evaluation that is provided by the laser sheet. In other words, this type of
representation is indeed a true two-dimensional image in contrast for
instance to the flame luminosity images discussed earlier where three-
dimensional information is projected on a plane as in an ordinary
photograph.

Figure 4.23. Conceptual model of diesel combustion. (From Dec47)

Autoignition, which was detected in the study of Dec as increased
chemiluminescence over the downstream portion of the jet, occurs some
3.5 crank angle degrees (CAD) after SOI, and the heat release becomes
significant approximately 0.5 CAD later. Until this time no soot has been
formed, but some 1 CAD later rapid formation of large PAH in the
downstream portion of the jet indicate that the fuel starts to break down
as a consequence of the premixed heat release. At approximately 6.5
CAD after SOI the diffusion flame is fully developed hence enveloping
the entire downstream jet, extending back to a point just upstream of the

                                                                                                                                                                                    
53 Dec, J., ”Diffusion Flame/Wall Interactions in a Heavy-Duty DI Diesel Engine”, SAE 2001-01-1295, 2001.
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liquid core. According to Dec, the developed diffusion flame confines a
standing fuel-rich premixed flame with an equivalence ratio typically of
about four just downstream of the maximum liquid penetration.
Presumably, this standing flame is established during the later stages of
the premixed combustion phase and is continuously fed with reactants
from the flame lift-off region upstream where the high jet velocity causes
substantial air entrainment. This rich premixed flame is considered the
primary source of soot inception, the formation of initially small soot
particles which then grow during the transport downstream in the jet. At
the recirculating head vortex just behind the leading edge of the flame
the particles accumulate, and because of the relatively long residence
time in this vortex they have time to grow substantially larger. Eventually,
however, they will be transported through the reaction zone and
subsequently oxidized as a consequence of the high temperature and
high concentration of oxidative radicals.

Thus, the major factors enhancing the spatial and temporal variation of
soot in the combustion chamber of a DI diesel engine are the gradients
of temperature and equivalence ratio that by nature follows the complex
structure of a diffusion flame. Additional insights may also be due to
Fujimoto et al54. As mentioned, however, there is significant oxidation of
the soot formed in the rich core region as it comes within reach for
oxidative radicals in the hot reaction zone. Nevertheless, soot emissions
is one of the fundamental problems with the DI diesel engine, some
possible explanations of which are also given by Dec52,53. First, the
discussion so far has been about spray development and the structure of
a fully developed diffusion flame, i.e. under the condition of continuous
fuel feed from the injection system. A significant source of exhaust soot
emissions may, however, be the burnout combustion phase52. This refers
to the combustion period after end of injection (EOI) during which the last
injected fuel is burned off. In this phase, mixing is no longer enhanced by
the kinetic energy provided by a fuel jet and as the flame lift-off distance

                                                          
54 Fujimoto, H., ”OH Radical Generation and Soot Formation/Oxidation in DI Diesel Engine”, SAE 982630,
1998.
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decreases the initial standing premixed flame disappears. What remains
is only the diffusion flame envelope, which reduces in size as the fuel
and rich premixed combustion products within it are oxidized and,
eventually, this envelope will break up into fragmentary regions or
“pockets” of combustion. Figure 4.24 shows a selection of images from
the flame luminosity study of Larsson*, showing the burnout combustion
phase.

24° ATDC 26° ATDC 28° ATDC

Figure 4.24. Burnout combustion phase in a single cylinder version of the Scania
DSC14 engine. (Courtesy of Anders Larsson).

While the gradual decrease in size and intensity during the burnout
phase is evident also in the images of Larsson, they do not show in detail
what happens between the fragmentary flames. As mentioned, the direct
photography technique detects radiation from burning soot particles and,
simplistically, to see what happens where soot does not burn this
technique is insufficient. However, with planar laser induced
incandescence (PLII) which is the technique applied by Dec, soot
particles are heated by an external source, i.e. a thin sheet of pulsed
laser light, and the emitted thermal radiation thus can be correlated to
the concentration of soot in the region traversed by the sheet. The
simultaneous application of PLII and planar laser induced flourescence
(PLIF) makes it possible to visualize in detail both distributions of soot
and the aggressive soot oxidation radical OH at the same time, and thus
illustrate qualitatively what happens in the cross section of the
combustion chamber defined by the laser sheet. Figure 4.25 shows a
sequence of selected images from the work of Dec. Red indicates soot
(PLII) and green the presence of OH (PLIF), whereas the yellow line
indicates the piston bowl wall.
                                                          
* Previously unpublished images provided by Anders Larsson, Scania.
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[ATDC]
60°           80°          100°        120°        140°

                                                           EVO
Figure 4.25. Sequence of selected PLIF/PLII images of burnout. (From Dec52).

The combined PLIF and PLII images in figure 4.25 indicate that the
oxidation of soot during the burnout phase in this case is quite effective.
Dec reports no detectable signal from either OH or soot after 120°
ATDC. Correspondingly, figure 4.26 shows sequences of soot and OH
with retarded injection timing and EGR, respectively. As seen here, PLIF
and PLII signals are clearly affected by the changes in operating
conditions, indicating more soot and less OH-concentration compared to
figure 4.25 for both cases.

[ATDC]
 60°           80°           100°          120°         140°          160°

Retarded
timing

EGR

                                                                 EVO
Figure 4.26. Sequences of selected PLIF/PLII images of burnout combustion phase
with retarded timing (top) and EGR (bottom). Both sequences indicate less OH-
concentration and more soot at later crank angles compared to figure 4.25. (From
Dec52).
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An important conclusion from this work is that incomplete soot oxidation
in the bulk gas during the burnout phase can result effectively from two
reasons: Either insufficient time for oxidation before EVO or flame
extinction at the periphery of the fragmentary flames. In practice,
however, there is also the fact that the flame extends to the piston bowl
wall, and this interference may also lead to incomplete oxidation. Figure
4.27 shows a selected sequence from Dec’s investigation of flame-wall
interactions applying the combined PLIF-PLII technique53. The flame is
seen to stand off the wall for some short time before actual contact while
it burns off the thin air layer separating the leading flame edge from the
surface. Thus, the primary reason for extinction at the surface is
assumed to be oxygen starvation rather than radical quenching. In any
case, wall contact creates a large hole in the reaction zone, thus
providing the soot particles transported downstream inside the jet a path
out of the jet where they may escape oxidation.

Prior to reaching the wall Just touching the wall Flame extinction

Figure 4.27. Sequence of selected PLIF/PLII images of flame/wall interaction. (From
Dec53).
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5 TURBULENCE AND AEROSOL DYNAMICS

Turbulence increases significantly the rates of exchange of mass,
momentum and energy and is of major importance in all practical
combustion devices. Through these characteristics turbulence is
effectively controlling the vast majority of combustion progress in DI
diesel engines, for which reason some of the current state-of-the-
art combustion models are based on turbulence theory. In addition,
turbulence may influence the motion of particles dispersed in the
flow. The motion of large particles is dominated by inertia and
therefore less affected by turbulence, whereas extremely small
particles such as diesel soot follow closely the turbulent
fluctuations. However, in the boundary layer close to the
combustion chamber surfaces, turbulence decays and other
transport mechanisms become increasingly important. This chapter
introduces some fundamental concepts and phenomena of
turbulence, and provides a fundamental theoretical basis on
aerosol dynamics*. However, it must be made perfectly clear that
this is only intended as a brief introduction to these subjects.
Particularly in the discussion about turbulence the intention is to
provide phenomenological explanations rather than strict analytical
descriptions. The mathematical aspects of turbulence will instead
be covered in chapter six. In essence, the intention is to continue
the general discussion in chapter four by illuminating some aspects
of combustion from the point of view of fluid dynamics. Moreover,
the interaction between particles and a turbulent flow field is of
interest in the formulation of a hypothesis and mathematical model
for particle deposition on the cylinder liner. A detailed theoretical
description of the suggested model is given in chapter seven,
whereas a short introduction to aerosol dynamics is given here.

                                                          
* To considerable degree, this chapter is based on the authors lecture notes from the course “Turbulent
Combustion” given within the CECOST program in 1998. Some formulations may therefore be similar or even
identical to formulations in the provided course material “Turbulent Reacting Flows”56. These formulations are
used with permission of the author and main lecturer, prof. Jerzy Chomiak at the Department of Thermo and
Fluid Dynamics, Chalmers University of Technology. If not stated otherwise, this is the source for the theory in
this chapter.
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5.1 Concepts and Phenomena of Turbulence
Turbulence arises from instabilities in laminar flow as Reynolds number
increases. According to Versteeg55, two fundamentally different instability
mechanisms can be identified, i.e. viscous and inviscid instabilities,
which can be discussed in terms of the two-dimensional velocity profile
of the flow.

Figure 5.1. Schematic velocity profiles. Left: Flow over a flat plate. Right: Jet flow.

To the left in figure 5.1 is shown the schematic two-dimensional laminar
velocity profile for the flow over a flat plate. The transition to turbulence in
this case is typically associated with viscous instabilities. At some point,
transition to turbulent flow results from amplification of initially small
disturbance waves, i.e. Tollmien-Schlichting waves. The location of
transition and the characteristics of these disturbances can be
determined from linear stability theory. For the work presented here,
however, the case of a jet flow as shown schematically to the right in
figure 5.1 is considerably more interesting. This is typically an example of
the inviscid instability mechanism, where shear induced roll-up of
vortices on the jet periphery eventually leads to breakdown of the jet into
a large number of small eddies. However, there is no comprehensive
theory for the path from initial instability to fully developed turbulence, nor
is it within the scope of this thesis to discuss extensively the specified
topic of transition. As the start point for further discussion, lets simply
accept that the transition process leads to development of turbulent

                                                          
55 Versteeg H.K. and Malalasekera W., ”An Introduction to Computational Fluid Dynamics”, Longman Group
Ltd, 1995.
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eddies, i.e. three-dimensional rotational structures in a wide range of
scales characterized by intense vorticity fluctuations.

5.1.1 The Energy Spectrum and Turbulent Scales
The kinetic energy confined in a turbulent eddy is related to the
magnitude of the vorticity fluctuations, and an interesting question is how
the energy is distributed over the various scales. This is described by the
turbulent energy spectrum, schematically illustrated in figure 5.2.

Figure 5.2. Schematic description of the turbulent energy spectrum. E denotes
energy and κ wave number.

The largest scale of turbulence, i.e. the integral scale, is defined by the
system boundaries and as indicated in figure 5.2 most of the turbulent
kinetic energy is concentrated close to this region of the spectrum. The
dissipation of energy, on the other hand, occurs mainly at small scales
comparable to the Kolmogorov microscale. According to Kolmogorov
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where k� and kτ are length and time scales, respectively, v is the
kinematic viscosity and ε  is the dissipation rate. To prevail, however,
turbulent flows need continuous supply of energy to compensate for
viscous effects through which turbulent kinetic energy is dissipated as
heat. As implied, the large eddies are effectively inviscid and viscous
dissipation therefore is only significant at small scales. The energy
maintaining turbulence, on the other hand, is extracted from the mean
flow and enters turbulence mainly at scales comparable to the integral
scale. Thus, there exists a mechanism through which energy is
transferred from large to small scales and, consequently, the spectrum in
figure 5.2 represents an equilibrium distribution of energy determined by
the balance between the energy entering turbulence at large scale and
the dissipation of energy at small scales. The energy transfer from large
to small scales occurs through a process known as vortex stretching. As
intimated in figure 5.3 from the book of Chomiak56 this refers to the
stretching of vortices, or eddies, as these are exposed to the strain rate
field in the flow.

Figure 5.3. Concept of vortex stretching by the strain rate field. (From Chomiak56)

The strain rate along a local vortex line is proportional to the gradient of
velocity in that direction. The strain rate field performs deformation work
on the vortices and from conservation of angular momentum follows that
                                                          
56 Chomiak, J., ”Turbulent Reacting Flows”, Graduate Corse Book, Internal Report 98/13, Chalmers University
of Technology, Gothenburg, 1998.
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vorticity in stretched eddies must increase as their cross section
decrease. In this way the largest eddies are stretched by the velocity
gradient of the mean flow from which they extract the energy needed to
maintain turbulence. As the large eddies are stretched, their vorticity
increase and consequently their characteristic time and length scales
decrease. This, in turn, will affect suitably aligned eddies on smaller
scale, which are stretched not only by the mean flow but also by the
strain rate field due to larger eddies. In fact, because the strain rate
increases with increasing wave number*, an arbitrary eddy with a
characteristic scale smaller than the integral scale is stretched mainly by
eddies on slightly larger scale and less by the mean flow. Thus, through
the stretching, the motion of the large eddies is continuously transferred
from larger to smaller scales. As vorticity of the smaller eddies increases,
there is a consequent increase of their kinetic energy at the expense of
the energy in eddies on larger scales. In this way there is a continuous
flux of energy from large to small scales, referred to for instance by
Tennekes and Lumley57 as the energy cascade.

Large eddies have a permanent anisotropy, or directionality, caused by
the mean flow. According to Tennekes and Lumley57 the degree of
anisotropy relates to the ratio )(s/ κζ , i.e. the ratio of the total combined
strain rate of all eddies with wave numbers lower than a specific wave
number κ  to the strain rate due to eddies of wave number κ . Thus, for
large wave numbers where the strain rate is large compared to that of
the mean flow the degree of anisotropy is small compared to the
anisotropy of the large eddies. This leads to the assumption of local
isotropy, i.e. an assumption of isotropy at sufficiently small scales. For
the part of the turbulent spectrum where local isotropy prevails the time
scales are short compared to that of the mean flow. This means that
small eddies respond quickly to changes in the mean flow, and can
therefore be considered to be in approximate equilibrium with the mean
flow at all times. For this reason, the range of wave numbers where local
                                                          
* In the universal equilibrium range the strain rate scales with the wave number as 3/2~s κ .

57 Tennekes H. and Lumley J.L., ”A First Course in Turbulence”, MIT Press, 1972.



72

isotropy prevails is commonly referred to as the universal equilibrium
range. In fact, this is the basis for the Kolmogorov postulates regarding
the local properties of turbulent flow:

• Turbulent motion is locally isotropic whether the
large scale motions are isotropic or not.

• The motion at very small scales depends only on
the viscous forces and the rate of energy transfer
from the large eddies.

• There exists a range of eddies where the effects
of viscous forces are negligible and hence the
motion depends only on the rate of energy
transfer from larger to smaller scales.

The respective length and time scales in equations 5.1 and 5.2 follow
from the second postulate and are derived from dimensional analysis. In
addition, considering that in equilibrium the energy entering turbulence at
large scale must equal the dissipation of energy at small scales, the
dissipation may always be estimated from large scale quantities. Thus,
from the third postulate it follows that the dissipation can be estimated as
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where A is a proportionality constant and Iu  and I�  are integral velocity
and length scales, respectively. However, integral velocity is proportional
to the square root of turbulent kinetic energy, k, for which reason
equation 5.3 can be rewritten as*
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* As will be seen in chapter 6, this is a key relation in two-equation turbulence models such as the k-ε model.
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For this range of eddies, i.e. kI ��� >>>> , the turbulent energy spectrum
is

( ) 3/5

3/2

~E
κ
εκ (Eq. 5.5)

In the discussion above, as dictated by the Kolmogorov postulates, two
fundamentally different mechanisms are considered to act on the eddies:
inertia effects leading to vortex stretching and viscous effects damping
the turbulent motion. Thus, the universal equilibrium range can be
divided into an inertial and a dissipative subrange, respectively, with
equation 5.5 being valid for the inertial subrange. In the dissipative
subrange, on the other hand, molecular viscosity is important and then

( ) 3/24/5v~E εκ (Eq. 5.6)

Thus, the turbulent energy spectrum can be illustrated as in figure 5.4.

Figure 5.4. Ranges of the turbulent energy spectrum.

5.1.2 Spectral Distribution of Passive Scalars
According to the first two Kolmogorov postulates, the velocity field is
isotropic at sufficiently small scales and in this region only dependent on
viscous forces and dissipation. However, turbulence will generate
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corresponding spectral distributions for dynamically passive scalars such
as temperature or admixture concentration, which in addition depend on
their respective scalar transport properties and the characteristic rate of
generation (and damping) of fluctuations in the scalar field. For the case
of admixture concentration this means molecular diffusivity and the rate
of generation of inhomogeneties in the concentration field. Based on
similar reasoning as for the energy spectra where in equilibrium the
extraction of energy from the mean flow and dissipation of turbulent
kinetic energy at small scales are balanced, it may be convenient to think
of the latter as a dissipation term corresponding to the transformation of
concentration fluctuations from larger to smaller scales. Thus, similar to
equation 5.3 we may express the scalar dissipation rate as

( )
I

2
IuN
�

Θ′∆= (Eq. 5.7)

where Θ′∆ expresses the large scale concentration differences. By
similarity to the third Kolmogorov postulate a range of eddies may be
assumed where the statistical properties depend only on ε  and N . Thus,
for the scalar spectrum we obtain

( ) 3/53/1N~ −−Γ κεκ (Eq. 5.8)

In addition, analogous to the Kolmogorov scales, corresponding scales
sometimes used for scalar concentration are the Corrsin scales
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τ (Eq. 5.10)

where D denotes molecular diffusivity.
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Because it is of interest for instance for the problem of mixing of fuel and
oxidants and as will be seen in chapter six also for the discussion about
combustion modeling, lets consider more carefully the influence of
turbulence on admixture concentration. The effect on its spectral
distribution depends on the Schmidt number

D
vSc = (Eq. 5.11)

where v is the gas kinematic viscosity and D is admixture molecular
diffusivity, i.e. the transport properties for momentum and mass,
respectively. However, before discussing in detail this dependence, lets
consider the influence of turbulence on the shape of a marked volume, or
“blob”, as illustrated schematically in figure 5.5. In the top sequence the
turbulent scale is large compared to the characteristic dimensions of the
volume, whereas in the bottom sequence the turbulent scale is much
smaller. In the first case, the blob is simply drawn into an extended
ribbon. In the second case, however, the blob is ruptured and formed by
the small turbulent structures. Similar behavior can be expected for
instance for a liquid fuel column or droplet exposed to the flow field in the
combustion chamber of a DI diesel engine.

Figure 5.5. Effect of turbulence on the shape of a marked volume. Top: Large scale
turbulence. Bottom: Small scale turbulence. (From Chomiak56).

Now, for the case of admixture concentration it can be realized that if
Sc≈1, the diffusivities of mass and momentum are equal and,

t0 t1> t0 t2> t1

t0 t1> t0 t2> t1
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consequently, the fluctuations in the concentration field extend to scales
of the size of the Kolmogorov scale. Thus, the characteristics of the
concentration spectrum should be similar to those of the energy
spectrum in figure 5.4. On the other hand, if Sc ≠ 1, we must distinguish
between the two different behaviors where v>D and v<D. For Sc<1, the
diffusivity of mass is larger than the diffusivity of momentum, which
means that diffusion will become significant and hence smear out
concentration fluctuations on a scale larger than the Kolmogorov
microscale. This causes a sharp cut-off in the concentration spectrum,
leading to the formation of the so called inertial-diffusive subrange as
illustrated in figure 5.6. If Sc>1, however, the diffusivity of mass is smaller
than the diffusivity of momentum, which means that molecular diffusion is
not significant until scales smaller than Kolmogorov microscale. In other
words, the growth of concentration gradients due to fluid motion exceeds
the decay of gradients due to molecular diffusion, leading to an extension
of the concentration spectrum towards higher wave numbers. The range
in which this occurs is referred to as the viscous-convective subrange.
As diffusion becomes increasingly important, the spectrum again suffers
a rapid cut-off following the transition to the viscous-diffusive subrange.
This occurs at a scale referred to as the Batchelor microscale, Bκ .

Figure 5.6. Effect of turbulence on the concentration spectrum of a passive scalar. C
denotes concentration and κ wave number.
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In chapter four, the collision between molecular species were discussed
as a necessary condition for a chemical reaction. This means that a
chemical reaction requires mixing on molecular level and an interesting
implication here is that a chemical reaction with a characteristic time rτ
smaller than the smallest characteristic time scale of turbulence thus
proceeds in fully laminar flow. In other words, we now have a physical
interpretation of the fast chemistry limit in terms of reaction zone
structure, which for instance was illustrated by Gibson and Libby58 for the
case of Sc>1 as shown in figure 5.7.

Figure 5.7. Distribution of reactants and products near reaction interface. (From
Gibson and Libby58)

In general for gas mixtures, however, ≈Sc 1 and hence the scale of most
practical interest here is the Kolmogorov scale. Moreover, for practical
combustion systems, the fast chemistry assumption is a simplification
and in reality both slow and moderately fast reactions may occur. In the
moderate reaction regime the chemical time is larger than the
Kolmogorov time but shorter than the integral time, i.e. krI τττ >> . In the
slow reaction regime, Ir ττ >  and thus reactions occur over all scales of
turbulence. For the case where Ir ττ >>  the reaction volume may be
considered uniform. Many attempts have been made to characterize
further these combustion regimes, involving additional dimensionless
numbers such as the Damköhler and Karlovitz numbers. The Damköhler
number is defined as the ratio of turbulent time to chemical time, i.e.
                                                          
58 Gibson C.H. and Libby P.A., ”On Turbulent Flows with Fast Chemical Reactions. Part II. The Distribution of
Reactants and Products Near a Reacting Surface.”, Combustion Science and Technology, Vol. 6, pp.29-35, 1972.
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r

IDa
τ
τ= (Eq. 5.12)

where as seen the characteristic time for the flow is the integral time Iτ .
The Karlovitz number, on the other hand, is the ratio of chemical time to
Kolmogorov time, i.e.

k

rKa
τ
τ= (Eq. 5.13)

The characteristic regimes of turbulent combustion may then be
illustrated for instance in a Borghi diagram as shown in figure 5.8.
However, before considering this figure in detail, it should be pointed out
that no physically meaningful flame velocity can be derived for jet
diffusion flames and the normalization of turbulent velocity fluctuations v´
by the laminar flame speed SL on the y-axis hence suggests this diagram
primarily concerns premixed flames*. Most turbulent flames of practical
interest are found in a regime in which the chemical reactions controlling
the heat release are fast and thus assumed confined to thin reaction
interfaces separating the burned and unburned mixture. This is called the
flamelet regime, in which a turbulent diffusion flame is assumed to
consist of an ensemble of infinitely thin laminar diffusion flames, i.e.
flamelets. As Ka approaches unity, the highly wrinkled but still presumed
laminar reaction regions in the flamelet regime is increasingly torn by
turbulence and for Ka>1 the flamelet assumption is no longer valid. The
region where Ka>1 and Da>1 is the distributed combustion regime,
implying that the reaction zone no longer can be considered infinitely thin
but in fact confines also intermediate turbulent scales. However, the
reaction regions still cannot be assumed uniform. Estimation of the
characteristic reaction time in this regime is severely complicated
compared to the flamelet regime because now both the relatively cold

                                                          
* However, we know that in diffusion flames the reactions basically occur at stoichiometric conditions and thus
we can use the stoichiometric flame properties to determine a characteristic chemical time. In this way, figure
5.8 can be applied also to diffusion flames.
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reactants and hot products may coexist locally. By further increase of the
turbulence intensity Da eventually approaches unity, which means that
the reaction zone confines all turbulent scales and hence a transition to
the regime of well-stirred combustion.

Figure 5.8. Borghi diagram showing different regimes in premixed turbulent
combusiton. (From Peters21). The scale on the x-axis is the ratio of integral length to
flame thickness.

For jet diffusion flames, Peters21 suggests a schematic diagram
illustrating combustion regimes as shown in figure 5.9. The construction
of this phase diagram is based on the assumption that the reaction zone
in a non-homogeneous mixture field is attached to the region of
stoichiometric mixture. Corrugations on the flame surface are then
assumed to result from mixture fraction fluctuations, Z´.* According to this
figure, local conditions in a turbulent jet diffusion flame generally ranges
from the distributed reaction zone regime in the near nozzle region to the
flamelet regime and eventually the connected reaction zone regime
further downstream. As shown by Peters, the distinction between the

                                                          
* It should be pointed out that this is a fundamental assumption in the work of Peters, whereas for instance
Chomiak (personal communication) argues that the deformation of the flame surface really is due to velocity
fluctuations in exactly the same way as for premixed flames.
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regimes of separated flamelets and partially premixed combustion in the
connected reaction zone regime can be related to an appropriate flame
thickness in the mixture fraction space, ( )FZ ′∆ . Moreover, because Z´
decreases as 1/x and that the characteristic turbulent time scale in the jet
increases as x2 where x is the distance from the nozzle, the slope of the
jet flame in the log-log graph should be -½.

Figure 5.9. Regimes in non-premixed turbulent combustion. (From Peters21).

5.1.3 Free Turbulent Shear Flows
A turbulent flow spreading into an ambient fluid without restrictions is
called a free turbulent flow. A typical example is a turbulent jet, which of
course is of particular interest for diffusion flames. A characteristic
feature of turbulent jet flow is a sharp and highly convoluted interface
between the fully turbulent region in the jet and the ambient fluid, which
is completely unaffected sufficiently far away from this interface.
Moreover, free turbulent flows are self-preserving, which means that they
are independent of the source sufficiently far downstream and hence in
this region only dependent on local conditions. Although the turbulent
scales change with the distance downstream, turbulence may be
assumed dynamically similar in the whole domain if non-dimensionalized
with respect to local time and length scales.

�
�
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�
�
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1log
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The outer regions of a turbulent shear flow exhibits a phenomenon
known as intermittency, which implies that the flow alternates between
turbulent and non-turbulent states. The thin interface region between the
fully turbulent jet and the ambient fluid is of the size of the Kolmogorov
microscale and referred to as the laminar or viscous superlayer*.
Moreover, free turbulent flows also exhibit large coherent structures, i.e.
structures of organized vorticity with a size comparable to the
dimensions of the jet which play important role in the entrainment and
intermixing of ambient fluid. The physical appearance of these structures
was investigated for instance by Yule59, who provided a general
description of a non-reacting turbulent jet from flow visualization and hot-
wire techniques as shown in figure 5.10: “Natural instability of the initial
laminar shear layer produces a street of vortex-ring-like vorticity
concentrations. As these vortex rings move downstream they generally
coalesce with neighboring rings, so that the scale and separation of the
vortex rings increase with the distance from the nozzle... From one up to
at least three regions of vortex coalescence can be observed in the
transition region, depending on the jet Reynolds number and the nozzle
boundary layer thickness. The coalescing of the vortices is a mechanism
by which the jet structure tends to forget the conditions at the nozzle...
The last coalescence of vortices prior to turbulent flow involves vortex
rings which have core deformations larger than a critical size. These
rings entangle, thus producing enhanced vorticity stretching and small
scales of motion. The remains of these entangled vortices are often
visible in the turbulent region up to 5D downstream of transition and they
are thus large eddies in the turbulent region... Films of the turbulent
regions of both air and water jets show that the large eddies have a wide
range of sizes and trajectories at any position and that there was no
obvious symmetry between structures on opposite sides of the jet. This

                                                          
* According to Chomiak56, this term is an analogy to the viscous sublayer in wall flows and was first used by
Corrsin (NACA report W-94, 1943).

59 Yule, A.J., ”Large-Scale Structure in the Mixing Layer of a Round Jet”, J. Fluid Mech,. Vol. 89, Part 3, pp.
413-432, 1978.
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again indicates that the eddies lack the circumferential coherence of the
transitional vortex rings.”

Figure 5.10. Top: Notation for round free jet. Bottom: Physical structure of
transitional jet. (From Yule59).

Thus, the origin of the coherent structures is the formation of individual
vortex rings in the transitional part of the jet. According to Chomiak56, this
starts with the emergence of two-dimensional Tollmien-Schlichting
waves which in later stages become strongly curved and by interaction
form large three-dimensional entities. As these vortex rings merge,
regions of intense stretching are formed which in turn leads to
breakdown of the rings into small scale motions and hence eventually to
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the transition to the turbulent region as indicated in figure 5.10. However,
as described by Yule above, fragments of these vortex rings still appear
in the turbulent region. An illustrative example of these large coherent
structures taken from the book of Libby and Williams60 is shown in figure
5.11.

Figure 5.11. Contour plots of a dynamically passive scalar from simulation. (From
Libby and Williams60)

It is interesting to note that similar structures can be seen in the diesel
spray images of Winklhofer46 and Cronhjort45 presented in chapter four. It
is implied by this figure that the exact position of the fluid interface is
determined by the passage of individual large eddies in the jet. In
addition, the roll-up and pairing of vortices on the jet periphery cause
engulfment of small portions of the ambient fluid and consequently, as
suggested for instance by Bevilaqua and Lykoudis61, the large coherent
structures are effectively controlling entrainment of ambient fluid in a
turbulent jet. A most illustrative example of this interaction between
vortices is show in figure 5.12 taken from the book of Tsinober62.

                                                          
60 Libby P.A. and Williams F.A. (Ed), ”Turbulent Reacting Flows”, Academic Press, 1994.
61 Bevilaqua P.M. and Lykoudis P.S., ”Some Observations on the Mechanism of Entrainment”, AIAA Journal,
Vol. 15, No 8, 1977.
62 Tsinober A., ”An Informal Introduction to Turbulence”, Kluwer Academic Publishers, 2001.
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Figure 5.12. Dye visualization of two co-rotating vortices. Time is increasing from left
to right and from top to bottom. (From Tsinober62).

Figure 5.13 shows the schematic structure of a jet diffusion flame as
depicted by Chigier and Yule* from visualization with Schlieren and
luminosity techniques. Compared to the corresponding cold jet, the initial
vortex coalescence in the reacting jet is reported to occur approximately
twice as far downstream. According to Chomiak56, this shift can be
attributed to both the effect of dilatation and acceleration of the vortices
and also the temperature related viscosity increase which decreases the
rate of growth of the vortices. Furthermore, the characteristic structure of
the diffusion flame in figure 5.13 is excellently described: “Significant
flame luminosity is only found after x=6d in the region of coalescence of
the initial vortices. This luminosity occurs as axial streaks around pairs of
coalescent vortices. These streaks correspond to the development of
three-dimensionality in the vortices, similar to that previously observed in
cold jets. After x=8d, continuous interface burning regions begin to break
up into detached ‘S’-shaped interfaces associated with the leading edge

                                                          
* According to Chomiak56, this figure originates from Chigier N.A. and Yule A.J., ”The Structure of Eddies in
Turbulent Flames”, Project Squid, Technical Report U.S.-1-PU, 1979. However, the original reference could not
be found, for which reason the discussion here is based on reference 56.
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of each eddy. In this region, although there is some noticeable
circumferential symmetry across the flame, it is debatable whether the
observed structures can be labeled ‘vortex rings’. Beyond x=12d the
movements of these reacting interfaces become noticeably less
repetitive although, individually, they generally remain coherent up to at
least x=20d... A striking feature of the jet flame downstream of
approximately x=10d was the appearance of an outer, slow moving
component of the flow. Tongues of reacting or hot gas detached
themselves from the main, inner flow, containing the eddies and
interfaces. This outer flow moved downstream at a velocity of
approximately 0.3UJ, while the inner eddies moved with UC=UJ. These
outer tongues of flow have similar appearance to the three-dimensional
‘jets’ of relatively disordered fluid which have been observed to be
ejected from cold jets... The experiments have shown that reaction, in
the first 20 diameters of the jet flame, at least, is concentrated largely in
interfaces. An individual region of reacting interface can generally be
followed from its formation near the nozzle, through coalescence, up to
x=20d. These interfaces, therefore can reasonable be termed ‘coherent
structures’ in the flame, and they are also associated with coherent
vortex like eddies... Summarizing the description we can say that the
basic coherent flow structures in axisymmetric diffusion flames are
individual vortex rings. The formation and pairing of the rings lead to
engulfment and entrainment of external fluid into the jet and spreading of
the combustion region. The vorticity contained in the rings decreases
due to diffusion, increase of mass of the fluid and dilatation due to heat
release. The rings become unstable relatively to circumferential
perturbations and break up into a number of radial streaks... This marks
the transition from coherent perturbations to fully developed turbulence
and practically also determines the end of the active combustion region”.
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Figure 5.13. Schematic structure of a jet diffusion flame. (From Chomiak56).
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5.2 Fundamental Aerosol Dynamics
This section provides a brief introduction to aerosol dynamics. More
extensive reviews for instance are due to Crowe et al63 and
Friedlander64. A good discussion on particle transport mechanisms is
also due to Kittelson and Johnson65.

5.2.1 Particle Equation of Motion and Particle Relaxation Time
A simplified equation of motion for a particle suspended in a flow field
may be derived by assuming

• An infinite domain of steady homogeneous turbulence.
• Spherical particles, small compared to the turbulent wavelength.
• The flow around each particle is stationary.
• The concentration of particles is low.
• The fluid density is much lower than the density of the particle.

The last assumption is generally true for solid or liquid particles
dispersed in a gas and make it possible to drop the terms due to Basset,
virtual mass, Saffman, Magnus and gravitational forces. The simplified
linear first order differential equation for particle motion may then be
expressed as

( )pf
p

p uu1
dt

du −=
τ (Eq. 5.14)

where up is the velocity of the particle, uf is the velocity of the fluid and τp

is the characteristic particle relaxation time

                                                          
63 Crowe C., et al, ”Multiphase Flows with Droplets and Particles”, CRC Press LLC, 1998.
64 Friedlander, S.K., ”Smoke, Dust and Haze. Fundamentals of Aerosol Dynamics”, 2nd Ed, Oxford University
Press Inc, 2000.
65 Kittelson D.B. and Johnson J.H., ”Variability in Particle Emission Measurements in the Heavy Duty Transient
Test”, SAE 910738, 1991.
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where µ is the coefficient of viscosity, d is the particle diameter, ρp is the
particle density and ρf is the fluid density. For a harmonic fluid velocity
fluctuation with angular frequency ω=2πn equation 5.14 has a solution
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where τt is the corresponding characteristic relaxation time of the
fluctuations in accordance with

n2
1

t π
τ = (Eq. 5.17)

The ratio of flow to particle relaxation times indicates the magnitude of
gas-particle interaction, i.e. when τp>>τt the particles are simply
convected by the mean flow, whereas τp<<τt means that the particles
follow instantly with the velocity fluctuations. Rough estimate of the order
of τp/τt assuming in-cylinder conditions as given by the simulation
described in section 8.2 and a spherical particle with a diameter of the
order 100 nm and properties of carbon black implies inertial effects are of
less importance in the bulk gas of DI diesel engines. Similar conclusion
may be drawn for instance from Suhre and Foster66.

                                                          
66 Suhre B.R. and Foster D.E., ”In-Cylinder Soot Deposition Rates Due to Thermophoresis in a Direct Injection
Diesel Engine”, SAE 921629, 1992.
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5.2.2 Additional Particle Transport Mechanisms

Brownian Diffusion
Brownian diffusion refers to the migration of particles dispersed in a fluid
due to random molecular impaction, which tends to smear out
concentration gradients as shown in figure 5.14.

Figure 5.14. Brownian diffusion. (From Crowe63).

For isothermal and stationary fluids, the mass flux of dispersed particles
due to Brownian diffusion is expressed by Fick’s law

cD 2∇=J (Eq. 5.18)

where J is the flux vector, ∇c is the local concentration gradient and D is
the diffusion coefficient. According to the Stokes-Einstein equation

f
kTD = (Eq. 5.19)

where k and T are the thermal conductivity and temperature of the fluid,
respectively, and f  is a friction coefficient. According to Friedlander64 the
friction coefficient depends on the flow regime; in the free molecular
range it is proportional to the square of the particle diameter, whereas
being a function of particle diameter only in the continuum regime where
ideally it can be derived from Stokes law. The changing characteristics of
the friction coefficient with the flow regime are often considered by
invoking a correction to Stokes friction coefficient in accordance with
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The denominator in equation 5.20 is the Cunningham slip correction, in
which Kn denotes Knudsen number defined as the ratio of mean free
path to particle radius and A, B and C are constants.

Inertial Impaction
An additional transport mechanism that may be of importance in non-
homogeneous turbulence is turbophoresis, i.e. the migration of particles
from regions of high turbulence intensity to regions of low turbulence
intensity. Physically, this is the effect of inertia; particles acquire high
momentum in regions of high turbulence intensity and are simply thrown
out of the region by inertia. As indicated in figure 5.15, migration
following the decay of turbulence in a wall layer may lead to dramatic
increase of particle deposition on surfaces compared to the effect of
Brownian diffusion only.

Figure 5.15. Summary of experimental data of particle deposition in fully developed
pipe flow. The dramatic increase in the diffusion-impaction regime is due to turbulent
migration. (From Chomiak56).
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For instance following the approach of Friedlander64, the relative
magnitude of migration may be investigated through a stop distance
model. As the name implies, this typically expresses the theoretical stop
distance for a particle that decelerates to rest from some initial velocity
up0. The instantaneous particle velocity can be obtained for instance by
integration of equation 5.14, which yields

( ) ��
�

�
��
�

�=
p

0pp
τ
t-utu exp (Eq. 5.21)

The stopping distance ∞pL  then is
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�=
0 p

0pp dt
τ
t-uL exp (Eq. 5.22)

Similar to the comparison of particle and flow relaxation times,
comparison of the particle stop distance to some characteristic
dimension of the flow is a measure of the influence of migration. For
instance, this was the approach of Suhre and Foster66, who compared
calculations of particle stop distance and boundary layer thickness for DI
diesel engine conditions in order to investigate the influence of
turbophoresis on particle deposition in engines. Their results show that
inertial impaction actually may be a cause of surface deposition in
engines if the laminar sublayer is extremely thin or if the magnitude of
the wall roughness is such that the particles are caught by the wall
structure. As also showed in the analysis of Sure and Foster, however,
the influence of inertial impaction is still minor compared to that of
thermophoresis.

Thermophoresis
Thermophoresis refers to the motion of particles suspended in a non-
isothermal gas due to thermophoretic forces, i.e. forces imposed by
thermal gradients in the flow. The magnitude of the thermophoretic force
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and hence the thermophoretic deposition velocity depends on the flow
regime: In the free molecular range, i.e. where the particle diameter is
smaller than the mean free path, the transport of particles is simply
contributed the higher molecular collision intensity on the hot side of the
gradient. In the slip flow regime, on the other hand, the transport is
essentially independent of particle size and instead mainly assumed to
be related to the thermal slip on the particle surface. This is well
described in the review of Talbot67: “The fundamental physical processes
responsible for the phenomenon of thermophoresis were first
investigated by Maxwell... Maxwell showed that, at an unequally heated
solid boundary in contact with a gas, if the mean free path is not
negligibly small in comparison to a characteristic dimension of the solid,
molecules impinging obliquely on a small element of area of the
boundary will deliver more tangential (and also normal) momentum to the
wall if they come from the hotter region of the gas than if they come from
the colder region... The net result of the unequal tangential momentum
transfer is that a shear stress is exerted by the gas on the wall in the
direction opposite to ,s/T ∂∂  the temperature gradient parallel to the wall
in the gas. Also, since an equal and opposite shear stress is exerted by
the wall upon the gas, a flow of the gas adjacent to the wall, called
thermal slip or thermal creep, occurs in the direction toward the hotter
region, unless a pressure gradient is imposed to resist the motion”.

Different expressions have been derived for thermophoretic velocity, for
instance by Epstein for the continuum regime and Waldmann and
Schmidt for the free molecular range*. Talbot67, however, suggested the
following interpolation formula based on the work of Brock68

                                                          
67 Talbot L., et.al., ”Thermophoresis of particles in a heated boundary layer”, J. Fluid Mech., Vol. 101, part 4, pp.
737-758, 1980.
68 Brock J.R., ”On the Theory of Thermal Forces Acting on Aerosol Particles”, Journal of Colloid Science, v. 17,
pp. 768-780, 1962.

* The original papers of Epstein and Waldmann and Schmidt have not been considered in this work. However,
references pointed out for instance by Kittelson82 are: Epstein P.S., “On the Resistance Experienced by Spheres
in their Motion Through Gases”, Physical Review, v. 23, Series 2, pp. 710-733, 1924, and Waldmann L. and
Schmidt K.H., “Thermophoresis and Diffusionphoresis of Aerosols”, Aerosol Science, C.N. Davies (Ed),
Academic Press, London, 1966.
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where ν is the kinematic viscosity of the gas, kg and kp are the thermal
conductivity of the gas and the particle, respectively, Kn is the Knudsen
number which was defined in chapter five as the ratio of the mean free
path of the gas to particle radius and T is the temperature of the gas. Ct,
Cm and Cs are constants that can be obtained from kinetic theory. The
values suggested by Talbot for these constants are 2.18, 1.14 and 1.17,
respectively. For the constants A, B and C Talbot suggests values of
1.20, 0.41 and 0.88, respectively. A more extensive investigation of this
equation and its characteristics is presented in the hypothesis
formulation in chapter seven.



94



95

6 COMPUTATIONAL FLUID DYNAMICS

Despite the interesting and certainly promising future of
Computational Fluid Dynamics, this is still a relatively immature tool
in combustion research. Due to the complexity of both the physical
processes involved and the numerical treatment of the problem, the
success with this tool still largely depends on the experience and
skills of the user in a wide range of areas related essentially to fluid
dynamics and computational techniques. Again, even though this
chapter certainly addresses several individual subjects within these
fields, it is not possible to include complete descriptions for all
subjects. However, a short introduction to Computational Fluid
Dynamics and the problems of multidimensional combustion
modeling is given in the following sections.

6.1 Fundamental Concepts
The fundamental concept for CDF in general is the discretized numerical
solution of five partial differential equations that describe the
conservation of mass, momentum and energy in a flow field. These are
commonly known as the Navier-Stokes equations, even though strictly
this only refers to the momentum equations. The individual equations will
be discussed more in detail in chapter 6.2, but for illustrative purposes
they are also presented here. Thus, the equation system describing the
instantaneous three-dimensional transport of mass, momentum and heat
in a compressible Newtonian fluid can be written as seen below. Here ρ
denotes density, u, v and w are velocity components, e is the internal
energy, p is the pressure, T is the temperature, µ is the dynamic viscosity
and k is the thermal conductivity. SMx, SMy, SMz and Se are assumed to
confine all source and sink terms related to each of the equations.
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For a relatively simple and non-reacting flow field such as laminar flow of
air or water in a pipe, this equation system provides a complete
description of the flow field. “A discretized numerical solution" simply
means that the pipe - or whatever domain is studied - is divided into a
number of small partial volumes, a computational grid or mesh, for which
these equations are solved numerically. Thus, by applying valid
boundary and initial conditions to the computational grid and solving the
equation system with a suitable numerical algorithm, the flow properties
of all computational cells can be obtained.

Figure 6.1. Mesh and boundary conditions on a simplified “cake” geometry for
simulation of diesel engine combustion.

Fixed wall,
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Moving wall,
specified temperature
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In its basic formulation, i.e. without the source terms, it is seen that the
equation system above contains nine unknowns. Thus, to close the
system it is necessary to introduce auxiliary relations for some of these
variables. By assuming thermodynamic equilibrium, equations of state
can be used to express density and enthalpy as functions of pressure
and temperature. This assumption states that even though fluid velocities
may be large and the properties of a fluid particle may change rapidly
from one place to another, the fluid can thermodynamically adjust itself to
the new conditions so quickly that we can assume a state of equilibrium.
Moreover, it is assumed that transport properties µ and k can also be
expressed as functions of pressure and temperature. However, although
it will be discussed more thoroughly later in this chapter, it should be
mentioned already here that an additional assumption that leads to the
formulation of the conservation equations above is the assumption of
newtonian behavior and hence the application of newtons law of
viscosity.

In a continuum, this equation system may be thought of as an analytical
description of the flow. The continuum assumption is valid as long as the
characteristic length in a physical domain is much larger than the mean
free path of molecules in the system. The assumption of a Newtonian
fluid states that the viscous stresses are proportional to the rates of
deformation of a fluid element and was made already in the initial
formulation of the equation system by applying Newton’s law of viscosity
to express the viscous stress terms. Through this substitution, we obtain
a well-known formulation of the momentum equations often referred to
as the Navier-Stokes equations, but as mentioned it is now common
practice to refer to the entire set of fluid flow equations by this name.
However, when this equation system is solved numerically, an
approximate solution to the flow field is obtained. The important thing
here is to understand the distinction between the analytical description
on the one hand and the approximation on the other. However, if the flow
is laminar and if a sufficiently fine computational grid and valid boundary
conditions are applied, this approximation can be very close to the exact
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solution. It is an approximation, but since it is the “real” physical
description that is approximated, the accuracy of the solution mostly
depends on resolution.

However, if the flow is turbulent, the situation rapidly becomes much
more complex. From the mathematical point of view, turbulence appears
as six additional unknown terms in the momentum equations. These
terms arise from the statistical treatment of turbulence where the flow
velocities are divided into average and fluctuating components, and are
commonly referred to as Reynolds stresses. Physically, these terms
express a convective momentum transfer due to the fluctuating velocity
components and, simplistically, the problem is that the equation system
now contains more unknowns than equations. The additional unknown
terms consist of products of velocity fluctuations, which cannot be
substituted by any auxiliary relations. The most common solution to this
problem, which often is referred to as the closure problem, is the
application of a turbulence model. Among the most commonly used
turbulence models is the so called k-ε model, which expresses the
Reynolds stress terms in terms of a turbulent viscosity calculated from
the equations for turbulent kinetic energy and dissipation. The k-ε model
was originally developed for incompressible flows but has been extended
to cover also compressible flow situations, mostly because of its
simplicity and the lack of another practical approach that provides
significantly better results.

Before extending the discussion further, some additional comments on
the need for modeling in complex flow predictions should be made. A
general way of explaining the problems related to simulation of turbulent
flows and the need for modeling is to compare the time and length scales
of the flow to the corresponding scales of the calculation, i.e. to the
calculation time step and resolution of grid points, respectively. These
factors determine the total computational time required for the
calculation, and must be limited for practical purposes. The finest scales
of turbulence are, however, much smaller than what may be considered
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a practically possible resolution of the calculation with respect to
computational time. Thus, the finest scales of turbulence and transport
processes related to these scales (i.e. micro-mixing) are on a subgrid
level. Since the flow is evaluated for the grid points only, this means that
to predict the subgrid events these must in some way be related to the
grid information. In other words, what happens on a subgrid level can
only be expressed by using information on a larger scale, which is one of
the limitations leading to the need for modeling. Of course, as intimated
above, a theoretical solution that removes the need for turbulence
modeling would be to increase the resolution of the calculation so that
the time and length scales of the calculation are smaller than the
smallest corresponding scales of turbulence. However, considering that
these scales even for relatively common flow situations may be as small
as 10 µs and 10 µm, respectively, this approach would require
computers that are faster than the current generation of supercomputers
by several orders of magnitude in order to perform the calculations within
a reasonable timeframe.

In addition to turbulence, if also chemical reactions occur the situation is
sometimes referred to as a turbulent reacting flow. More commonly, this
is called turbulent combustion. Once again from a mathematical point of
view, this means that additional transport equations for each chemical
species must be invoked in the system. Moreover, the chemical heat
release from the combustion reactions must be considered in the energy
equation. This again adds complexity to the problem, since these
additional components contain source terms that are functions of local
instantaneous reaction rates, which as discussed in chapter four are
non-linear and strongly dependent on local temperature and
composition. In addition, the chemical reactions occur on a molecular
scale, which of course means subgrid level and again need for modeling.
For DI diesel engines, in which combustion essentially is mixing
controlled, so called eddy breakup models (EBU) are among the most
applied models for expressing the reaction rates. A very convenient
assumption at least in the original formulation of this type of model is that
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the chemical reaction rates are fast compared to the rate of mixing of fuel
and oxidants, i.e. fast chemistry assumptions, for which reason the
reaction rate can be related to the turbulent mixing time scale only.
Combustion modeling and in particular the application of EBU concepts
will be more thoroughly discussed later in this chapter.

Another serious obstacle in simulation of DI diesel combustion is the
prediction of fuel/air mixing or local fuel distribution. This is, however,
probably the most important component in multidimensional simulation of
diesel engine combustion since, basically, it determines when, where
and under what conditions combustion will take place. In other words,
vaporized fuel and air has to be mixed in the right proportions and in the
right place, or the prediction of local reaction rates will of course fail
regardless of what combustion model is used. First of all, this is a very
challenging task due to the number and complexity of the physical
phenomena associated with high pressure fuel jets. It is by definition a
turbulent two-phase problem, where the liquid and gas phases exchange
mass, momentum and energy and, basically, the magnitude of this
exchange will determine the conditions for combustion through the rates
of atomization, vaporization and mixing of vaporized fuel with the gas
phase. Secondly, the size of the nozzle holes in DI diesel engines and
hence the initial liquid fuel jets are normally of the order 0.2 mm and the
size of individual droplets in the spray may be of an approximate order of
ten µm. Again, this is on a scale beyond what is practically possible to
resolve. In addition, it is important to realize that the understanding about
spray structure and interaction between a gas and droplet cloud is
limited, for which reason the treatment of sprays in combustion modeling
in any case is a considerable simplification.
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Figure 6.2. Typical dimensions of injector nozzle and computational mesh.

6.2 Gas Phase Equations – Eulerian Description
As discussed in section 6.1, a laminar flow field is fully described by the
continuity, momentum and energy equations. However, virtually all
practically important flows are turbulent, for which reason additional
equations must be invoked in the system to describe the effects of
turbulence on the flow field. As mentioned in the previous section, it is
not practically possible within the foreseeable future to resolve
numerically all scales of turbulence, for which reason the numerical
treatment of the turbulent flow equations requires modeling of turbulence
effects. Moreover, the addition of fuel injection and chemical reactions to
the flow introduces source terms and phase interaction terms into the
equation system that further complicates the problem. This section will
focus on the gas phase equations, considering a differential element in a
cartesian coordinate system in accordance with figure 6.3.

Figure 6.3. Differential element for gas phase equations.

Equivalent average cell
size at SOI: ~ 0,6 mm

≈φ 0.2 mm



102

6.2.1 Decomposition and Averaging
As mentioned, an arbitrary turbulent quantity may be described by the
sum of an average and fluctuating component, i.e. Reynolds
decomposition

ϕϕϕ ′+= (Eq. 6.1)

where ϕ is defined by appropriate averaging, for instance time averaging
or ensemble averaging in accordance with equations 6.2 a and b,
respectively.
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From this it can be realized that 0u =′ . Inserting time or ensemble
averaged quantities into the conservation equations results in the
averaged form commonly referred to as the Reynolds equations or
Reynolds averaged Navier-Stokes equations (RANS). However, most
often for compressible flows the density-weighted, or Favre,
decomposition is used for velocity, i.e.

uuu ′′+= ~ (Eq. 6.3)

Here we define the Favre average as
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(Eq. 6.4)

where the overbar denotes conventional Reynolds averaging as
described above. Thus, this density-weighted average is related to the
Reynolds average through
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ρ
ρuu =~ (Eq. 6.5)

Moreover, it can be realized that both u ′′ρ  and u~′′ are zero.

6.2.2 General Formulation of the Scalar Transport Equation
The transport of a generalized instantaneous variable ξ in fluid flow can
be written on the following general form

ξξρξρξ S))(()(
t

)( +∇Γ⋅∇=⋅∇+
∂

∂ u (Eq. 6.6)

This is the scalar transport equation, the terms on the LHS expressing
the rate of change of ξ within a control volume with time and the net flow
of ξ over the control volume boundaries, respectively. The first term on
the RHS is the rate of change of ξ from diffusion where Γ is a diffusion
coefficient. The last term include the contributions to the rate of change
of ξ within the control volume due to sources or phase interaction. As will
be seen below, the form of this equation applies basically to all the flow
equations. In other words, this is a general description of the transport of
any scalar property ξ in the domain.

6.2.3 The Continuity Equation
Mass conservation must prevail in the system, which means that the rate
of change of mass in an arbitrary control volume must equal the net rate
of mass flow over the control volume boundaries. Thus, the three-
dimensional mass conservation or global continuity equation for a
compressible fluid can be written

0
t

=⋅∇+
∂
∂ )()( uρρ

(Eq. 6.7)
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where ρ and u are the gas density and velocity vector, respectively.
However, considering also the addition of mass to the gas phase through
evaporation of injected diesel fuel yields

s)(
t

)( ρρρ
�=⋅∇+

∂
∂ u (Eq. 6.8)

where the term on the right hand side expresses the fuel evaporation
rate.

6.2.4 The Momentum Equation
In accordance with Newton’s second law, the rate of change of
momentum on a fluid particle equals the sum of forces acting on that
particle. Considering a fluid element, and for the cause of simplicity
neglecting contributions from body forces and confining contributions
from the spray in the general source term, the conservation of
momentum reads

MStp)(
t

)( +⋅∇+−∇=⋅∇+
∂

∂ uuu ρρ
(Eq. 6.9)

where p is the fluid pressure, t is the viscous stress tensor and SM

confines all additional momentum source terms. As will be discussed
more thoroughly in 6.2.6, by assuming a newtonian fluid, viscous
stresses can be rewritten in terms of deformation of a fluid element by
applying Newton’s law of viscosity, yielding

�
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�
�
�

� ⋅∇−= uIs
3
12t µ (Eq. 6.10)

where s is the strain rate tensor.
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6.2.5 The Energy Equation
The mathematical formulation of the energy equation can take on many
forms. The fundamental principle is the first law of thermodynamics, one
formulation of which is that the rate of change of total energy of a fluid
element, i.e. the sum of all energy forms (internal, kinetic, mechanical,
chemical, etc.), must equal the net rate of heat and work flow over its
boundaries. However, a formulation of the energy equation commonly
used for high speed combustion and also the formulation used in the Fire
code is conservation of thermal stagnation enthalpy or sensible enthalpy,
i.e.

( ) ( ) ( ) ( ) hS
S St

t
pTkh

t
h +⋅∇+

∂
∂+∇⋅∇=⋅∇+

∂
∂ uu  ρρ

(Eq. 6.11)

where k is the thermal conductivity, T is the temperature and Sh is the
enthalpy source term due to chemical reactions. The thermal stagnation
enthalpy is defined as

2
Uhh

2

tS += (Eq. 6.12a)

where U is the resultant velocity and ht is the thermal enthalpy, i.e.

Tch pt = (Eq. 6.12b)

6.2.6 The Turbulence Equations
The density-weighted averaged momentum equations are obtained by
inserting the Favre averaged velocity into the Navier-Stokes equations
as shown in equation 6.13, which here is written using index notation for
illustrative purposes. Other turbulent quantities such as density and
pressure are here represented by ensemble averages.
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Compared to the general form in equation 6.9 it is seen that the mass
averaged form of the momentum equation contains an additional term,

ijuu ′′′′ρ , which denote the Reynolds stress components. It is seen that
these contain products of velocity fluctuations, and in contrast to the
averaging of a single fluctuating velocity the average of this product is
not necessarily zero. Moreover, in the averaging, all information about
the state of the flow in these fluctuations are lost, which in other words
means that these terms are unknown and that the equation system
cannot be closed. As mentioned in the previous section, the common
solution to this problem is turbulence modeling, in this case by applying
the standard k-ε model*. Fundamental in this type of model (i.e. two-
equation models) is the analogy to Newtons law of viscosity expressed
by the Boussinesq assumption, which states that the viscous stresses
can be related to the mean rates of deformation of a fluid element by
introducing a turbulent viscosity Tµ  in accordance with
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where iu′  and ju′  are the fluctuating velocity components, k is the
turbulent kinetic energy, sij is the strain rate tensor and δij is the
Kronecker delta. The idea is then to solve the closure problem by
modeling the turbulent viscosity and hence the Reynolds stress terms in
terms of estimable quantities. From dimensional analysis it can be
realized that

�uCT ρµ µ= (Eq. 6.15)

where µC  is a proportionality constant and u and �  are characteristic
velocity and length scales of turbulence, respectively. Because the

                                                          
* Often contributed to Jones and Launder, “The Prediction of Laminarization with a Two-Equation Model of
Turbulence”, International Journal of Heat and Mass Transfer, Vol. 15, pp. 301-314, 1972.
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interaction between turbulence and mean flow occurs through the large
eddies, these are expressed in large scale quantities

2/1k~u (Eq. 6.16a)

ε

2/3k~� (Eq. 6.16b)

where k as mentioned above is the turbulent kinetic energy and ε is the
dissipation of energy in the flow. These are expressed through their
respective model transport equations
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where    εεσσ 1k C,, and  ε2C are model constants. The two last terms in
each equation express the net source or sink of k and ε, respectively.

6.3 Liquid Phase Equations – Lagrangian Description
The most common approach to describe the behavior of fuel sprays in
multidimensional combustion simulation is the Discrete Droplet Method
(DDM), where droplets with the same physical properties (e.g. size,
mass, temperature, velocity, etc.) are grouped into discrete parcels that
are introduced into the domain at the location of the nozzle exit with an
initial velocity determined by the injection rate and nozzle dimensions.
Furthermore, it is commonly assumed that the droplets are spherical,
they are composed of one single component liquid and have uniform
internal properties. While the gas phase description in the previous
section was made in an Eulerian coordinate system, i.e. on the grid
points that build up the computational domain, a Lagrangian tracking is
applied for these discrete parcels as they move through the domain.
Thus, the Eulerian description is based on evaluation of how the flow
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changes in the grid points, while the Lagrangian description reflects the
evolution of each discrete parcel as they travel through the domain.
Exchange between the phases is accounted for through appropriate
calculation of source terms and phase interaction terms. For diesel spray
combustion, the Lagrangian description currently represents the only
practically appealing approach. An Eulerian description here would
require the grid to resolve also the dimensions of the liquid phase which,
considering that the atomization process in DI diesel engines quickly
may reduce the droplet size to the order of a few micrometers, would
increase the number of cells and hence the computational time
dramatically.

It must be noted, however, that the Lagrangian formulation by nature
represents a dilute spray, whereas a diesel spray definitely falls in the
category of dense sprays. This means that droplet events, e.g. droplet
motion, in reality depends strongly on interaction effects such as
collisions, coalescence and breakup, whereas in the basic model
formulation the motion of individual droplets is assumed controlled by
hydrodynamic forces. However, realistic diesel spray predictions require
that these interaction effects be accounted for, which in the use of DDM
is accomplished through modeling. Spray modeling will be a major
subject of section 6.4, whereas this section in essence treats the basic
liquid phase equations.

6.3.1 The Droplet Continuity Equation
The droplet continuity equation can be written as

S
d

dt
dm ρ�−= (Eq. 6.18)

where md is the droplet mass and Sρ� can be recognized from equation 6.3
as the fuel evaporation rate. This was actually discussed earlier in terms
of droplet diameter reduction, which in section 4.3 was shown to follow
the d2-law. Instead expressing the evaporation rate in terms of mass, this
may be written
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( )svvd
d YYDdSh

dt
dm −= ∞ρπ (Eq. 6.19)

where dd is the droplet diameter, Dv is the fuel vapor diffusion coefficient,
Ys is the fuel vapor mass fraction at the surface, Y∞ is the fuel vapor mass
fraction in the freestream, ρv is the fuel vapor density at film conditions
and Sh is Sherwoods number, accounting for the increase in droplet
vaporization due to its velocity relative to the gas. This is commonly
expressed through the Frössling (Ranz-Marshall) relation

3/12/1
d ScRe6.02Sh += (Eq. 6.20)

where Red is the relative Reynolds number based on the velocity of the
droplet relative to the gas, and Sc is the Schmidt number defined as the
diffusivity ratio

vD
Sc ν= (Eq. 6.21)

where ν is the kinematic viscosity of the mixture at film conditions.

6.3.2 The Droplet Momentum Equation
As mentioned in 6.2.2, the rate of change of momentum on a fluid
particle equals the sum of forces acting on that particle. Thus, for an
arbitrary droplet

F
dt

dum d
d �= (Eq. 6.22)

where ud is the droplet velocity and ΣF is the sum of forces acting on the
droplet. For diesel engine conditions, contributions from buoyancy,
pressure, virtual mass, Magnus, Saffman and Basset forces are
commonly negligible and for the reason of simplicity they may therefore
be ignored here. This leaves drag as the only significant force, and the
droplet momentum equation thus can be expressed as
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where ρg is the gas phase density, Ad is the droplet cross section area,
urel is the relative droplet velocity and CD is the drag coefficient which, for
instance, can be calculated from
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6.3.3 The Droplet Energy Equation
The droplet energy equation reads

( ) vddggd
d

dpd LmTTkdNu
dt

dTcm �+−= π, (Eq. 6.25)

where kg is the thermal conductivity of the gas, the first term on the RHS
expresses the convective heat transfer form the gas due to convection
and the second term is recognized from chapter four as the heat of
vaporization. Heat transfer rates increase with the relative velocity, and
similar to equation 6.20

3/12/1
d PrRe6.02Nu += (Eq. 6.26)

where Pr is the Prandtl number and can be calculated from

gk
Pr ν= (Eq. 6.27)

6.4 Submodels
The two preceding sections provide general descriptions of the basic
equations for the gas and liquid phase. These are fundamental
conservation laws that have to be fulfilled at all times, and even though
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their implementation may distinguish slightly between different codes
they are still conceptually the same equations. In this section, however,
we will deal with some commonly used submodels, i.e. representations
of processes or phenomena that will interfere with the conservation laws
but that are either too complex or too demanding computationally to be
expressed analytically on an appropriate scale. A variety of such models
exist, for instance for spray atomization, turbulent dispersion of droplets,
wall interaction effects, droplet collisions and coalescence. However,
what will be discussed here are mainly the breakup and combustion
models applied in the simulations within this work. Without doubts, these
are the models that have most influence on the outcome of the
simulations and, consequently, understanding of their physical
background as well as their inevitable simplifications are essential in the
evaluation of the results. In addition, the use of wall functions for the
approximation of boundary layer flows is discussed because of their
potential influence on the performance of the particle deposition model.

6.4.1 Atomization and Breakup
Commonly, atomization of diesel sprays is categorized as two separate
events, referred to as primary and secondary breakup, respectively.
Primary breakup occurs in the near nozzle region at high Weber
numbers, and depends to significant degree on disturbances imposed by
the nozzle flow, for instance from cavitation effects. Secondary breakup
occurs in the downstream region of the jet as a result of instabilities
imposed by the shear flow, and is effectively independent of nozzle
geometry. For several reasons, however, these are not distinguished by
the early breakup models. First, the region immediately at the nozzle exit
is optically dense and therefore diagnostics of spray properties in this
region is difficult, thus limiting the experimental basis for model
development and validation. Secondly, because of the simplified
description and inherited mesh dependence of the Lagrangian treatment,
it is necessary to use model constants to fit predicted spray penetration
lengths to experimental data. Not separating primary and secondary
breakup makes it possible to simplify this treatment by introducing only
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one such model constant, which consequently takes into account both
nozzle geometry effects and mesh dependence. For instance, this is the
approach of the classical Wave model69, which is the standard breakup
model used throughout this work.

The classic Wave model assumes droplet breakup occurs through
Kelvin-Helmholtz surface waves (KH). Simplistically, starting with a
droplet diameter equal to the size of the nozzle hole, i.e. blob injection,
the droplet breakup rate expressed through the change of droplet radius
with time can be written

c

stable0 dd
2
1

dt
dr

τ
−⋅−= (Eq. 6.28)

where d0 is the droplet diameter at the current timestep, dstable is the
stable diameter at the current conditions, and cτ  is the time to reach
dstable at the current conditions. For high velocities, the stable diameter is
calculated as

Λ⋅⋅= 1stable C2d (Eq. 6.29)

where C1 is an empirical constant normally with a value of 0.61 and Λ is
defined as the wavelength of the fastest growing and thus the most
probable unstable surface wave. For each timestep, this gives the rate at
which the droplet diameter decreases due to breakup. Perhaps worth
pointing out, however, is that this diameter change does not change the
mass in the liquid phase. Mass transfer between the phases is only due
to evaporation, which was discussed already in the previous section.
Thus, as implied by the notation breakup, this diameter change means
that each droplet in a specific parcel reduces in size by breaking up into
several new droplets with the diameter calculated from equation 6.28,
hence increasing the droplet number density within the parcel as
illustrated in figure 6.4.

                                                          
69 Reiz, R.D., ”Modeling Atomization Processes in High Pressure Vaporizing Sprays”, Atomization and Sprays
Technology, 3, pp.309-337, 1987.
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Figure 6.4. Regrouping of droplets within parcel due to KH breakup. Droplet sizes
are reduced and number density increased.

The wavelength of the fastest growing wave is calculated as
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where index l and g denote liquid and gas phase properties, respectively,
We is the Weber number and Re is the Reynolds number here defined as
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where ρ is density, v is velocity and σ is the droplet surface tension. In
turn, the characteristic time for breakup is calculated from
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Ω⋅Λ
⋅⋅= 02

c
dC7263.τ (Eq. 6.34)

where C2 is the model constant which can be adjusted to fit the breakup
time, i.e. liquid spray penetration length. Ω is the maximum growth rate
and is calculated from
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The wavelength of the surface waves depends on the relative velocity
and for low velocities, i.e. Λ1C > 2/d0 , Rayleigh type breakup occurs
(one time only) for which the droplet diameter is calculated from
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where 2/dr 00 = . This allows formation of a droplet larger than the
current size, hence assuming that it is formed from a liquid column and
not an individual droplet.

Although not included in the current Fire versions, it should be mentioned
that the Wave model was later extended to include also breakup from
Rayleigh-Taylor (RT) disturbances, i.e. the KH-RT model. In case a
droplet is large compared to the RT disturbance wavelength this acts as
an additional breakup mechanism on the droplet surface. The RT
wavelength is calculated from
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C
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(Eq. 6.37)
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where gt is the acceleration along the droplet trajectory and C3 is a model
constant. The corresponding RT breakup time is
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ρρ
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4
t

−−
=

(Eq. 6.38)

where C4 is a model constant. Values suggested for model constants C3

and C4 are for instance 5.33 and 1, respectively70. As the lifetime of a
droplet exceeds the RT breakup time, this immediately breaks up to
several small droplets of the size of the stable diameter, i.e. catastrophic
breakup. Schematically, this mechanism can be illustrated as shown in
figure 6.5.

Figure 6.5. Catastrophic breakup induced by Rayleigh-Taylor instabilities.

However, as will be discussed in chapter eight, the classical Wave or KH
breakup model typically results in very low vapor concentrations in the
region near the nozzle. To deal with this problem, the Fire code includes
an extension to the KH breakup model that strips off a number of small
droplets, i.e. child droplets, from the original droplet, i.e. parent droplet.
The child droplets are introduced in the domain as new parcels with all
properties inherited from the parent droplet except for their size, thus

                                                          
70 von Künsberg Sarre, C., and Tatschl, R., ”Spray Modeling/Atomization – Current Status of Breakup Models”,
Turbulent Combustion of Gases & Liquids, Two Day Seminar (IMechE), The Lawn, Lincoln, UK, December
15th-16th, 1998.

d0
dstable

t = 0 t = tτ



116

increasing the total parcel number density in the simulation. The child
droplet stripping is controlled basically by the reduction of parent droplet
mass from KH breakup and two additional model constants here denoted
as C5 and C6. The first constant here controls the number of release
locations, i.e. it expresses how much the parent droplet mass should
reduce in accordance with the KH breakup model before new parcels
confining the child droplets are released. However, since the diameter
reduction from KH breakup depends for instance on the relative velocity
between the droplet and the gas, this means that the distance between
release locations increases as the droplet travels through the domain
and looses momentum to the gas phase. The C6 constant expresses the
fraction of the mass from the KH induced droplet diameter reduction that
should be used in the production of child droplets. These are introduced
with a size of the stable diameter calculated in accordance with equation
6.29, but since this too depends on the relative velocity also the size of
the child droplets increases with the distance from the nozzle. Thus,
following a droplet trajectory, the stripping breakup extension in Fire can
be illustrated as seen in figure 6.6. This implies that the major influence
of this extension on the spray is in the near nozzle region where large
amounts of very small droplets are frequently stripped from the parent
droplets, hence reproducing a behavior similar to primary breakup from
the results of the KH model.

Figure 6.6. Characteristic behavior of the stripping breakup extension to the KH
breakup model in Fire with respect to release locations and size of child droplets.
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In conjunction with breakup models, the initial droplet size is commonly
set equal to the nozzle hole diameter as indicated in figure 6.6 above.
However, the assumptions of spherical droplets, uniform internal
properties and single component fuel, are quite crude simplifications of
reality where as shown in chapter four the spray at the nozzle exit
consists in essence of a very complex dense core structure. And
definitely, droplets existing in this region will rapidly be transformed from
anything resembling spherical shape to chaotic structures following the
small scales of turbulence. Nevertheless, by adjusting the model
constants in the breakup model, it is possible to tune the spray to
experimental data and make it behave apparently similar to a real spray
also when changing operating conditions, at least with respect to
macroscopic properties like liquid penetration length and overall
vaporization and mixing rates.

However, even though the stripping breakup extension provides some
means of separating primary and secondary breakup, it does not directly
answer what happens due to geometrical changes of the nozzle. To deal
with nozzle induced effects, however, Künsberg et al71 suggested a
separate nozzle flow model that compensates the initial droplet diameter
and velocity with respect to nozzle cavitation. Applying the notation and
index of the generalized cavitating nozzle in accordance with figure 6.7,
the effective conditions at the nozzle exit are calculated from

geo1
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ceff

u
ppuu
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ρ (Eq. 6.39)
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71 von Künsberg Sarre, C., et al, ”Modeling the Effects of Injector Nozzle Geometry on Diesel Sprays”, SAE
1999-01-0912.
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where u denotes droplet velocity, d droplet diameter, p pressure,
ρ density, and A area.

Figure 6.7. Generalized nozzle geometry with cavitating flow.

6.4.2 Combustion and Soot Formation
Before describing the combustion models applied in this work, lets
consider again the global continuity equation 6.7. For a multicomponent
mixture, however, this is actually the sum of individual transport
equations for each species. Formulating this equation for a general
component m and including a source term fm due to chemical reactions
yields
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where ρ denotes density, with index m referring to individual species
density, and D is the mass diffusion coefficient. Knowing the reaction
mechanism, the chemical source term may be expressed as
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where Mm is the molecular mass of species m, rm ,ϑ′  and rm ,ϑ ′′  are the
stoichiometric coefficients for the forward and backward reactions for an
elementary reaction r in the mechanism, respectively, and rr� is the net
reaction rate, the derivation of which was discussed in chapter four.

Now, a fundamental problem in the modeling of reacting multicomponent
flows is the calculation of the source terms for the species transport
equations. Because of the complexity of the chemical reaction
mechanism, this means solving simultaneously a large number of
coupled differential equations with individual reaction rate functions, for
which reason even the treatment of reduced chemical schemes rapidly
becomes a quite time consuming work. As will be discussed below, an
appealing solution to this problem is the fast chemistry assumption and
thus the application of combustion models where the total rate of
reaction can be represented by the mixing process. However, even
though combustion in DI diesel engines generally is characterized as
mixing controlled, there is still the process of autoignition which is a
kinetically controlled event. In addition, although the assumption of
mixing controlled combustion in general is justified for diffusion flames, it
must be remembered that the mixing process itself is on a subgrid scale
and thus in the simulation expressed through model equations.

The Eddy Dissipation Concept of Magnussen and Hjertager
As mentioned several times already, a way to simplify the reaction rate
problem is to assume that chemical reaction rates are fast compared to
the rate of mixing of fuel and oxidants. In other words the total
characteristic time for reaction is considered to be of the same order as
the mixing time, and under this assumption it is possible to determine the
reaction rates from turbulent flow parameters only. A widely spread
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model of this kind often used for simulation of combustion in DI diesel
engines is the eddy dissipation concept of Magnussen and Hjertager72.

The fundamental basis for the eddy dissipation concept is the fact that
chemical reactions occur on a molecular scale and that the consumption
of reactants hence is strongly dependent on molecular mixing, which in
most practical applications is controlled by turbulence. The turbulent
spectrum of a passive scalar such as the concentration of chemical
reactant species was discussed in chapter five and from similar
reasoning the assumption here is that the reactants are homogeneously
mixed within turbulent structures of the size of the Kolmogorov
microscale. Stating also that the simultaneous presence of three different
components is necessary for combustion, i.e. fuel, oxidants and heat,
and that the chemical reaction rate is governed by the limiting of these
components, Magnussen and Hjertager proposed an expression for the
reaction rate on the form

( ) ��
�

�
�
�

+
=

s1
YC

s
YCYC

k
r pr22O1

fu1fk
ρρρε ,,min� (Eq.6.43)

where Yfu, YO2 and Ypr are mass fractions of fuel, oxygen and products,
respectively, s is the stoichiometric oxygen requirement, ρ is the density
and C1 and C2 are model constants. Overbars denote average quantities.
k and ε are the turbulent kinetic energy and dissipation rate, respectively,
and the ratio ε/k equals 1/τe where τe expresses the eddy breakup time.

However, it can be understood from equation 6.43 that the reaction rates
will always be zero as long as there are no products (i.e. heat) in the
mixture, and no products will form if the reaction rates are zero hence the
mixture is not reacting. For this reason, usually the Shell model or
extensions of it as discussed in chapter four is used to create an initial
product concentration. Subsequently, for some specific criterion, onset of

                                                          
72 Magnussen, B.F., Hjertager, B.H., ”On Mathematical Modeling of Turbulent Combustion With Special
Emphasis on Soot Formation and Combustion”, 16th Symposium (International) on Combustion, The
Combustion Institute, pp. 719-729, 1976.
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combustion is assumed to occur and the calculation switches to the
Magnussen model. For example, this criterion may be temperature, i.e.
the heat release from the kinetic mechanism has increased the local
temperature above a specific cut-off temperature.

Because of the basic model assumption, i.e. infinitely fast chemistry,
there is no ground for an analytical approach in the calculation of
emissions. As the reactants are mixed, the fuel is simply converted to the
final products in accordance with an irreversible global reaction of the
type

OH
2
mnCOO

4
mnHC 222mn +→�
�

�
�
�

� ++ (Eq.6.44)

Thus, prediction of emissions require that their production rates can be
expressed in some alternative way, e.g. through properties of the flow. In
the Fire soot model, therefore, the processes of incipient particle
formation and surface growth are taken to be related functions of the
local fuel and nuclei concentration, respectively, with an Arrhenius type
rate expression included in the growth mass source to account for the
influence of temperature. In other words, Fire solves an additional
transport equation for soot mass fraction Sφ

( ) ( ) ( ) SS
t

SSS φφρφρφ +∇Γ⋅∇=⋅∇+
∂
∂ u (Eq.6.45)

where the source term SSφ is the net production of soot, resulting from the
balance between formation and oxidation expressed as

oxgn SSSS S ++=φ
(Eq.6.46)

where the terms on the RHS expresses soot nucleation, growth and
oxidation, respectively, modeled from known or estimable quantities.
Nucleation is modeled through
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where Cn is the maximum nucleation rate, f is the mixture fraction, fn is
the mixture fraction for maximum nucleation rate and nσ  is the fn

variance. Surface growth is assumed a function of local soot
concentration and is calculated from the Arrhenius expression
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where A is a pre-exponential factor, ( )SfF φ,  is the specific surface
growth rate expressed through the mixture fraction f and soot mass
fraction φS, and p is the pressure. Oxidation, finally, is assumed to occur
from reactions with oxygen and is modeled as a hybrid of the models of
Magnussen and Nagle and Strickland-Constable. In both cases, soot
oxidation depends on soot mass fraction and concentration of oxygen.
However, while Nagle and Strickland-Constable assumes soot oxidation
to be kinetically controlled hence invoking a strong dependence also on
temperature, the Magnussen expression instead considers oxidation as
a mixing controlled process hence governed by the turbulent mixing time.
Thus, with the hybrid model, net soot oxidation rate is calculated from the
slower and therefore limiting of these expressions.

The Characteristic Time Scale Model
The fundamental assumption in the characteristic time scale model
(CTS), originally formulated by Abraham et al73, is that the rate of change
of mass fraction of chemical species Yi can be expressed as

char

iii YY
dt
dY

τ

*−−= (Eq. 6.49)

where Yi
* is the local thermodynamic equilibrium mass fraction and charτ

is the characteristic time to reach equilibrium. Seven species are
                                                          
73 Abraham, J., et al, ”Comparisons of Computed and Measured Premixed Charge Engine Combustion”,
Combustion and Flame, No 60, pp.309-322, 1985.
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considered in the equilibrium calculation (fuel, O2, N2, CO2, CO, H2, and
H2O), all of which are assumed to have the same characteristic time
scale, consisting of a laminar (i.e. chemical) and a turbulent (i.e. mixing)
time in accordance with

turblamchar fτττ +=
(Eq. 6.50)

The laminar time scale lamτ  can be derived by equating an Arrhenius type
reaction rate expression to equation 6.49 and assuming the equilibrium
concentration of fuel equal to zero which yields

( )RTEn
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m
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A
1 /][][ −=τ (Eq. 6.51)

where values for the pre-exponential constant, exponents m and n, and
the activation energy are suggested for instance by Patterson et al74. The
turbulent time scale turbτ  is proportional to the eddy breakup time

ε
τ kCtturb = (Eq. 6.52)

where Ct is a model constant suggested by Patterson et al to have a
value of 0.142. f in equation 6.50 is a weight function on the form
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where r is a local progress variable defined as

2

222

N

HCOOHCO

Y1
YYYYr

−
+++= (Eq. 6.54)

                                                          
74 Patterson, M., et al, ”Modeling the Effects of Fuel Injection Characteristics on Diesel Engine Soot and NOx
Emissions”, SAE 940523, 1994.
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i.e. as the ratio of products mass fraction to the total mass fraction of
reactive species, thus indicating the completeness of combustion by
returning a value between 0 and 1.

6.4.3 Treatment of Wall-Near Flows
Resolving all details in a turbulent boundary layer would require a large
number of grid points, for which reason the flow behavior in this region
commonly is described by a wall function. Thus, instead of solving the
complete flow equation system, the flow is described in terms of
simplified algebraic equations.

At the wall, conditions are stationary and the velocity of the fluid equals
the velocity of the wall. In the region immediately adjacent to the wall, i.e.
the laminar or viscous sublayer, the flow properties can be approximated
to vary linearly with a dimensionless distance from the wall, y+

µ
ρ *yuy =+ (Eq. 6.55)

where

ρ
τ wu =* (Eq. 6.56)

and where ρ is the density, µ is the dynamic viscosity, y is the normal
distance from the wall, u* is the friction velocity and τw is the shear stress.
Correspondingly, a non-dimensional velocity, u+, is defined as

( )++ == yf
u
uu * (Eq. 6.57)

where u is the fluid velocity parallel to the wall. This formulation is
commonly referred to as the law of the wall. Within the laminar sublayer,
turbulent stresses are negligible in comparison to viscous stresses,
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which as mentioned above leads to the linear approximation of the
velocity profile

++ = yu (Eq. 6.58)

Sufficiently far away from the wall, turbulence effects become
increasingly significant. As turbulence gradually increases, the velocity
profile can no longer be approximated as linear. In this region, the
velocity profile is normally described by a logarithmic correlation on the
form

( ) Byu += ++ ln1
κ (Eq. 6.59)

where κ and B are constants. As seen in figure 6.8, the laminar sublayer
and the turbulent layer are separated by a buffer zone, in which the
viscous and turbulent effects are of the same order of magnitude. The
transition from laminar to turbulent flow can be defined in this region as
the intersection between the linear and logarithmic velocity correlations.
This was evaluated for instance by Schlichting75, who calculated the
transition point at y+=11.63. This intersection is illustrated in figure 6.8,
which also indicates approximate y+-values for the different regimes.
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Figure 6.8. Boundary layer regimes, 0<y+<50.
                                                          
75 Schlichting H., ”Boundary Layer Theory”, 6th edition, McGraw-Hill, 1968.
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As seen in this figure, the laminar sublayer is very thin (y+<5). The buffer
zone is defined in the approximate range 5<y+<30. The upper limit of the
turbulent layer is commonly defined around y+=40076. Thus, modeling of
the flow in a solid wall boundary layer requires evaluation of the
dimensionless distance y+. If y+<11.63, the flow is taken to be in the
viscous regime and the velocity is assumed to depend linearly on y+. On
the other hand, if y+>11.63, the logarithmic velocity correlation for the
turbulent layer is applied.

Similar to the treatment of the hydrodynamic boundary layer, evaluation
of the thermal boundary layer is based on the definition of a
dimensionless temperature T+ in accordance with

( )
w

wp

q
TTucT

�

−=+ τρ
(Eq. 6.60)

where Tw is the wall temperature, T is the local temperature in the fluid
and wq�  is the wall heat flux. The temperature profile approximation for
the viscous sublayer is

++ ⋅= yPrT (Eq. 6.61)

and for the fully turbulent region

( )PuPrT t += ++ (Eq. 6.62)

where P is a function of the turbulent and laminar Prandtl numbers, Prt

and Pr, respectively.

                                                          
76 Hoffmann K.A., Chiang S.T., ”Computational Fluid Dynamics for Engineers”, ISBN 0-9623731-8-4 , 1993.
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7 HYPOTHESIS FORMULATION

The three preceding chapters provide theoretical overviews of
some of the most relevant areas for this project. In this chapter,
some of this theory is used in the formulation of a preliminary
hypothesis and subsequently in the suggestion of a model
approach for particle deposition on the cylinder liner and hence
oilsoot growth rates in DI diesel engines. Thus, referring to the
work-flow model presented in chapter three, we have now definitely
left the first phase and moved on to the attempts of providing a
conceptual explanation to the oilsoot problem. It should be
mentioned in this context that at the time this hypothesis was set
up, the intention was only to provide a coarse draft or a start point
for the development of a predictive model, which could then be
continuously revised and improved throughout the continuation of
the work. However, even though it means preceding some of the
conclusions of this work, it should also be pointed out that this
original formulation of the hypothesis and hence the oilsoot model
despite its simplicity turned out to agree quite well with
measurements.

7.1 Preliminary Hypothesis for Soot Mass Deposition
as the Governing Oilsoot Growth Mechanism
Because of its complex nature, it is quite difficult to simplify or idealize
the in-cylinder flow during DI combustion without severe loss of
generality. In the fresh and commonly swirling air, a strong shear flow is
introduced with the injection of a liquid high-density fuel jet that vaporizes
and expands in all directions in the combustion chamber, leading to a
flow field with internal recirculation zones as well as local stagnation
points on combustion chamber walls. As can be understood from figure
7.1, this situation can not easily be compared to simple pipe flow or flat
plate stagnation flow profiles. However, because of the small particle
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size, it is fair to assume that the transport of soot particles in the
combustion chamber core (i.e. outside the boundary layer at the
chamber surface) is dominated by turbulent diffusion. The small size
allows for the particles to adjust more or less instantly to the flow field,
the fluctuating velocity of which commonly exceeds molecular diffusion
by orders of magnitude. Thus, the most interesting and critical domain is
not the core but the wall regions, where turbulence decays and
consequently other transport mechanisms become increasingly
important, i.e. Brownian diffusion, inertial impaction (turbophoresis),
electrical migration (electrophoresis) and thermophoresis.

Figure 7.1. Flow velocity vectors in plane cuts through the combustion chamber at
16° ATDC. Simulation of Scania DC1201 at 1500 rpm and 180 mg/injection.

A large number of investigations have pointed out the importance of
thermophoresis for particle deposition at cold surfaces, e.g. Batchelor
and Shen77, Eisner and Rosner78,79, Gökoglu and Rosner80 and Makel
and Kennedy81. Basically, these works indicate that thermophoresis is
                                                          
77 Batchelor, G.K., and Shen, C., ”Thermophoretic Deposition of Particles in Gas Flowing Over Cold Surfaces”,
Journal of Colloid and Interface Science, Vol. 107, No 1, 1985.
78 Eisner, A.D., and Rosner, D.E., ”Experimental and Theoretical Studies of Submicron Particle Thermophoresis
in Combustion Gases”, Physical Chemistry Hydrodynamics, Vol. 7, No 2/3, pp.91-100, 1986.
79 Eisner, A.D., and Rosner, D.E., ”Experimental Studies of Soot Particle Thermophoresis in Nonisothermal
Combustion Gases Using Thermocouple Response Techniques”, Combustion and Flame, No 61, pp.153-166,
1985.
80 Gökoglu, S.A., and Rosner, D.E., ”Thermophoretically Augmented Mass Transfer Rates to Solid Walls Across
Laminar Boundary Layers”, AIAA Journal, Vol. 24, No. 1, 1986.
81 Makel, D.B., and Kennedy, I.M., ”Soot Deposition on Combustion Chamber Surfaces”, 28th Aerospace
Sciences Meeting, January 8-11, Reno, Nevada, 1990.
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controlling the deposition of particles under nonisothermal conditions in
the diameter range of 0.01 to 1 microns. Of special interest here,
however, are the investigations of Kittelson et al82 and Suhre and
Foster66 because these deal with DI diesel engines in particular. Both
these investigations conclude that thermophoresis is the dominating
mechanism behind particle deposition on combustion chamber surfaces,
and Kittleson et al mentions specifically the possibility of this as a source
of soot mediated oil thickening.

Based on the facts presented in this thesis, the major factors controlling
oilsoot growth rates in DI diesel engines are assumed to be

1. The appearance of soot (mass) in the outer regions
of the combustion chamber, which controls the mass
of soot entering the boundary layer at the liner and
hence how much soot is available for deposition.

2. Thermophoresis, which is identified in the
references listed above in this chapter as the
dominating transport mechanism within the viscous
sublayer and hence determines the rate of particle
deposition on the liner.

3. Topland geometry, mainly with respect to topland
height, which influences the fraction of oil and hence
deposited soot that will be scraped down to the
crank case.

In addition, it is assumed that particle transport with blowby can be
neglected and thus that oil scraping can be considered as the only
significant mechanism for transport of particles from the combustion
chamber to the crank case.

                                                          
82 Kittleson, D.B., et al, ”Particle Emissions from Diesel Engines: Influence of In-Cylinder Surface”, SAE
900645, 1990.
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7.2 Assumptions and Modeling Aspects
Despite the relatively simple formulation above, several physical and
numerical considerations must be taken into account in order to express
the problem in mathematical terms. The intention is to let the CFD
simulations predict the distribution of soot and hence the existence of
soot at the liner, and then evaluate the thermophoretic effects in order to
determine the fraction of soot that will be deposited in the oil film and
hence contaminate the lubricant. Thus, the key here is the calculation of
particle deposition, the knowledge of which allows for calculation of
oilsoot concentrations. Assuming thermophoresis as the dominant
transport mechanism hence neglecting all other possible sources, the
following discussion focus on assumptions and modeling aspects of a
thermophoretic particle deposition model.

Following this approach, it is suggested that the evaluation of particle
deposition due to thermophoresis be based on the fitting formula derived
by Talbot67, which was discussed shortly in chapter five but is repeated
here for convenience. Thus, the thermophoretic velocity, UT, can be
calculated from
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(Eq. 7.1)

where ν is the kinematic viscosity of the gas, kg and kp are the thermal
conductivity of the gas and the particle, respectively, Kn is the Knudsen
number which was defined in chapter five as the ratio of the mean free
path of the gas to particle radius and T is the temperature of the gas. Ct,
Cm and Cs are constants that can be obtained from kinetic theory. The
values suggested by Talbot for these constants are 2.18, 1.14 and 1.17,
respectively. The term



131

�
�
�

�
�
�
�

�
++

−
Kn
C

BeAKn1 (Eq. 7.2)

in the equation above is recognized from chapter five as the
Cunningham slip correction for which Talbot suggests the constants A, B
and C be given values of 1.20, 0.41 and 0.88, respectively.

The influence of Knudsen number and thermal conductivity ratio on the
thermophoretic velocity is illustrated in figure 7.2, where the expression
of Talbot is evaluated for ranges of values of Kn and kg/kp.
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Figure 7.2. Influence of Kn (left) and kg/kp (right) on thermophoretic velocity.

According to Kittelson et al82, the thermal conductivity ratio in the
evaluation of thermophoretic velocity in diesel engines is of the order
kg/kp=0.02. This ratio must of course depend on temperature since
thermal conductivity by nature is a function of temperature, but no data
regarding this has been found in the literature. As seen in figure 7.2,
however, the influence of kg/kp on the thermophoretic velocity is almost
linear, and therefore an error in thermophoretic velocity due to an
inaccurate value of the thermal conductivity ratio can be compensated
for instance by a linear model constant. Considering the obvious lack of
experimental validation for the value of kg/kp, an even simpler approach
would be to treat the thermal conductivity ratio itself as a model constant.
Knudsen number, on the other hand, has strong influence on the
thermophoretic velocity up to Kn≈0.3, whereas the influence of Knudsen
numbers of order unity is negligible. An estimation of the order of Kn for
this specific engineering problem can be made by combining flow data
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from CFD calculations with experimental data on particle size. The mean
free path can be calculated from

RT8
2 π
ρ
µλ = (Eq. 7.3)

where µ is the dynamic viscosity, ρ is the density, R is the universal gas
constant and T is the temperature. The flow data needed to calculate this
expression is available from CFD simulations. In addition, as discussed
in chapter 2, experimental data on particle size distribution for oilsoot is
presented for instance by Changsoo et al6, who reported an average
oilsoot particle diameter of roughly 100 nm. By assuming this as the
average diameter of the particles also as they pass through the boundary
layer, it is possible to make a rough estimation of Kn from its definition

r
Kn λ= (Eq. 7.4)

where r is the particle radius. Thus, performing this calculation with flow
data from CFD simulations and a constant particle diameter of 100 nm
yields a variation of Knudsen number with crank angle as shown in figure
7.3. The flow data used in this calculation represents average values for
a large number of cells in the cell layer adjacent to the liner and originate
from the simulation described in section 8.1. Considering the values of
Kn in the figure below, it is not likely to have significant influence on the
thermophoretic velocity in the crank angle range of soot formation and
particle deposition on the liner. It must be mentioned, however, that the
variation of Knudsen number with crank angle seen in figure 7.3 does not
agree well with the corresponding curve calculated by Kittelson et al82,
even though Kittelson also concluded that the influence of Knudsen
number on thermophoretic velocity can be neglected for diesel engine
conditions. The reason for the discrepancy is believed to be that the
results of Kittelson were obtained from spatial averaged experimental
data and, in addition, the calculation of Kn was based on a larger particle
diameter (1 µm).
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Figure 7.3. Variation of Kn with crank angle, based on a particle diameter of 100 µm
and flow data from CFD simulations. Flow data evaluated for the cell layer adjacent
to the cylinder liner.

This leaves viscosity, temperature and the temperature gradient as the
only significant factors in the calculation of thermophoretic velocity.
Applying Kittelson’s formulation of a thermophoretic constant, Kt, this can
be written as

T
T

KU tT ∇= 1ν (Eq. 7.5)

This formulation has the advantages of both being easy to implement in
the CFD code and providing the possibility of tuning the results to
measurements by means of a user defined value of Kt, which since it
confines the influence of both Knudsen number and thermal conductivity
ratio hence is the only necessary model constant or calibration
coefficient.

For a particle entering the viscous sublayer, the thermophoretic velocity
can be used to determine a characteristic deposition time, τdep, i.e. the
time it takes for the particle to travel through the viscous sublayer to the
liner. If it is assumed that no reentrainment occurs before exhaust valve
opening, that the particle distribution within the studied domain is
continuous and that the particles only have radial velocity, the fraction of
particles that will reach the liner within a specific timestep ∆t is
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proportional to ∆t/τdep. For a sequence of timesteps, the deposition of
particles within the domain may be treated as suggested below. In this
scheme, no soot is assumed within the domain prior to the timestep t1.
Moreover, mdep is the mass deposition of soot, mstored is the mass of soot
stored in a cell adjacent to the liner and min is the mass entering a cell at
the liner.
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In other words, the deposition of soot at each timestep can be expressed
as

�
=

=
��
�

�
��
�

� ∆=
Nn

1n dep
storeddep

tmm
δ

τ
(Eq. 7.6)

where n are the boundary cells at the liner and
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(Eq. 7.7)

Thus, the total mass of soot deposited before exhaust valve opening can
be calculated as the sum of the deposited masses for each time step
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where tEVO is the time of exhaust valve opening and a suitable definition
of t0 is the time of start of injection.

The assumption of thermophoresis as the dominating transport
mechanism and thus the evaluation of τdep can only be justified in the thin
viscous sublayer and, strictly, both the flow properties and soot
concentrations used in the calculation of particle deposition are on a
subgrid scale. Considering, however, that a CFD simulation is at best
able to provide trends of the local in-cylinder soot distribution hence not
absolute values, an extension of this region for the evaluation of the soot
feed confining the whole last cell layer at the liner should not be critical.
Any error in soot concentration introduced by the CFD prediction should
anyway be compensated for by the calibration coefficient in the particle
deposition model. In addition, to consider the influence of topland height
when using the results from the deposition model to calculate the oilsoot
growth rates, the upper limit of the domain should be at some distance
from the cylinder head corresponding to the topland height as shown in
figure 7.4.

Topland
height

Studied
domain

Soot Mass Fraction

0 0,0012 0,0024 0,0036

Figure 7.4. Domain for evaluation of soot concentration at the liner.
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For the reason of simplicity, however, it is appealing to use grid
properties also for the evaluation of τdep. It is certainly possible through
the definition of the wall function to recalculate these properties to the
appropriate distance from the liner, but the question is whether this is
necessary considering that at reasonable y+ values in the cell layer
adjacent to the liner the difference in temperature gradient and hence
thermophoretic velocity would be extremely small. It is therefore
suggested that the evaluation of τdep at least in the first implementation be
made with respect to cell properties. In addition, for the reason of
simplicity, the thermophoretic constant Kt confining the effects of both Kn
and kg/kp is used as the only calibration coefficient.

Finally, due to the oil film it should be valid to apply a “sticky-condition” to
the liner, i.e. it is assumed that no reentrainment occurs once the
particles are deposited. In other words, all particles that are deposited in
the oil film on the liner are assumed to be scraped down to the crank
case by the piston rings and hence contribute to oilsoot growth.
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8 DEVELOPMENT OF RESEARCH TOOLS

The model approach suggested in chapter seven requires that the
instantaneous mass of soot transported to the boundary layer at
the cylinder liner is known and, as described earlier, the intention is
to use a CFD code in the prediction of this feed. However, from the
discussion about the current status of multidimensional combustion
modeling in chapter six it is obvious that spatial and temporal
prediction of in-cylinder soot distribution is associated with a
number of uncertainties due to the many simplifications and
assumptions that are introduced with the models involved. The
essence of this chapter therefore deals with different aspects of
validation and tuning of these models. The start point in here is an
evaluation of the FIRE soot model by comparison of simulation
results to direct photography studies and two color calculations in
an optically accessible single cylinder research engine. Based on
these experiences, a reference case simulation is set up and
validated for realistic operating conditions in the Scania 12-liter
production engine. The specific output from the thermophoretic
deposition model are presented and the thermophoretic model
constant Kt is adjusted to fit predicted and measured oilsoot
concentrations for the reference case. The last section is a general
discussion about spray and flame development with the spray and
combustion models presented earlier in this work, of course with
the key issue being how this compares to the situation in a running
engine. Some fundamental differences are identified and different
approaches to improve the results are suggested. Even though it
must be admitted that most of these fail completely in improving
basically anything in the simulations, they do provide insights into
the functions of the models and thus helps identifying some of their
limitations. However, this work also resulted in a modest
improvement by taking into account the effect of flame extinction
due to high turbulence intensity in the near nozzle region.
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8.1 Evaluation of FIRE Soot Predictions - Comparison
to Direct Photography Studies
As implied, the main objective here is to evaluate the spatial agreement
between soot predictions with the standard Fire code and local
instantaneous soot distributions in a running engine, the latter detected
with flame luminosity imaging and two-color calculations. This evaluation
is described in detail by Dahlén and Larsson83, the paper of which is
invoked in the appendix of this thesis for convenience.

8.1.1 Background
Normally, the easiest available and most often also the only data by
which multidimensional combustion simulations can be validated are
crank angle resolved spatial averaged data like cylinder pressure and
calculated rate of heat release. This gives important insights to the
agreement between the model and reality with respect to the overall
combustion progress, but it does not reveal any information about the
local conditions inside the combustion chamber. Considering for instance
in-cylinder soot distribution, accurate predictions of local conditions are
essential. Among the most important tasks in this kind of calculation is
the correct prediction of local instantaneous fuel distribution, which is not
easily validated. Consequently, the success of engine combustion
simulations still requires a close cooperation between CFD engineers
and experimentalists. At least partly, this is because the fuel spray
predictions provided by the current spray models are very sensitive to
model resolution, initial and boundary conditions and finally the tuning of
the models. However, neither the cylinder pressure nor other spatial
averaged data that can be obtained from a standard test bed reveals
anything about local combustion properties or in-cylinder soot
distribution. Such observations require the use of optical visualization
techniques. In the work described in this section, the extensive direct
photography study of Larsson48 is used to fit and validate the CFD
simulations. In addition to the visualization of the flame and soot

                                                          
83 Dahlén, L. and Larsson, A., ”CFD Studies of Combustion and In-Cylinder Soot Trends in a DI Diesel Engine
– Comparison to Direct Photography Studies”, SAE 2000-01-1889, 2000.
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distribution, the study of Larsson also provides important information
about the instantaneous liquid spray penetration. This gives an
opportunity to validate and adjust the spray data in the model by fitting
the simulated liquid spray penetration to data from a running engine.
Obtaining a realistic liquid penetration length does not automatically
mean that the even more interesting local fuel vapor distribution agrees
with the conditions in the real engine, but it definitely couples the model
to reality in a clear physical way. Thus, by evaluating the model not only
by means of cylinder pressure and heat release but also by the actual
liquid spray penetration from the running engine, the simulation model
developed here is expected to give a realistic reflection of the physical
events in the combustion chamber.

The CFD simulation here is first evaluated for a reference case that
corresponds to the operating conditions at 1400 rpm and 40 % load.
Comparison of measured and simulated cylinder pressure data analysis
gives a first impression about the overall combustion progress. Liquid
spray penetration as predicted by the CFD code is compared to the
spray penetration length extracted from direct photography images.
Fitting the simulated liquid penetration length to visualization data gives a
close but relatively simple physical coupling between the model results
and the conditions in the running engine. Moreover, as the diffusion
flame develops, a decrease in liquid penetration length has been
observed in the optical studies. This decrease is also evident in the
simulation. As can be understood from the description in chapter six,
tuning of the FIRE soot model is made by adjusting model constants for
soot formation and soot oxidation, respectively. Once the soot model is
properly tuned for the reference case, new calculations are performed for
other conditions to verify that the simulation trends agree with
measurements and visualization data.

8.1.2 Experimental Setup
The optical study of Larsson was made in a single cylinder research
engine, based on the Scania 14-liter V8 engine. As seen in figure 8.1, an
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endoscope and an optical fiber light guide are installed in the combustion
chamber. The endoscope is connected to a gated single chip CCD
camera, and the light guide is connected to a flash unit that is used to
illuminate the spray prior to combustion. With this equipment, Larsson
recorded approximately 23000 images of spray development and
combustion in the test engine. Individual spray and flame data such as
liquid penetration, diffusion flame lift-off and flame length was then
obtained by separating the information in the different color bands. In
addition, temperature and soot distributions were derived with the two-
color method using the software Thermovision from AVL List GmbH.

Figure 8.1. Optical access test engine, modified single cylinder version of the Scania
14 liter V8 engine. (From Larsson48).

Larsson used a specially designed four-hole nozzle to obtain a clear view
of a single diesel spray and flame. As indicated in figure 8.1, the nozzle
holes are unequally distributed around the injector. The spray observed
by the optics is injected in one direction and the three other sprays are
injected on the other side of the combustion chamber. To verify the
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function of this configuration, Larsson made comparative tests of exhaust
gas emissions and engine characteristics with the four-hole nozzle and
the original eight-hole nozzle. During these tests, the engine was run at a
constant fuel flow rate per nozzle hole. Although this comparison showed
a clear difference between the two configurations in terms of absolute
values, the trends were similar for both cases. Therefore, Larsson
concluded that the observations with the four-hole nozzle should be
representative also for one single fuel spray and flame in a production
engine with an eight-hole nozzle.

8.1.3 Simulation Model and Reference Case Operating Conditions
Simulations are made in a simplified “cake” geometry confining one
single fuel spray assumed to correspond to the fuel spray in front of the
endoscope. A detailed description of the model may be found in the
original paper.

The operating conditions for which the comparisons between simulations
and optical data are made is listed in table 8.1.

Engine speed 1400 rpm
Total mass of fuel injected 40.4 mg
Approximate mass of fuel per hole 10.1 mg
BMEP 0.80 MPa
Inlet air temperature 26.0°C
Inlet air pressure 141 kPa
Start of injection -9° ATDC
Injection duration 13 CAD

Table 8.1. Operating conditions for optical study reference case.

8.1.4 Method of Comparison Between Simulations and Images
It must be pointed out that even though a lot of information can be
obtained from the images and the two-color calculations, the best way to
compare them to simulations is not obvious. Even though they certainly



142

not are trivial to obtain, the original direct photography images are simply
ordinary photographs, which do not reveal any information about local
temperatures or soot distributions. Such information is obtained with the
two-color method, where the temperature and soot distributions are
calculated from the detected flame radiation intensity. This, in turn,
mainly originates from burning of soot particles as they pass through the
diffusion flame reaction zone.

The most obvious problem in the comparison is the fact that the optics
overview the spray and flame from some distance, whereas the
simulation results can not be plotted in the corresponding way directly.
The simulation results must be projected on to a surface, such as a
plane cut or an isosurface. One of the difficulties with the comparison is
to find a projection surface that as much as possible reflects what can be
seen in the optical study. In addition, the information detected by the
optics comes from all over the spray and flame, but like any ordinary
photo the flame luminosity images and the two-color calculations are
only two-dimensional representations of this information. This means that
one spatial coordinate is lost in the images, for which reason the exact
depth at which the information was obtained is unknown. This also
means that what can be observed are mainly events that occur on the
side of the flame that is facing the endoscope, whereas the other side of
the flame essentially is hidden. However, since radiation intensity
theoretically depends on the temperature to the power of four, the two-
color representations should be dominated mainly by the regions
exposed to the highest temperatures, even though a lot of radiation
certainly will be absorbed in the flame region. Furthermore, as discussed
in chapter four, the maximum combustion temperature appears at
stoichiometric conditions and decreases as the mixture composition is
enriched or leaned out. It may therefore be assumed that most of the
radiation and hence the temperature as well as the soot distributions
seen in the two-color calculations mainly emanates from this region.
Thus, the comparison between simulation and two-color calculations
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should be valid if the simulated temperature and soot distributions are
plotted on a stoichiometric isosurface on the vaporized fuel cloud.

8.1.5. Evaluation of Simulation Results
Figure 8.2 shows comparisons between simulations, flame luminosity
images and two-color calculations of temperature and soot distribution.
As seen in this figure, the spatial trends of temperature and soot
distribution indicated by the simulation are in reasonable agreement with
the trends seen in the two-color calculations. In addition, from the most
left image pair it is understood that a valid comparison between the
simulation and the original flame luminosity image simply is not possible.
While the base image here is the side view of the flame seen from the
endoscope, the simulated image shows the temperature distribution on a
plane cut through the center of the fuel spray. Figure 8.2 shows the
conditions inside the combustion chamber at 10° ATDC for 40 % load.
The general agreement between two-color calculations and simulated
temperature distribution on the stoichiometric isosurface is relatively
good, even though the predicted temperatures before TDC were
somewhat too low.

Figure 8.2. Direct photography image, two-color calculations and simulation results
at 10° ATDC. Left: Comparison of direct photography base image and simulated
temperature on a cut along the spray axis (side view). Middle: Comparison of two-
color calculation of temperature and simulated temperature distribution on
stoichiometric isosurface. Right: Comparison of two-color calculation of soot and
simulated soot distribution on stoichiometric isosurface. Simulation results presented
in the bottom row.
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Using this projection surface, surprisingly good agreement is also
obtained for diffusion flame onset. As seen in figure 8.3, the first
significant increase in temperature on the stoichiometric isosurface
appears at approximately the same angle and location as the first
luminous flame in the optical study.

Figure 8.3. Comparison between direct photography image (side view) and a top
view of simulated temperature distribution on stoichiometric isosurface at -5° ATDC.

During the initial part of injection, as seen in figure 8.4, the simulated
liquid fuel penetration length agrees well with the penetration extracted
from the direct photography images. At around -7° ATDC the simulated
penetration curve breaks off from the measured data and increases at a
slower rate until it drops due to the increased evaporation as the
diffusion flame develops. The maximum penetration length of
approximately 23 mm occurs just before this drop at around -4° ATDC,
which correlates well with the data of Larsson. The decrease in average
liquid penetration at this time is quite clear and falls in the range
suggested for instance by Dec47 and Winklhofer49. An explanation to the
difference between simulated and measured penetration length after
diffusion flame onset is that a portion of spray in the optical study is
hidden behind the flame, and hence it cannot be seen by the endoscope.
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Figure 8.4. Simulated and measured initial liquid spray penetration.

The rates of heat release calculated from measured and simulated
pressure data are also in good agreement, especially during the
premixed peak where the two curves are almost identical.

Figure 8.5. Left: Comparison of measured and simulated cylinder pressures. Right:
Heat release rates calculated from measured and simulated pressure curves.

As can be seen in the original paper83, the good agreement between
simulation and measurements also applies for other conditions. Trends
of ignition delay, cylinder pressure, heat release and liquid penetration
are well captured as initial or boundary conditions are changed. Thus,
the simulation is considered to reflect the situation in the running engine
quite well.

TDC
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Beside the positive indications that the spatial soot trends obtained with
the standard Fire code actually are in quite good agreement with optical
data, this investigation also concludes that the direct photography
technique – even though it is relatively simple compared to laser
diagnostics – can provide CFD engineers with a lot of valuable
information. The method of comparison between simulations and two-
color calculations was developed from theoretical reasoning about the
radiation of burning soot particles in diffusion flames and the nature of
the two-color method. Although this reasoning in many respects is
fundamental, no corresponding comparison was found elsewhere in
literature prior to the submission of the paper described here. Recently,
however, similar approaches have been reported also in other
investigations, e.g. Bauer84.

8.2 Tuning the Thermophoretic Deposition Model
With the indication that the soot distribution as predicted with the
standard Fire code is in quite good agreement with the optical data in the
single cylinder Scania D14 engine, the next logical step is to implement
the thermophoretic deposition model in Fire and compare calculated
oilsoot concentrations to measurements. For several reasons, however,
the single cylinder test engine with optical access used in the
comparison described in the previous section is not suitable for this work.
One consideration for instance is the limitation in engine load, which
means relatively low soot mass production and hence slow oilsoot
growth rates. Also of importance is the fact that the spray pattern is
asymmetric and hence the entire combustion chamber and injector with
all modifications would have to be modeled. In other words, it would not
be possible to use a simplified cake geometry and thus calculation times
would increase severely. It was decided therefore that the evaluation of
oilsoot trends instead be made in a Scania 12-liter standard production
engine. This section describes the setup and validation of a reference
                                                          
84 Bauer, W., ”Simulation of Common Rail Diesel Injection for MAN D28 Engine”, AST User Meeting, Graz,
Austria, 2001
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case simulation for the Scania 12-liter engine, as well as the tuning of the
particle deposition model by adjusting the model constant Kt to fit
predicted oilsoot concentrations to measurements.

8.2.1 Reference Case Operating Conditions and Simulation Setup
for the Scania DSC1201 Engine
The choice of operating conditions for the reference case was largely
due to the available optical data from the D12 engine, which
unfortunately at this point is quite limited but indeed necessary to
validate the simulations. The only available optical data is due to
Sjöberg85, and originates from the DCS1201 engine with an in-line pump
fuel injection system. For this reason, the DSC1201 engine was chosen
for the initial tests and tuning of the thermophoretic particle deposition
model. However, already here it should be pointed out that the model
constants for the spray, combustion and soot models are given the same
values successfully applied in the simulation of the single cylinder Scania
D14 engine described in section 8.1. The comparison to optical data
here is mainly to validate flame location and hence minimize the error in
the predicted soot feed to the liner due to erroneous splitting of the flame
between the piston bowl and the squish region. As will be seen in the
parameter studies in chapter nine, flame location and the interaction with
the bowl rim has significant impact on oilsoot growth rates.

Operating Conditions
As mentioned, the engine chosen for the tuning of the particle deposition
model and hence the prediction of oilsoot growth rate is the Scania 12-
liter production engine with an in-line pump fuel injection system. The
operating conditions for the reference case are listed in table 8.2.

                                                          
85 Sjöberg, M., ”The Rotating Injector as a Tool for Exploring DI Diesel Combustion and Emissions Formation
Processes”, Doctoral Thesis, Department of Machine Design, Royal Institute of Technology, Stockholm, 2001.
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Engine speed 1500 rpm
Total mass of fuel injected 165 mg*

Inlet air temperature 50 °C
Inlet air pressure 2.37 bar
Start of injection -6° ATDC
Injection duration 29 CAD

Table 8.2. Operating conditions for reference simulation of Scania DSC1201 engine.

Computational Mesh
The standard injector in the DCS1201 comprises eight nozzle holes, for
which reason the computational mesh only covers a 45° segment of the
combustion chamber as shown in figure 8.6. Six different geometries and
three different topologies are used to describe the domain over the crank
angle interval from inlet valve closure to exhaust valve opening. The
maximum and minimum number of cells is 86000 and 52000,
respectively, and the equivalent average cell size at TDC is 0,3 mm3.

Figure 8.6. Computational mesh, Scania DSC1201.

                                                          
* In the original paper (for convenience invoked in this thesis as Appendix B), the injected fuel amount is
erroneously reported to be 185 mg.
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Boundary Conditions
Initial and boundary data are listed in table 8.3. The in-cylinder density is
calculated from air flow measurements. The swirl level was determined
with an impulse swirl meter and is initialized as a solid body rotation at
the start of the calculation. Surface temperatures are estimated from
experimental experiences of Mattsson86 and Dahlén87.

Gas pressure at IVC 2.52 bar
Initial in-cylinder density 2.47 kg/m3

Swirl level 1.7
Cylinder liner temperature 423 K
Cylinder head temperature 523 K
Piston temperature 523 K
Injected fuel mass (one spray) 20.6 mg
Nozzle hole diameter 0.208 mm

Table 8.3. Initial and boundary conditions for reference case, Scania DSC1201.

Rate of injection was calculated from measured pressure data with an in-
house computer program.
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Figure 8.7. Left: Measured crank angle data, Scania DSC1201, 1500 rpm, 165mg.
Right: Normalized rate of injection calculated from pressure data. Red curve indicates
values used in simulation.

The spray cone angle was modified to compensate for the increase both
in injection pressure and ambient gas pressure compared to the case in

                                                          
86 Mattsson, C., ”Combustion Chamber Surfaces in Internal Combustion Engines”, Licentiate Thesis, TRITA-
MMK 1996:1, Royal Institute of Technology, Sweden, 1996.
87 Dahlen, L., ”Experiences From Piston Temperature Measurements with FM Telemetry Supported
Thermocouples”, MFM Internal Report No. 106, Royal Institute of Technology, Sweden, 1997.
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the D14 engine. However, the optical data of Sjöberg85 only show natural
flame luminosity and is therefore of no value here. Instead the cone
angle was estimated to 10 degrees, which falls in the approximate range
of the value calculated from the empirical formula suggested by
Hiroyasu88.

8.2.2 Validation of Reference Case Simulation
Figure 8.8 shows the simulated and measured pressure curves for the
reference case. The measured curve represents an average over 100
cycles. As seen in this figure, the initial pressure rise following ignition
appears somewhat later in the simulation, but in general the simulated
curve agrees well with the measurement.

Figure 8.8. Simulated and measured cylinder pressure curves, reference case.

As mentioned several times already in this section, the existing optical
data from the Scania D12 engine is not nearly as extensive as for the
D14 engine. Nevertheless, because of the strong influence of local
conditions on oilsoot growth, it is of great importance that the simulation
is ensured to provide reasonable predictions not only on averaged data
like cylinder pressure but also on instantaneous spray and flame

                                                          
88 Hiroyasu, H., ”Experimental and Theoretical Studies of the Structure of Fuel Sprays in Diesel Engines”,
Keynote Lecture, ICLASS-91, Gaithersburg, MD, USA, 1991.
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penetration. Therefore, the reference case operating conditions were
chosen similar to the conditions in the experimental analysis of Sjöberg85.
These images were obtained by replacing one of the exhaust valves in
the D12 engine with a quartz glass window hence picturing the area
around the piston bowl rim just underneath the valve. Initial spray and
flame events are not captured with this design, but as seen in figure 8.9
these images show very well the interaction between the flame and the
piston bowl rim. Thus it is possible to validate flame location in the
simulation with respect to the time the flame hits the rim and,
consequently, the splitting of the flame between the squish region and
the piston bowl. The luminosity image in figure 8.9 shows the flame at 6°
ATDC. As also seen in this figure, the temperature field indicating the
flame in the simulation reaches the bowl rim approximately at the same
time as the flame in the luminosity images first is visible in the squish
region.

Figure 8.9 Left: Predicted temperature field, reference case simulation at 6° ATDC.
Right: Flame luminosity image at 6° ATDC. The temperature scale in the simulation
(blue-green-yellow-red) ranges from 800 K to 2800 K. The flame in the simulation
reaches the piston bowl rim approximately the same time as the first luminous flame
is seen in the squish region. (Courtesy of Magnus Sjöberg).

Both the pressure data and the comparison to flame luminosity images
indicate that the simulation reflects the situation in the running engine
quite well. An unsolved problem, however, is the quantitative validation
of in-cylinder soot production. This should be mentioned since the mass
deposition of soot in the oil film depends on the mass of soot available in
the region adjacent to the liner and hence on the absolute values of soot
mass fractions predicted by the soot model. However, by fitting the
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model constant for the particle deposition model, this type of error can
easily be compensated and the most important requirement on the soot
prediction is therefore not the prediction of absolute values but the ability
to follow trends at different parameter changes. Therefore, in the
comparison between predicted and measured oilsoot trends, the general
in-cylinder soot trend when changing operating conditions is of
considerable importance whereas the predicted absolute value is not.

8.2.3 Fitting Oilsoot Predictions to Measurements by Adjusting the
Model Constant Kt in the Thermophoretic Particle Deposition Model
The particle deposition model calculates both the instantaneous and
accumulated deposition of particles on the liner, and the results are best
visualized as shown in figure 8.10. The two graphs on the left show
spatial averaged and instantaneous mass deposition over time,
respectively, and to the right is a postprocessor plot of the accumulated
soot mass on the liner showing the location of deposition at 50° ATDC.

Figure 8.10. Examples of results from the thermophoretic deposition model. Top left:
Accumulated soot mass deposition on liner surface. Bottom left: Instantaneous soot
mass deposition. Right: Postprocessor image showing local accumulated mass
deposition on the liner and soot mass fraction in a plane cut through the chamber.
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Since the predicted soot mass deposition on the liner is assumed
completely scraped down to the crank case without any reentrainment to
the gas, the concentration of soot in the engine lubricant can easily be
calculated for a known oil volume and density. By comparing the
calculated oilsoot concentration to the soot concentration in used engine
oil as determined by infrared absorption measurements (DIN 51452), the
thermophoretic constant Kt can be adjusted to fit simulated results to
measurements. Based on the measurements for the reference case, the
thermophoretic constant here was determined to 0.22. It should be
pointed out, however, that because the evaluation is made for the whole
last cell layer and not strictly the viscous sublayer this constant has lost
the essence of its physical meaning and should simply be regarded a
model constant that can be used to calibrate the model with respect to
measurements.

As suggested in chapter seven, cell properties were used both for the
soot feed into the boundary layer and for the evaluation of
thermophoretic velocity. Thus, the outcome of the model is sensitive to
the size of the last cell layer, but at least for moderate y+ values this
should not be a major problem because the influence on the temperature
gradient is not yet that pronounced. In addition, the obvious
overprediction of soot concentrations available for deposition resulting
from this treatment may be compensated for through the model constant
Kt. This is supported by the data presented in figure 8.11, which
compares deposition rates for three different cases.



154

 
Figure 8.11. Accumulated soot mass deposition with different cell layer thickness at
the liner and different values of the thermophoretic model constant.    

Case one is the reference case that was described in 8.2.2. Case two is
the exact same calculation but with twice the thickness of the last cell
layer, whereas case three is the same as case two but with the model
constant Kt adjusted by a factor of 0.85. Despite the difference in cell
size, the reference case and case three are more or less identical and
the conclusion therefore is that the simplified calculation of
thermophoretic velocity and hence soot mass deposition is valid.

8.3 A General Discussion About Simulation of DI
Diesel Combustion
It has been mentioned several times in this work that the descriptions of
spray and combustion applied here are strong simplifications of the real
physical processes. Nevertheless, in the cases presented earlier in this
chapter they have proven to correlate relatively well with in-cylinder
diagnostics, thus fulfilling their purpose of reproducing an apparent
physical behavior although not being analytical descriptions in all
respects. However, it is the nature of any model to have limitations, and
the identification and understanding of these limitations is essential in the
application of these models in practical combustion simulation. This will
be the focus of this section, and if not stated otherwise the experiences
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reported here refer to the standard implementations in the Fire code,
versions 7.1 to 7.3.

8.3.1 Fuel Distribution and Flame Development With the KH
Breakup Model
Earlier in this work, local fuel distribution has been emphasized as the
most important issue for combustion simulations, since it determines
where, when and under what conditions combustion will occur. Some
means of validating local fuel distribution were discussed in section 8.1,
where measured liquid penetration length was successfully used in the
tuning of spray model constants. However, studying in detail the
predictions of fuel vapor distribution it is obvious that there are
simplifications or even inaccuracies introduced with some of the models.
For instance, figure 8.12 shows sequences of simulated images of spray
development in the Scania DSC1201 engine applying the KH breakup
model. The droplet representation of the spray in the top row apparently
resembles a liquid spray as we would expect it in a running diesel
engine, with the liquid penetration increasing to approximately 20 mm
until the onset of combustion. No experimental data on vapor production
is available for this specific engine, but looking for instance at the
conceptual model of Winklhofer46 shown in figure 4.19 it is clear that the
spray induced turbulent shear flow will produce a gradually leaned out
region of vapor around a dense fuel rich core. However, the two middle
sequences in figure 8.12 showing vapor mass fraction and equivalence
ratio, respectively, indicates a large vapor production only in the leading
edge of the spray.
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Figure 8.12. Spray development, vapor distribution, local equivalence ratio and flame
development with KH breakup model and Magnussen combustion model. Wave
model constants C1 and C2 set to 0.61 and 15, respectively.

However, this is precisely what should be expected from the KH breakup
model. As discussed in chapter six, breakup is controlled in the KH
model by the value of the model constant C2 in equation 6.34, which in
fact is a scaling factor for the characteristic breakup time. Immediately as
the droplets are introduced into the combustion chamber their
temperature start to increase due to the heat transfer from the gas, but
not until droplet diameters are significantly reduced in size due to
breakup this will result in a large vapor production. Figure 8.13 follows
the change of properties within a parcel that was introduced the first
timestep of injection in the reference simulation of the DSC1201 engine.
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Figure 8.13. Tracking of parcel properties. Top left: Parcel droplet diameter. Top
right: Parcel droplet velocity in radial combustion chamber direction. Middle left:
Characteristic breakup time. Middle right: Parcel droplet temperature. Bottom left:
Mass of vapor evolved in the domain (from whole spray). Bottom right: Characteristic
number of droplets within parcel.

As seen in this figure, vapor production is negligible until approximately
2.5 CAD after SOI. At this time the studied parcel has reached some ten
millimeters in the radial direction of the combustion chamber and droplet
diameters are reduced from initially around 200 to approximately 50 mµ .
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Consequently, vapor concentrations are very low in the upstream region
of the spray, effectively preventing combustion in this region. Thus, the
simulated flame is lifted from the nozzle showing a behavior that easily
may be misinterpreted as flame lift-off. Flame lift-off, however, is due to
extinction caused by high strain rates in the jet and not because of lack
of vapor and, consequently, relevant flame lift-off trends should not be
expected with this set of models. In fact, even though the spray and
flame predictions appear similar to what may be expected in a running
engine with respect to liquid penetration, the prediction of vapor
production and distribution in the upstream spray region with the KH
breakup model does not seem to correspond well to reality. Downstream,
however, the spreading of the vaporized cloud in the simulation is
independent of the breakup model itself and instead depends mainly on
turbulence parameters. Vapor penetration is essentially a function of
turbulent viscosity, which in turn is calculated from

I
5.0

2

t lkCkC µµ ε
ν == (Eq. 8.1)

where Cµ is recognized as a model constant of the k-ε model with a value
of 0.09 (standard k-ε model) and lI is a representative length scale for the
large (energy containing) eddies, i.e. the integral length scale. Vapor
penetration increases with decreasing viscosity, i.e. with decreasing k or
lI, the initial values of which are set as initial conditions in the calculation.
Thus, it is of interest to estimate these quantities in a running engine,
and in particular to investigate the sensitivity of simulated vapor
penetration on their initial values. In the reference simulation described in
section 8.2, the initial values for k and lI were set to 15 m2/s2 and 5.8 mm,
respectively. This was calculated from the empirical correlations
recommended in the Fire manual
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2
hl v

I = (Eq. 8.3)

where h is the stroke, n is the engine speed, hv is the maximum valve lift
and the term in brackets in equation 8.2 expresses the mean piston
velocity. The average values for k and lI at TDC are 15.6 m2/s2 and 1,45
mm, respectively, which falls in the approximate range of the
corresponding values calculated for instance from the correlations for in-
cylinder gas turbulence given in the book of Heywood36. From equation
8.1 it is clear that changing the length scale should have the largest
impact on viscosity and hence on vapor penetration. However, as shown
in figure 8.14, changing the initial value of lI one order of magnitude does
not have large impact on fluid conditions hence vapor penetration around
TDC. The flow simply relaxes to a certain level as a consequence of
compression and as a result initial conditions on turbulence are of less
importance for vapor penetration hence combustion progress in this
case.

 
Figure 8.14. Variation of turbulent length scale with time for different initial values.
Conditions relax during compression and the values around SOI are similar despite a
factor of ten difference initially.

However, despite that the KH breakup model fails to reproduce the
upstream vapor production hence effectively preventing combustion in
this region, the main vaporized cloud and events downstream resembles
those in running engines as supported for instance by the comparisons
to optical data presented in the two preceding sections. Moreover, as
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shown in section 8.1, this representation of the spray in conjunction with
the eddy dissipation concept and standard Fire soot model gives
relatively reliable trend predictions if care is taken to tune the models
individually.

8.3.2 Fuel Distribution and Flame Development With the KH
Breakup Model and Stripping Breakup Extension
As described in chapter six, the upstream vapor production in Fire can
be increased by using the stripping breakup extension to the KH breakup
model. Sequences of vapor production, equivalence ratio and flame
developments with this setup in conjunction with the eddy dissipation
concept are shown in figure 8.15.
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Figure 8.15. Vapor distribution, local equivalence ratio and flame development with
KH breakup model, stripping breakup extension and Magnussen combustion model.
Wave model constants C1 and C2 set to 0.61 and 15, respectively, and constants C5
and C6 for child droplet stripping set to 0.05 and 0.1, respectively.

Clearly, the vapor production is increased in the upstream region
compared to the case with KH breakup only. A considerable drawback,

0 0.5 0 0.5 0 0.5

0.5 4.5 0.5 4.50.5

800K 2800K 800K 2800K 800K 2800K



161

however, is the burning of fuel immediately at the nozzle exit, which
starts almost instantly as the first vapor is produced. In addition,
regardless of the model constant settings, the point of onset of this initial
temperature increase always seems to appear somewhere along the
spray center axis, i.e. in the middle of what would be a fuel rich and
relatively dense core in a real diesel spray. Again comparing the
simulation for instance to the conceptual model of Winklhofer46 in figure
4.19 or the flame luminosity images of Larsson48, it is clear that there are
still some fundamental differences between the simulation and the
running engine although the vapor distribution certainly is improved.

As indicated for instance in the conceptual model of Winklhofer46, a
diesel spray is introduced in the combustion chamber of a running
engine as a dense liquid column. The large density ratio makes the
injected liquid fuel effectively hit the air like a hammer, thus initially
pushing most of the air away. As the leading edge of the spray loses
momentum to the gas phase, it diverges and assumes shapes similar to
the early spray images in figure 4.18. In addition, the liquid fuel vaporizes
as a consequence of the heat transfer from the gas. The developing
spray drags with it significant mass of air which is entrained into the
spray through a turbulence controlled intermixing process at the interface
between the gas and vapor phase. The simulation model, however,
differs from this behavior in a number of respects. Most importantly, the
parcels introduced in the computational domain are only markers, i.e.
they only mark their position within the computational domain, and even
though the local gas density may be corrected with respect to the cell
void fraction the spray in this respect is dilute per definition. Thus, even
in the presumably dense and fuel rich region upstream in the vicinity of
the nozzle, the only thing accelerating the gas is the drag force and not
the introduction of a dense liquid column. This fundamental feature of the
lagrangian representation makes it quite misleading to talk about a liquid
core in this type of simulation. Consequently, there will always be
significant mass of air also in the center of the spray close to the nozzle,
and as vapor is formed from the stripped off child droplets the gas and
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vapor phases within a computational cell are immediately considered to
be completely mixed. Thus, as seen in figure 8.15, the spray virtually
vaporizes from the center and out, i.e. in contrast to what can be
assumed from the conceptual model of Winklhofer or the images of
Larsson the computational cell first to contain a flammable mixture will be
found in the spray center. As a result, quite commonly the onset of
combustion in the simulation will occur close to the nozzle exit
somewhere along the spray center axis rapidly after the first vapor is
produced as seen in the bottom sequence of figure 8.15. In reality, this is
virtually impossible because of the locally rich equivalence ratio and high
turbulence intensity in this region. Again, however, this is exactly what
should be expected with the given set of models. Combustion, i.e.
reaction rates, are calculated in accordance with equation 6.43 as a
function of ε/k and the minimum of vaporized fuel, oxygen and products,
all of which will have their highest values in this region. The turbulence
induced by the jet leads to short mixing times hence a high value of ε/k,
and the entraining gas flow effectively carries with it the initially limiting
product concentration produced by the ignition model towards the center
of the spray. In addition, even though the minimum operator in equation
6.43 is limiting the reaction rates with respect to the mixing ratio,
flammability limits are not considered and hence the mixture will burn
regardless of the local equivalence ratio.

However, looking at the local fuel distribution in the fully developed spray
as shown for the later crank angles in figure 8.15, this is actually not a
bad representation: A fuel rich core with equivalence ratios of about
three in the center at an approximate distance from the injector of 10 to
15 millimeters, and around it a gradually leaned out mixture. It would
certainly be a more realistic reflection of the situation in the running
engine than seen with the KH breakup model in figure 8.14 if one could
avoid the early ignition in the center of the spray close to the nozzle. The
remainder of this chapter deals with some attempts to “improve” the
outcome of the combustion simulation by modifying the spray and
combustion models.
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8.3.3 Opening Up the Breakup and Combustion Models
The discussion in 8.3.2 focused on the early spray development and how
the small droplets and vapor due to stripping breakup interacts with the
Lagrangian description and the calculation of reaction rates in a way that
may result in seemingly unphysical onset of combustion and initial flame
development. During this work, a number of approaches supposed to
deal with this problem have been developed and implemented into the
Fire code. However, it should be admitted in this context that none of
these were originally intended as actual improvements to the models, but
rather as tools to identify the limitations of the original models and find
out how they really work.

The first major approach was to control the production of child droplets
and hence the vapor to the regions where we would expect onset of
combustion and initial flame development, i.e. on the periphery of the jet
some distance away from the nozzle. This was tried in a number of
different ways, all of them similar to the concept illustrated in figure 8.16.

Figure 8.16. Concept intended to control child droplet stripping and hence vapor
production to spray periphery.

With this approach, it was possible to control the distance from the
nozzle at which stripping breakup was initialized. In addition, stripping
breakup was only activated in a region on the spray periphery as
indicated in figure 8.16. However, even though the point of combustion
onset certainly is moved downstream due to the restriction on stripping
breakup in the near nozzle region, this approach fails completely in its

Stripping
breakup

Standard
Wave model

User defined
length
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ambition to generate vapor only at the periphery hence avoiding the
center of combustion appearing in the presumed liquid core. It turns out
that when child droplets are stripped off they almost instantly loose all
their momentum to the gas, which at this point is flowing in more or less
perpendicular towards the spray axis to fill the space of the air that is
withdrawn due to spray induced drag. Thus, all small droplets and the
vapor produced in this region are immediately carried to the center of the
spray with the entraining air, hence resulting in practically the same
situation as before but with less vapor production and the location of
combustion onset somewhat shifted downstream.

Another approach was to use the standard KH breakup model with the
child stripping extension and apply some kind of limiting criteria on the
reaction rates. An early concept here was based on the introduction of
an artificial temperature for the source term calculation. This has no solid
physical coupling other than the fact that the inner core of a dense fuel
spray is likely to have a much lower temperature than the gas, whereas a
dense core is lacking in the Lagrangian description and the only
temperature effect in the simulation is that due to evaporation. Thus, the
basic argument was that the average cell temperature used normally in
the source term calculation is not representative for the local region of a
cell occupied by the spray and, simplistically, we are calculating the
source terms for conditions that don’t really exist. One way in which this
artificial temperature was defined was on the basis of the liquid mass
fraction in the cell in accordance with

vapliq

vap
art

mm
mTT
+

= (Eq. 8.4)

where T is the average cell temperature, mvap is the mass fraction of
vapor and mliq is the liquid mass fraction. It is seen that this expression
approaches zero for the case where mliq>> mvap, and then approaches T
as the liquid mass fraction decreases.
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The artificial temperature concept was tried out in conjunction with the
CTS model, where decreasing temperature would increase the laminar
time scale calculated in accordance with equation 6.50 and hence
decrease the reaction rate. Although this certainly did have an effect on
the calculation by slowing down the reaction rates and moving onset of
combustion slightly downstream and somewhat towards the periphery of
the jet, the limiting criteria is obviously ad hoc and can not be solidly
defended in theory. However, the results did imply that a somewhat more
realistic representation of the situation in a running engine actually would
be possible, if only a well justified limiting criteria could be defined. This
eventually lead to the formulation of a concept that models the strain
induced flame extinction due to high turbulence levels in the near nozzle
region. Judging from the results in figure 8.17 this actually seems to
work, at least in the sense that both the time and location of combustion
onset appear more realistic.
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Figure 8.17. Vapor distribution, local equivalence ratio and flame development with
KH breakup model, stripping breakup extension and modified Magnussen
combustion model. Wave model constants C1 and C2 set to 0.61 and 15, respectively,
and constants C5 and C6 for child droplet stripping set to 0.05 and 0.1, respectively.
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This concept is characterized by the addition of a stretching time sτ  to
the original eddy breakup time scale in the Magnussen model, i.e.

( ) ��
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The basis for the stretching time scale is the characteristic extinction
behavior of premixed flames with increasing turbulence intensity as
shown in figure 8.18 from the book of Warnatz et al41.

Figure 8.18. Left: Turbulent flame velocity as a function of turbulence intensity,
premixed C3H8 / air flame. Hatched regions indicate extinction regime. Right: Strain
rate for flame extinction as a function of equivalence ratio in premixed C3H8 / air
flames. (From Warnatz et al41)

To reproduce this behavior in the simulation, the stretching time scale is
expressed as a function of the eddy breakup time in accordance with
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(Eq. 8.6)

where Ct is a user defined model constant corresponding to the
maximum turbulence intensity or, strictly, the inverse of eddy breakup
time for maximum flame speed. φC  is a correction factor for the influence
of local equivalence ratio with the principal behavior shown in figure 8.19.
The calculation of φC  is here made with tabulated data for n-heptane

Turbulent flame
velocity [m/s]

Turbulence
intensity

[m/s]
Equivalence

ratio [-]

Strain rate
[1/s]



167

from the book of Glassman35. Also show in this figure is the
corresponding behavior of the Magnussen model, which at excess of
products is controlled by the limiting of concentrations of fuel and
oxygen.
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Figure 8.19.  Left: Characteristics of correction factor φC with equivalence ratio.
Right: Normalized value of the minimum operator in the Magnussen model as a
function of fuel fraction.

However, the equivalence ratio dependence of the stretching time scale
and hence reaction rates through the introduction of the constant φC
makes it possible to drop the fuel and oxygen terms in the minimum
operator, only leaving the influence of product concentration and the
second model constant C2. Thus, the formulation used for the simulations
in figure 8.17 is

( )s1
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⋅
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= ρ
ττ

� (Eq. 8.7)

For instance applying a Ct -value of 1E+04, the factor )/( se1 ττ +  and
consequently the calculated reaction rates change with turbulence
intensity and equivalence ratio as shown in figure 8.20.
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Figure 8.20. Characteristic behavior of the modified Magnussen model.

The expansion of the fully developed flame with the modified combustion
model is somewhat slower than in the reference simulation from section
8.2, as understood from figure 8.21. However, the general impression is
quite good.
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Figure 8.21. Temperature and soot at 10° ATDC with modified combustion model
plotted at equivalence ratio isosurfaces.
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Clearly, the results with this approach as depicted in figures 8.17 and
8.21 are interesting. Nevertheless, as mentioned in the introduction to
this chapter, the ambition here was not primarily to improve the models
themselves, but to improve the understanding about their function and
limitations. Therefore, no further attempts have been made to tune the
modified model for use in the evaluation of the oilsoot model. Without
doubts, this is a time-consuming procedure that requires more
experimental support by in-cylinder diagnostics than currently available
on the D12 engine. Thus, the simulations made for the hypothesis
evaluation in chapter nine are based on the same set of models as was
used in the initial oilsoot simulations described in 8.2.

8.4 Some General Comments on the Calculations

8.4.1 Numerical Solution Procedure
The major focus in this chapter has been the performance of the
combustion simulation and in particular of the soot model. This is
because the output from the soot model also is the input to the
thermophoretic deposition model and unless this input is correct (or at
least of realistic proportions) the calculated particle deposition at the liner
can of course not be expected to agree with measurements. In this
evaluation, however, most of the details of the numerical solution
procedure have deliberately been left out. This is not because they leave
the results of the simulation unaffected, but in many cases “best practice”
is well established and documented in the Fire manual. In all
calculations, the temporal discretization during compression and late
expansion is 0.1 CAD. From SOI and during the main combustion event
this is refined to 0.025 CAD. Underrelaxation factors, convergence
criterion (1E-6) and differenceing scheme (CTVD) are chosen in
accordance with AVL recommendations.
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8.4.2 Agreement between Simulations and Measurements
In a running engine, there are slight differences in the initial and
boundary conditions in each cylinder. These differences arise mainly due
to gas dynamics during the gas exchange process and as a result, the
maximum cylinder pressure may differ substantially between the
cylinders. In the simulations presented here, however, only one cylider is
considered and the initial conditions are specified from measured
average values. Therefore, the calculated pressure trace should not be
expected to agree perfectly with measurements; It is estimated that the
simulated maximum pressure may differ up to about 5 % from the
corresponding measuremed value for the range of operating conditions
applied here. A practical experience, however, is that the simulation
trends are more sensitive to crank angle shifts in the pressure curve.
Thus, it is recommended that the phase shift for both the pressure rise
following start of combustion and maximum cylinder pressure is kept
within some 0.5 CAD from the measurement.

As illustrated in some of the previous chapters, soot production in DI
diesel engines is the result of interacting and quite complicated
processes. Although the Fire soot model have been validated with good
results with respect to exhaust soot trends, e.g. Tatschl et al89,90 and
Priesching et al91, it is commonly accepted that this approach greatly
simplifies the complexity of these processes and should not be expected
to provide more than rough estimates. Moreover, although some
comparisons to in-cylinder diagnostics can be found in literature, e.g.
Tatschl et al92, these are mainly for illustrative purposes and do not deal
with quantitative measures of model accuracy. The qualitative evaluation
of Dahlén and Larsson83 discussed in section 8.1 is in fact the most
serious addressing of this issue found during this work.
                                                          
89 Tatschl R., et al, ”A Comprehensive DI Diesel Combustion Model for Multidimensional Engine Simulation”,
4th International Symposium on Diagnostics and Modeling of Combustion in Internal Combustion Engines,
Commodia 98, Kyoto, Japan, 1998.
90 Tatschl, R., et al, ”Modeling Spray Combustion in Diesel Engines”, 22nd Cimac, Copenhagen, 18-21 May,
1998.
91 Priesching, P., et al, ”A Comprehensive CFD Workflow for DI Diesel Engine Analysis and Optimization”,
JSAE, Yokohama, Japan, May 23-25, 2001.
92 Tatschl, R., et al, ”Current Status and Future Development of Fire Combustion Models”, 3rd International Fire
User Meeting, Graz, 1997.
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9 HYPOTHESIS EVALUATION

In this chapter, predicted and measured oilsoot growth rates are
compared in order to evaluate the thermophoretic deposition model
and hence the hypothesis formulated in chapter seven. The
evaluation is based on simulations and experiments in two different
combustion systems: First, the Scania DSC1201 engine with the in-
line pump fuel injection system is used to evaluate the influence of
injection timing, wall temperatures and topland height. This
evaluation is made with respect to the reference case simulation
that was set up in chapter eight and, consequently, applying the
calibration constant for the thermophoretic deposition model as
fitted in 8.2.3. Secondly, influence of speed and injected fuel mass
both at constant in-cylinder mass and constant equivalence ratio is
evaluated in the DC1201 engine which has the same geometry as
the DSC1201 engine but where the in-line pump system is
replaced with a PDE fuel injection system. The change of
combustion system requires a new reference case simulation be
set up. As a consequence, however, the calibration constant in the
thermophoretic deposition model must be adjusted to again fit the
absolute oilsoot concentrations in the simulations to
measurements.

9.1 Methods
The only method of evaluation that is practically applicable here is to
compare predictions of oilsoot concentrations or growth rates to
measurements in used engine oils, i.e. no attempts are made to verify
directly the thermophoretic deposition mechanism at the liner.
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9.1.1 Oil Sampling Procedure
In the experimental approach, oil samples are extracted from the engine
and the soot concentrations are determined through absorption
measurements. However, although the absorption measurement
technique in general is recognized as a method of high accuracy, soot
concentrations may differ significantly from one sample to another
depending on how they were extracted from the engine. The experience
is that taking the sample directly from the pressurized main oilway in the
engine block is preferred to suction of oil from the crank case. Therefore,
a special oil sampling valve was mounted just before the main oil filter as
indicated in figure 9.1. In addition, the centrifuge oil cleaner was removed
from the engine to enhance oilsoot growth.

Figure 9.1. Schematic layout of the lubrication system in Scania DC1201 and
adjustments for oilsoot experiments.

Before a sample is extracted, the sample valve is opened and the oil is
allowed to flow through the valve and is lead back to the crank case for
approximately 30 seconds. Then, a sample of about 0.1 liter is taken
from the engine and the time from the start of the test is carefully noted.
During the sampling procedure the engine is brought to idle, and the
oilsoot growth during this time is assumed negligible.

Extraction of oil
from main oilway

Centrifuge oil
cleaner removed
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9.1.2 IR-Absorption Measurements
As mentioned in chapter two, spectroscopic techniques are generally
preferred when measuring the soot concentration in engine oil. In this
work, the oil analysis is based on the infrared absorption method (DIN
51452/1994). As the name implies, this method relates the concentration
of soot in a contaminated oil film to the absorption of infrared light. The
absorbance of light in a sample is defined through
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�=
I
IA 0log (Eq. 9.1)

where I and 0I  are transmitted and incident light intensity, respectively.
The ratio of 0I  to I is the sample transmittance, referring to the fraction of
light (i.e. photons) that passes through the sample without being
absorbed. In turn, absorbance is conceptually related to species
concentration c and sample thickness �  through the well-known Beer’s
law

cA �ε= (Eq. 9.2)

where ε  is the molecular absorptivity, which depends on the wavelength
of the incident light. However, because of its logarithmic relation to
transmittance in accordance with equation 9.1 the physical interpretation
of absorbance is not obvious. If A is zero, then no light is absorbed by
the sample. If A equals one, then 90 % of all passing photons are
absorbed and only 10 % are transmitted though the sample. A equals
two, on the other hand, means 99 % of the incident light is absorbed and
only one percent is transmitted.

Figure 9.2 shows the absorption spectra for clean and used engine oil,
respectively. As also indicated here, the evaluation is made at a
wavenumber of 1975 cm-1, where as seen the absorption in clean oil is
very small.
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Figure 9.2 Absorption spectra for clean and used engine oil.

Thus, the difference in absorption at this wavelength between used oil
and clean (reference) oil is a measure of the soot concentration. The
contaminating soot mass fraction in the used oil is then calculated from
the semi-empirical formula
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¨
where λ  is the wavelength, d is the oil film thickness and τ  is
transmittance where index R and u denote clean and used oil,
respectively. Calculating the oilsoot concentration for a number of
samples extracted from the engine at different times makes it possible to
plot the oilsoot growth rate as shown in figure 9.3. As seen here the
trend is clearly linear.

Used oil
Clean oil
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Figure 9.3 Measured soot concentrations over time and linear regression. Reference
case refers to experimental evaluation in the DC1201 engine as described in section
9.3.

9.2 Evaluation in the Scania DSC1201 Engine

9.2.1 Influence of Liner Surface Temperature
To evaluate the particle deposition model, it is of course interesting to
study the influence of parameters that only changes the conditions in the
area of the liner but leaves the in-cylinder soot production relatively
unaffected. In other words this means changing the parameters that
control the thermophoretic deposition rate, and investigate the influence
on oilsoot growth rate of thermophoresis only. Primarily, this would be a
good indication of the validity of the thermophoretic particle deposition
model. One approach here is to investigate the oilsoot growth rates at
different liner surface temperatures. Changing the liner temperature has
no significant effect on combustion chamber bulk properties, but from the
theory presented in chapter seven it is obvious that it must influence the
thermophoretic velocity and hence the particle deposition rate. It is also
clear from the definition of thermophoretic force that the deposition rate
should increase with decreasing surface temperature, since this will
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result in a steeper temperature gradient and hence an increase of the
thermophoretic force.

An attempt to investigate this experimentally was made by measuring the
oilsoot concentration at different coolant temperatures. This is probably
the simplest approach, but has the disadvantage that only the change in
coolant temperature is known and not its effect on the actual liner
surface temperature*. In this study, no attempts were made to measure
specifically the liner surface temperature. In addition, the simulations that
the measurements are compared to are simplified in that the spatial
variations of liner temperature are not considered. The temperature
boundary condition used here is simply a reasonable estimation that
originally was intended for pure combustion simulations in which the
influence of liner temperature generally is relatively small. Thus, for more
detailed studies, more accurate determination of liner boundary
conditions are required. However, the influence of surface temperature
on thermophoretic velocity is approximately linear within the relatively
narrow temperature range discussed here. Thus, the measurements of
oilsoot concentrations at different coolant temperatures provide a
relatively good estimation that should be comparable to simulations of
oilsoot growth rate at different temperature boundary conditions at the
liner. As seen in figure 9.4 the simulated and measured results show the
same general trend also in this case. As intimated earlier, both curves
are approximately linear.

                                                          
* At least not with the standard transducer configuration used on the test engine during the present
measurements.
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Figure 9.4 Measurements and simulation of oilsoot growth rates at different liner
temperatures. Change in liner temperature is assumed to follow corresponding
change in coolant temperature.

Judging from figure 9.4 the thermophoretic deposition model with the
assumptions listed in chapter seven seems to succeed quite well in
predicting the mass deposition of soot on the liner and hence oilsoot
growth rates in DI diesel engines.

9.2.2 Influence of Injection Timing
As the next step in the evaluation of the particle deposition model,
measurements of oilsoot growth rates at different injection timings
ranging from SOI -12° ATDC to SOI 0° ATDC were compared to
corresponding simulations. In production engines, where the combustion
chamber geometry and spray directions are fixed, injection timing is the
engine parameter that has most influence on soot mediated oil
thickening. Typically, this is characterized by a sharp increase of the
growth rate as the timing retardation allows an increasing fraction of the
injection period to be directed not into the piston bowl but directly into the
squish region. As seen in figure 9.5, this behavior is well captured by the
simulation.
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Figure 9.5 Simulated and measured oilsoot growth rates at different injection timings.

At first glance, this almost excellent agreement is somewhat surprising,
considering the difference in relative change between measured smoke
density and predicted soot mass at EVO which is evident from figure 9.6.
It is clear that the general soot trend in the simulation follows that of the
measurement, but also that the indicated relative change between the
different operating points differ significantly.
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Figure 9.6. Measured and predicted general soot trend at different injection timings.

However, the reason for the good agreement on oilsoot in this case is
that the increase of oilsoot growth rate in essence is due to changes of
flame location and thus in the availability of soot at the liner rather than
the change of net in-cylinder soot production. Also, the measured soot
densities reflect exhaust soot concentrations and hence does not reveal
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anything about the local instantaneous in-cylinder concentrations around
the time of maximum deposition, which should be more important to
oilsoot growth rates than the concentrations at EVO. As could be seen in
figure 8.10, the maximum soot deposition on the liner is expected at
approximately 50° ATDC which is still some 90° before EVO.

9.2.3 Influence of topland height
As discussed already in chapter three, there is experimental evidence
that topland height has significant influence on oilsoot growth. For
instance, at operating conditions similar to the reference case of the
DSC1201 engine, a reduction of the oilsoot growth rate of approximately
30 % was reported for an increase in topland height from 8 to 14
millimeters*. At retarded injection, this decrease even reached an
approximate level of 50 %. Largely because of these experiences, the
mechanism suggested for the transport of soot particles from the
combustion chamber to the crank case is deposition of particles in the oil
film on the liner and subsequently scraping of contaminated oil from the
liner to the crank case. As described in chapter seven, this is considered
in the prediction of oilsoot growth rates by only taking into account the
fraction of soot deposited on the liner on a position lower than the
distance of the topland height from the cylinder head.

The effect of increased topland height on predicted oilsoot
concentrations is illustrated in figure 9.7. As seen here, the effect is not
as pronounced as in the experimental reports, although the influence
certainly is decreasing growth rate with increasing topland height.
However, as mentioned above this influence is generally stronger at later
SOI, which as can be seen in figure 9.7 also is the result of the model.

                                                          
* Refers to results in Scania internal reports.
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Figure 9.7. Influence of topland height on oilsoot growth rate at different SOI.

9.3 Evaluation in the Scania DC1201 Engine
The experimental evaluation in the DC1201 engine is based on seven
tests and comprises the influence of speed, injected fuel mass,
equivalence ratio and boost pressure. The evaluation is based on the
parameter influence at two levels around the reference case. The
influence of injected fuel mass is evaluated with two different
approaches: The first one with constant inlet air flow and hence
maintaining the in-cylinder air mass at IVC, whereas in the second one
the air flow is changed to maintain constant equivalence ratio as the
injected fuel mass is changed. In this way it is possible to obtain
measures also of the influence of equivalence ratio and boost pressure
on oilsoot production.

Test
[No]

Speed
[rpm]

Fuel
mass
[mg]

SOI
[ATDC]

Inlet
Pressure

[bar]

Inlet
Temp

[C]

Varied
Parameter NOTE

0 1500 180 - 6 2.41 50 Reference
Case

Lambda 1.8

1 1500 200 - 6 2.41 50 Fuel Mass Lambda 1.6

2 1500 220 - 6 2.41 50 Fuel Mass Lambda 1.4

3 1500 200 - 6 2.63 50 Fuel Mass &
Air flow

Lambda 1.8

4 1500 220 - 6 2.85 50 Fuel Mass &
Air flow

Lambda 1.8

5 1650 180 - 6 2.41 50 Speed Lambda 1.8

6 1800 180 - 6 2.41 50 Speed Lambda 1.8

Table 9.1. Experimental evaluation matrix for the Scania DC1201 engine.
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However, because of the strong influence of injection parameters on the
outcome of combustion simulations, the change of engine also requires a
new reference case simulation be set up and validated. As discussed in
chapter eight there is limited access to optical data from the 12-liter
engine, for which reason the validation here is only with respect to
cylinder pressure. On the other hand, this is likely the most common
situation for the use of CFD in combustion systems development and the
suggested approach should be appropriate considering that significant
effort has been put into the tuning of the spray and combustion models
during the work reported earlier.

9.3.1 Reference Case Simulation for the Scania DC1201 Engine
For the reason of simplicity, the reference case of the evaluation here is
chosen similar to the reference case used in the initial tests described in
8.2. The only significant difference between these cases is the fact that
maintaining the injection timing and duration with the PDE-system
increases the injected fuel quantity. However, because of the strong
influence of EOI on oilsoot growth rates as shown for instance in the
previous section, this was considered the most appropriate approach. In
addition, as mentioned in chapter eight, the available optical data in the
Scania 12-liter engine is quite limited. By not vastly changing the
operating conditions as we change to the DC1201 engine hopefully the
situation inside the combustion chamber will still essentially be covered
by the images of Sjöberg85.

Engine speed 1500 rpm
Total mass of fuel injected 180 mg
Inlet air temperature 50 °C
Inlet air pressure 2.41 bar
Start of injection -6° ATDC
Injection duration 29 CAD

Table 9.2. Operating conditions for reference simulation of Scania DC1201 engine.
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There is no difference in combustion chamber geometry between the
DC1201 and DSC1201 engines, for which reason the simulations here
are carried out with the same computational mesh as in the initial tests.
Also, initial and boundary conditions as listed in table 9.3 are set up as
described in section 8.2.

Gas pressure at IVC 2.65 bar
Initial in-cylinder density 2.41 kg/m3

Swirl level 1.7
Cylinder liner temperature 423 K
Cylinder head temperature 523 K
Piston temperature 523 K
Injected fuel mass (one spray) 22.5 mg
Nozzle hole diameter 0.208 mm

Table 9.3. Initial and boundary conditions for reference case, Scania DC1201.

However, a difference compared to the simulations of the DCS1201
engine is the calculation of injection rates, which in the evaluation here
are made with the 1D hydrodynamics code Hydsim from AVL.
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Figure 9.8. Left: Measured crank angle data, Scania DC1201, 1500 rpm, 180mg.
Right: Rate of injection calculated with Hydsim and fitted curve used in the CFD-
simulation. (Courtesy of Thomas Timrén, Scania).

All other simulation settings, including the spray and combustion model
constants, are given the values used in the initial study as described in
chapter eight. The model constant for the thermophoretic deposition
model, however, is changed to 0.36 to fit the predicted oilsoot growth
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rate for the reference case to measurements. Finally, as seen in figure
9.9, measured and simulated cylinder pressures are in good agreement.

Figure 9.9. Measured and simulated cylinder pressure, reference case DC1201.   

9.3.2 Influence of Injected Fuel Mass

Constant In-Cylinder Air Mass
The influence of injected fuel mass was investigated while maintaining
constant boost pressure and hence in-cylinder air mass with a
pneumatically controlled waste-gate. Naturally, operating the engine in
this way decreases the overall equivalence ratio and should therefore be
expected to increase exhaust soot emissions as well oilsoot growth
rates. As seen in figure 9.10 this general trend is clearly visible both in
measurements and simulations, however with a slightly less significant
change of the simulated oilsoot growth rate with increasing fuel mass.
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Figure 9.10. Top: Measured and predicted oilsoot growth rates and relative change
with increasing fuel mass at constant in-cylinder air mass. Bottom: Measured smoke
density, predicted exhaust soot mass and relative change with increasing fuel mass
at constant in-cylinder air mass.

The difference between measured and predicted oilsoot growth rates as
seen in figure 9.10 was somewhat unexpected, considering that the
predicted exhaust soot trend is in quite good agreement with the
measured trend. As mentioned in section 9.2, however, the maximum
soot deposition on the liner occurs much earlier during the cycle and
should therefore be less dependent on exhaust soot concentrations. This
of course makes it interesting to study more closely the instantaneous in-
cylinder soot concentration, but unfortunately this is quite difficult to
accomplish experimentally and therefore no experimental data other than
smoke density measurements exists for the DC1201 engine at the
present time. In addition, as discussed earlier, this is also the reason why
the tuning of the soot model was made only with respect to the soot
concentration at EVO*. Thus, poor prediction of peak in-cylinder soot
concentrations is certainly a possible explanation to the slightly less
pronounced increase in oilsoot growth rate indicated for the predictions
                                                          
* The tuning of the soot model is described more in detail by Dahlén and Larsson83, here invoked as Appendix A.
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in figure 9.10, but it must also be admitted that the available data is
insufficient to prove this statement. Nevertheless, as pointed out above,
the general oilsoot trend is clearly the same in the simulation as in the
measurement. In addition, because of the way of operation, the
measured and predicted oilsoot trends may also be plotted as functions
of equivalence ratio as shown in figure 9.11.
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Figure 9.11. Simulated and measured oilsoot growth rates at different equivalence
ratios. Constant boost pressure.

Having established that the model indicates a similar increase of the
oilsoot growth rate as the measurements, it also becomes interesting to
investigate closer the reason for this increase. It is particularly interesting
to investigate whether the dominating effect here is generally increased
in-cylinder soot concentration or the shift in flame location following from
the extension of the injection period due to the increased fuel quantity.
This can be determined for instance by comparing predicted
instantaneous soot concentrations in a region close to the liner as well as
in the whole domain as shown in figure 9.12. The studied region at the
liner corresponds to the last cell layer and, as seen here, the relative
increase of the soot concentration in this region is quite significant,
whereas the relative increase in the whole domain is much less
pronounced.
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Figure 9.12. Left: Influence of equivalence ratio (injected fuel mass at constant boost
pressure) on soot concentrations in cell layer adjacent to the liner. Right: Influence of
equivalence ratio on soot concentrations in whole domain.

It is clear that the relatively modest increase in overall soot concentration
seen here cannot alone explain oilsoot concentrations increasing by
several orders of magnitude. Thus, the results in figure 9.12 suggest that
increasing availability of soot at the liner and hence a shift in flame
location is a key factor in controlling oilsoot growth rates. The shift in EOI
for the case with 220 mg fuel compared to the reference case is about
2.5 CAD, which according to figure 9.5 corresponds to an increase in
oilsoot growth approximately from 0.3 % to 1.1 %*, i.e. an increase of 0.8
units. However, the total increase in oilsoot growth rate for the 220-mg
fuel case as seen in figure 9.11 is from about 0.3 % to 1.5 %, which is an
increase of 1.2 units. Looking again at figure 9.12, a reasonable
explanation for the additional increase above the 0.6 units related to the
shift in EOI is the general increase in peak in-cylinder soot concentration.
Thus, in this case it is estimated that the total increase in oilsoot growth
is approximately 2/3 due to shift in EOI and 1/3 due to a general increase
in peak in-cylinder soot concentration.

                                                          
* The influence of injection timing as shown in figure 9.5 was evaluated for the DCS1201 engine with an in-line
pump fuel injection system and, strictly, these values are not correct for the DC1201 engine with the PDE fuel
injection system. They do, however, provide a reasonable estimation also in this case.

Cell layer adjacent to liner Whole domain
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Constant Equivalence Ratio
In this case the pneumatically controlled waste-gate was used to
increase the boost pressure with increasing fuel injection hence
maintaining constant overall equivalence ratio in the combustion
chamber. Looking at figure 9.13, however, simulation results for these
conditions are not entirely satisfying.
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Figure 9.13. Top: Measured and predicted oilsoot growth rates and relative change
with increasing fuel mass at constant equivalence ratio. Bottom: Measured smoke
density, predicted exhaust soot mass and relative change with increasing fuel mass
at constant equivalence ratio.

As seen here the predicted oilsoot trend is still in good agreement with
the measurement, but the predicted exhaust soot trend does not at all
agree with the smoke density measurements. This is most annoying
because it means that the soot model in this case is not able to provide a
general trend for the net soot production, which in turn may complicate
the explanation of the good agreement on oilsoot growth.  However,
following the basic argument of the previous discussion that exhaust soot
concentrations are less important to oilsoot growth than in-cylinder
concentrations around the time of maximum deposition, poor predictions
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of exhaust soot concentrations should not critical for the prediction of
oilsoot growth rates. But also in this case a more careful analysis
requires information about in-cylinder soot concentrations, which as
discussed earlier is unavailable for this engine at the present time.

These trends may also be plotted as functions of boost pressure as seen
in figure 9.14.
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Figure 9.14. Simulated and measured oilsoot growth rates as functions of boost
pressure. Constant equivalence ratio.

Applying the same reasoning as in the case of constant in-cylinder air
mass and taking the 220-mg fuel case as an example, it is estimated that
the relative influences of shifted EOI and increased peak in-cylinder soot
concentration on oilsoot growth are approximately equal. As discussed
earlier, the increase in oilsoot growth due to the shift in EOI can in this
case be estimated to 0.8 units, whereas the total increase indicated in
figure 9.14 is around 1.7 units. As seen in figure 9.15, however, the
predicted peak in-cylinder soot concentration is larger than the
corresponding case with constant in-cylinder air mass shown in figure
9.12. This difference roughly correlates to the difference in predicted
oilsoot growth between the 220-mg cases with constant in-cylinder air
mass and constant equivalence ratio.
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Figure 9.15. Left: Influence of boost pressure (injected fuel mass at constant
equivalence ratio) on soot concentrations in cell layer adjacent to the liner. Right:
Influence of boost pressure on soot concentrations in whole domain.

9.3.4 Influence of Speed
Figure 9.16 shows the variation of oilsoot growth rate with engine speed.
As seen here, the oilsoot growth trend is well captured by the simulation
also in this case, even though the predicted exhaust soot trend does not
agree with measurements at high speed.
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Figure 9.16. Top: Measured and predicted oilsoot growth rates and relative change
with increasing speed. Bottom: Measured smoke density, predicted exhaust soot
mass and relative change with increasing speed.
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Again comparing predicted soot concentrations at the liner and in the
whole domain confirms the reasoning developed earlier in this section:
Peak soot concentrations at the liner as seen in figure 9.17 roughly
correlate with the concentration of contaminating soot in the lubricant,
which indicates that in-cylinder soot distribution is effectively controlling
oilsoot growth. When speed is increased, EOI is shifted later into the
expansion stroke which results in a shift in flame position that increases
the availability of soot at the liner. As seen in figure 9.17 this occurs
despite the fact that the predicted peak in-cylinder soot concentration
actually is decreasing with increasing speed. Thus, according to the
model, local in-cylinder soot distribution is definitely the most important
factor contributing to soot mediated oil thickening in this case.

Figure 9.17. Left: Influence of speed on soot concentrations in cell layer adjacent to
the liner. Right: Influence of speed on soot concentrations in whole domain.

Whole domainCell layer adjacent to liner
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10 CONCLUSIONS

The main purpose of this final chapter is to summarize the major
findings and experiences of this work, as well as to point out some
future work that may improve the predictions of oilsoot growth
rates. Likely, however, perhaps the most important conclusion has
clearly emerged already in the preceding chapters: The results with
the thermophoretic deposition model are surprisingly good
considering its relative simplicity.

In chapter three it was stated that the main objective of this work is to
understand the mechanisms of combustion and soot formation that pave
the way for soot mediated oil thickening and to use this knowledge in the
development of a predictive model for soot contamination of the
lubricating oil in DI diesel engines. In essence, this started with the
formulation of a preliminary hypothesis which was originally intended
only as a coarse draft in the development of a predictive model. On the
basis of this hypothesis, appropriate assumptions and modeling aspects
were discussed and an initial formulation of the model was implemented
into the CFD-code FIRE. The intention was to make continuous
refinements of this initial model formulation based on comparisons
between simulations and experimental parameter studies. As it turned
out, however, this relatively simple model formulation was quite
successful in capturing oilsoot growth trends for basically all operating
conditions, for which reason the initial hypothesis and the implementation
of it in the CFD code was maintained throughout the work.

Based on results reported both in literature and in Scania internal reports
the suggested hypothesis states that soot mediated oil thickening is
caused by deposition of soot in the oil film on the liner and the
subsequent scraping of contaminated oil to the crank case by the piston
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rings. Moreover, the rate at which this occurs is postulated to depend
mainly on three things:

1. The soot concentration in the outer regions of the
combustion chamber, since this controls the
mass of soot entering the boundary layer at the
liner and hence how much soot is available for
deposition.

2. Thermophoresis, which is identified in numerous
studies as the dominating transport mechanism
within the viscous sublayer and hence
determines the rate of particle deposition on the
liner.

3. Topland height, which influences the fraction of
oil and hence the mass of deposited soot that will
be scraped down to the crank case.

A thermophoretic particle deposition model is suggested for the
calculation of soot deposition on the liner from local soot distribution as
predicted by the standard CFD code. Thus, besides the prediction of
local in-cylinder soot concentration, a key issue is the calculation of
thermophoretic velocity which here is based on the fitting formula
suggested by Talbot67. For a particle entering the viscous sublayer, the
thermophoretic velocity is used to determine a characteristic deposition
time, τdep, i.e. the time it takes for the particle to travel through the
viscous sublayer to the liner. If it is assumed that no reentrainment
occurs before exhaust valve opening, that the particle distribution within
the studied domain is continuous and that the particles only have radial
velocity, the fraction of particles that will reach the liner within a specific
timestep ∆t is proportional to ∆t/τdep. However, for reasons of simplicity
the calculation of τdep is here based on cell properties and not strictly
referred to the viscous sublayer which of course is on subgrid scale.
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Moreover, the effect of topland height is considered by subtracting the
fraction of soot deposited on the upper part of the liner, the height of
which corresponds to the topland height.

The model is evaluated by comparison between predicted and measured
oilsoot growth rates. These parameter studies comprise the influence of
injection timing, liner temperature, topland height, injected fuel quantity,
equivalence ratio, boost pressure and speed, and the agreement
between simulations and measurements is generally good. An obvious
but important conclusion from this evaluation is that the peak in-cylinder
soot concentration is more important to oilsoot growth than the exhaust
soot level. The model also indicates that shifts in flame position and
hence changes in in-cylinder soot distribution has strong effect on soot
mediated oil thickening. The evaluated cases imply that this is generally
more important than changes in in-cylinder soot production, although this
too certainly will reflect on oilsoot growth. Consequently, among the most
important practical guidelines to reduce soot mediated oil thickening is to
end injection “on time”, i.e. before the spray guided diffusion flame is
directed into the squish region rather than into the piston bowl.

As mentioned, the thermophoretic particle deposition model uses
predictions of local instantaneous soot concentration from the standard
Fire code as input. Naturally, accurate predictions of particle deposition
on the liner and hence oilsoot growth requires that the general
combustion simulation is able to reflect well the situation in the running
engine. Therefore, significant effort in this work is due to validation of the
Fire combustion and soot models by comparison to in-cylinder
diagnostics. Although relatively simple techniques, it was found that lots
of valuable information for tuning of CFD models could be obtained with
direct photography, flame luminosity imaging and two-color calculations.
Most important, however, is the conclusion that the spatial in-cylinder
soot trends obtained with the standard Fire code actually are in quite
good agreement with the optical data. Because of the strong
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dependence on local soot concentrations at the liner, this is definitely a
key issue in the prediction of oilsoot growth.

However, although surprisingly good agreement could be obtained
between simulations and two-color calculations, there should be little
doubt that the modeling of in-cylinder soot production actually is the
weakest link in the chain leading to predictions of soot mediated oil
thickening. In fact, as pointed out in this thesis, there is great need to
overlook the modeling of diesel spray combustion and emissions, which
still is associated with a number of more or less crude assumptions and
simplifications. Huge challenges lie in improving the accuracy and
physicality of these models without severely increasing requirements on
computer power. It is recommended, therefore, that any future work with
the aim of continuing this project focus on modeling of diesel spray
combustion and soot formation in general rather than the particle
deposition model or alternatives to it, even though the objective very well
may be to improve the predictions of oilsoot growth. Largely because of
this insight, an ambition when writing this thesis has been to present a
comprehensive view on diesel spray combustion and to point out some
general features of the current state of the art in multidimensional
combustion modeling. Hopefully, this will be a good start point for anyone
whose intentions are to enter this field and, in particular, to future CFD
users and model developers who I am convinced should focus not only
on the numerical treatment but also to significant degree on the
understanding of diagnostics and experimental results from running
engines. Within the foreseeable future, such an integrated approach is
probably the most feasible, both for research and engine development.
To these engineers or researchers the theory presented here is merely a
prologue.
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