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I. Abstract 

In this thesis various aspects of the diesel engine fuel injection, combustion and 
emission formation processes have been evaluated. Several types of evaluation 
tools and methods have been applied. Fuel spray momentum was used to 
characterize injection rate and hole-to-hole variations in fuel injectors. Using both 
instantaneous fuel impulse rates and instantaneous mass flow measurements, 
spray velocity  and nozzle flow parameters were evaluated. Several other hole-to-
hole resolved injector characterization methods were used to characterize a set of 
fuel injectors subjected to long term testing. Fuel injector nozzle hole-to-hole 
variations were found to have a large influence on engine efficiency and 
emissions. The degree of hole-to-hole variations for an injector has been shown to 
correlate well with the performance deterioration of that injector. The formation 
and atomization of fuel sprays, ignition onset and the development of diffusion 
flames were studied using an optical engine. Flame temperature evaluations have 
been made using two different methods. NO-formation depends strongly on flame 
temperature. By applying a NO-formation evaluation method based on both heat 
release rate and flame and gas temperature it was possible to achieve a reasonable 
degree of correlation with measured exhaust emissions for very varying operating 
conditions. The prediction capability of the NO-formation evaluation method was 
utilized to evaluate spatially and temporally resolved NO-formation from flame 
temperature distributions. This made it possible to pinpoint areas with a high 
degree of NO-formation. It was found that small hot zones in the flames can be 
responsible for a large part of the total amount of NO that is produced, especially 
in combustion cases where no EGR is used to lower the flame temperature. By 
applying optical diagnostics methods the combustion and emission formation 
phenomena encountered during production engine transients were evaluated. The 
transient strategy of the engine involved reducing the EGR-rate to zero during the 
initial parts of the transient. Increased general flame temperature and the 
occurrence of small hot zones were found to explain the increase in NO-emissions 
during these transients.  
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1   Introduction 

The purpose of an internal combustion engine is to convert a flow of chemically 
bound energy into mechanical power. In order to do so the chemical energy must 
first be converted into heat by means of combustion. This should preferably be 
done without the production of anything but carbon dioxide and water in the case 
of a hydrocarbon fuel, which is difficult. The heat must then be converted into 
mechanical work with as high efficiency as possible. This is also difficult as heat 
is the lowest form of energy and cannot readily be converted into any other form 
of energy without major efficiency losses. 

A modern diesel engine has both its basic functional principles and many of its 
subsystems in common with the very first diesel engines. The performance of a 
modern diesel engine in terms of emissions, efficiency and reliability has however 
been vastly improved when compared to early diesel engines. This has been 
possible through major research and development efforts. New technologies and 
engine subsystems have been developed. Improved measurements and diagnostics 
tools have made it possible to quantify and refine the processes involved. In this 
work methods for measurements and diagnostics of fuel injection nozzles, fuel 
sprays and flames are presented.  

A diesel engine in practical use is required to maintain good performance even 
during difficult circumstances such as transient operation. The diagnostics 
methods developed here have been applied with the purpose of improving the 
understanding of such operating conditions. Important parameters such as fuel 
spray propagation, mixture formation, the ignition process and the development of 
the standing diffusion flames have been investigated. Flame temperature 
distributions have been used to characterize the formation of nitrous oxides.   

1.1 The invention and evolution of the internal combustion engine 

Most of the technology and science that we use in everyday life in a modern 
society has arisen during or after the industrial revolution. The industrial 
revolution triggered a still ongoing explosion of development and one major 
factor behind it was  the invention of practically useful heat engines. The amount 
of mechanical power that could be exerted was no longer limited by the strength 
of humans or animals or availability of the primitive hydro and wind power 
devices of the time. Large quantities of gaseous, solid and liquid fuels appropriate 
for these heat engines were available and were already used for heating and 
lighting purposes. Methods for converting heat into mechanical power has been 
known since ancient times but can be considered mostly as a curiosity until the 
industrial revolution was triggered. Figure 1 illustrates a primitive form of steam 
engine, an Aeolipile. It is based on the reaction forces of tip jets placed on a 
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pivoted ball containing steam pressure. This is usually credited to Hero (Greek: 
Ἥρων, Heron) of Alexandria (10-70 AD) [1]. This publication is however 
considered to partly be a compilation of other work and earlier mentions of such a 
machine can be found. 

 

Figure 1. Evidence of ancient knowledge of steam power, an Aeolipile [1]. 

In 1678 Christiaan Huygens [2] built his first engine using gunpowder as fuel, see 
Figure 2. The gunpowder charge was set off inside the cylinder, it heated and 
forced air and combustion gases through one-way valves made up by leather 
tubes. When this expansion had been completed the cylinder contained hot gas at 
atmospheric pressure. When the gas within the cylinder started to cool the 
pressure within the cylinder fell below atmospheric. As the one-way valves closed 
and thus stopped air from flowing in a force was exerted on the piston by the 
pressure difference between atmospheric and in-cylinder conditions. This force 
could be used for lifting objects. 
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Figure 2. Huygens gun powder powered atmospheric engine  [2]. 

Engines utilizing the method of condensation within a cylinder to create a vacuum 
and have the atmosphere create a force on the other side of a piston are called 
atmospheric engines. The first practically useful steam engines were also of this 
type. Steam was led into the cylinder through a valve. The steam was cooled by 
water injection and the atmosphere forced the piston into the cylinder as in-
cylinder pressure decreased. The piston was connected via a rod to a hinged beam. 
On the other side of the beam an other rod was lifted. These machines were 
utilized for pumping water out of mines. This task had previously been performed 
by horses, this is way the term horsepower was introduced as a way of quantifying 
engine power. The first engine of this type was developed by Thomas Newcomen 
in 1712 and saw use in several mines [3]. The design of this machine was 
improved by James Watt, he patented a condenser which eliminated the cylinder 
reheating process in 1769. This device doubled the efficiency of the Newcomen 
engine without other major modifications.  

Later steam engines were not atmospheric but functioned by injecting high 
pressure steam into a cylinder. This increased the power density as the working 
pressure and thus the pressure difference on the piston could be much higher than 
a fraction of one atmosphere that atmospheric machines were limited to. Steam 
engines do however have a large disadvantage, the fact that combustion takes 
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place at atmospheric pressure. This means that thermal efficiency will suffer as 
the expansion of the heated air is not utilized.  

As the field of thermodynamics developed, engine cycles featuring in-cylinder 
heating of a pre-compressed gas charge were proposed. The first formally 
scientific motivation of the importance of compression was supplied by Sadi 
Carnot in 1824 [4]. Following this, several different operating cycles were 
proposed and implemented in actual engines of varying practical usefulness. The 
two most successful types which are dominant in modern piston engines are the 
Otto engine and the Diesel engine.  

1.2 The Otto engine 

In an Otto or SI-engine the charge formation is achieved by premixing the fuel 
with air prior to combustion. This is done either by injecting fuel into the air as it 
moves into the engine or by direct injection inside the cylinder. In either case the 
fuel has sufficient time to vaporize and mix with air prior to ignition. Ignition is 
achieved using an electrical spark, the combustion progresses as a flame front 
consisting of premixed turbulent flames. Figure 3 shows the propagation of the 
flames during SI-engine combustion.  

 

Figure 3. Visualization of SI-engine combustion. Courtesy of Ernst Winklhofer, 

AVL List GmbH. 
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One advantage of this process is that it is possible to run the engine at a 
stoichiometric mixture. This allows the use of efficient emission after-treatment in 
the form of a three-way catalyst. Stoichiometric operation does however require 
the air flow to be throttled at part load which increases the pumping losses. The 
fact that the fuel is already present in the charge during compression also limits 
the maximum compression ratio and cylinder pressure as uncontrolled combustion 
in the form of preignition and knocking must be avoided. This has a limiting 
effect on the thermodynamic efficiency of the engine.  

1.3 The Diesel engine 

In a diesel engine the gas charge is compressed prior to the fuel injection. The 
pressure and temperature achieved by the compression leads to auto ignition as 
the fuel is injected, usually close to TDC. Some degree of fuel/air premix does 
still occur as there is a certain delay before ignition occurs. After the premixed 
combustion the fuel burns in diffusion flames. Figure 4 shows fully developed 
diesel diffusion flames in a high load combustion case.  

 

Figure 4. Visualization of diesel engine combustion.  
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The original vision for what became the diesel engine was that an air charge 
should be compressed to 250 atmospheres. The fuel would then be introduced 
during the expansion stroke at a rate where basically all the heat would be 
absorbed by the increase in volume. Therefore the heat transfer to the walls was 
expected to be negligible. There would be no need for cooling and a very high 
efficiency was expected. As often when theoretical engine cycles were to be 
implemented in practice, several factors impaired the expected performance quite 
severely [3], [5]. When Rudolf Diesel constructed his first practically useful 
engine in 1893, following very ambitious research and development efforts, it did 
however have more than twice the efficiency of the average heat engine available 
at the time [6].  

Rudolf Diesel did experiments with fuel injection by directly exerting force on the 
liquid and spraying it in via a nozzle in his first engine, i.e. the method used in 
later diesel engines. This proved to be difficult with the hardware available at the 
time and the first diesel engines had to rely on compressed air to inject the fuel 
into the combustion chamber, the so called air blast injection method. Air pressure 
was supplied by a piston compressor powered by the crank shaft. The hardware 
required for this method was cumbersome and expensive. Due to the 
compressibility of air and its flow losses, the energy efficiency of this approach 
was lower than directly acting systems, sometimes termed solid injection. The air 
blast injection method was however used in large engines until the 1930ies.  

In the beginning of the last century, systems utilizing solid injection had been 
sufficiently developed to be used commercially. The first systems were the so 
called jerk pumps. These pumps featured a cam driven pumping plunger working 
inside a sleeve with a helical cutout. By rotating the sleeve, the effective length of 
the pumping stroke could be varied. This system for adjusting the injected fuel 
mass was used in later inline pumps which were the main type of injection 
equipment for heavy vehicle diesel engines until the arrival of electrically 
controlled unit injectors in the 1990ies. For smaller engines distributor pumps 
were commonly used.  

The inline pumps became more and more advanced as demands on improved 
control capabilities increased and mechanisms that allowed the injection timing to 
be adjusted were introduced. Smoke limiters which ramped up the injected mass 
in order to allow turbo charged engines to wait for charge pressure build-up 
became available. Later developments in fuel injection systems have been directed 
at increasing injection pressure and improving control capability. More recent 
developments include electronically controlled unit injector and common rail 
systems. The development of fuel injection systems has been a major part of the 
evolution of the diesel engines performance. The performance of the fuel injection 
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systems has therefore had a large influence on the development of the other 
aspects of the combustion system and on the strategies used.  
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2   Diesel fuel injection and spray formation 

The primary type of combustion event in a diesel engine requires that the fuel is 
burnt while it is injected in the form of diffusion flames. This leaves little time for 
atomization. The fuel injection process thus has a major influence on the 
combustion and emission formation processes. Factors that strongly influence the 
atomization and combustion of the fuel are injection pressure, hole parameters, 
the use of multiple injections and rate shape. Some complex mechanisms are 
involved in the mechanical interaction between the initial liquid fuel jet and the 
gas charge as the fuel is atomized prior to combustion. 

2.1 Fuel jet formation, break-up and atomization 

When pressurized fuel exits a nozzle hole a jet is formed. The jet can disintegrate 
through a variety of mechanisms. Figure 5 from Lefebvre [7] shows a liquid jet 
with surface wave instabilities.  

 

Figure 5. Liquid jet with surface wave instabilities and break-up [7]. 
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Some different break-up types can be encountered depending on the 
circumstances. In the first stage of the droplet break-up, the drop changes shape 
and is flattened to a disc. In the second stage the droplet breaks up from a 
flattened disc into smaller droplets. At low injection pressure and thus low jet 
velocity the fuel breaks up through the growth of unstable surface waves which 
are caused by surface tension and leads to the formation of drops with a diameter 
larger than the jet diameter. This is called the Rayleigh mechanism. At higher jet 
velocities the forces between the fuel jet and the surrounding gas increase and the 
jet disintegrates into smaller droplets some distance from the nozzle by means of 
the first and second wind induced break-up mechanisms. At even higher jet 
velocities the strong interaction forces between the fuel jet and the surrounding 
gas leads to direct atomization where the fuel jet breaks up at the nozzle exit into 
droplets much smaller than the fuel jet diameter.  
 
Heywood [8], states that the high injection pressures and jet velocities 
encountered in a modern diesel fuel injection system means that the fuel sprays 
are mostly in the this direct atomization regime. 
 

2.2 Air entrainment and combustion system air utilization efficiency 

Air entrainment is an important aspect of the diesel engine air-fuel mixture 
preparation process. Ishikawa and Zhang [9] have studied air entrainment in diesel 
sprays by measuring air movements around a spray. It is quite difficult to measure 
this type of air movement. One method is to add fine tracer particles to the gas. 
Ishikawa and Zhang placed a heated stainless steel wire in the air close to the 
spray. The hot wire creates density differences in the air which are tracked using a 
shadow graph method, see Figure 6. As the fuel spray develops a trace in the gas 
visible through its density difference can be seen moving away from the heated 
steel wire. They compared their measurements with equations for momentum 
exchange between the fuel spray and the surrounding air. They obtained a good 
agreement at least at the initial portion of the spray. In this way it is possible to 
quantify how air is transported into a diesel fuel spray.  
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Figure 6. Visualization of air entrainment in a fuel spray [9]. 

As air entrains into the emerging fuel spray, it disintegrates and ceases to be a 
liquid jet. After a certain distance from the nozzle there is no longer any liquid 
core. This length is called the liquid length. This has been investigated by Siebers 
[10] using Mie-scattered light imaging. A large number of tests with varying 
parameters led to the conclusion that the liquid length is linearly dependent on 
orifice diameter and that the liquid length is practically independent of injection 
pressure. These findings were used to calibrate fuel spray simulations made by 
Tonini et al. [11]. The simulations make it possible to study the behavior of 
vaporized fuel and it is found that increaased injection pressure increases the 
vapor penetration. Both liquid and vapor penetrations are significantly decreased 
by higher surrounding gas temperature. At high gas temperatures the influence of 
both fuel volatility and fuel temperature is small.  
 
The spray cone angle reflects the atomization and air entrainment process that 
occurs downstream of the nozzle. Power law coefficients for spray cone angle, 
spray tip penetration and Sauter Mean Diameter, (SMD) as functions of a number 
of injection parameters were investigated by Arrègle et al. [12]. It is however 
difficult to quantify the influence of the various parameters and rather large 
differences in the findings of different research teams are typically reported. A 
typical diesel fuel injection is a very transient event where the initial development 
of the spray constitutes a large part of its total duration. Payri et al. [13] consider 
this and obtain relevant exponents for both initial spray development and for fully 
developed sprays. The theoretical fuel spray injection velocity can be calculated 
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as a function of injection pressure and fuel density using the Bernoulli equation. It 
is however difficult to relate this velocity to experimentally measured spray tip 
velocity as the fuel quickly loses its velocity due to momentum exchange with the 
surrounding air, see Ahmadi-Befrui et al. [14]. Even though fuel spray 
propagation properties and the influence of fuel injection parameters is a rather 
difficult field to study and quantify, an understanding of the basic parameters is 
valuable for combustion system designers. Baert et al. [15] made a study of basic 
spray parameters and discuss the practical influence they may have in an actual 
engine combustion system. In order to maximize air utilization and to avoid 
excessive emission formation it is important to avoid over-penetration which leads 
to piston bowl wetting and thus increased unburnt hydrocarbons and smoke 
emissions. The separation between the sprays and thus the flames in a multi hole 
injector is important for efficient air entrainment and air utilization. 
 

3    Combustion and emission formation 

A conceptual model of DI diesel combustion and emission formation has been 
proposed by Dec [16], it is a widely accepted description of the principles 
involved. Figure 7 shows the proposed composition and progression of the diesel 
flame as a function of crank angle degrees after start of injection (ASI). 

3.1 Schematics of the development of a diesel diffusion flame 

The initial stage (0.0° - 4.5° ASI) of the fuel spray development includes 
atomization, vaporization and air entrainment into the jet. A growing vapor phase 
develops around the spray that eventually forms the so called head vortex. The 
auto ignition phase ranges from 3° - 5° ASI. Using chemiluminescence, the start 
of combustion can be detected at around 3.5° ASI. The occurrence of poly-
aromatic hydrocarbons (PAH) can be detected at 4.5° - 5° ASI in the fuel vapor-
air mixture. This is followed by soot formation between 5° - 6° ASI. The part of 
the combustion corresponding to the premixed spike in the heat release rate 
(HRR) starts at 4° - 6.5° ASI. The HRR starts to increase sharply at 4.5° ASI. At 
this point the leading portion of the spray is highly chemiluminescent but there is 
little sign of significant fuel break down. At 5° ASI the fuel breaks down and 
large PAH´s form across the leading portion of the spray where the equivalence 
ratio is 2 – 4, i.e. fuel rich. By 6° ASI soot starts to occur as small particles 
throughout the downstream portion of the jet. 
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Figure 7. Conceptual model of DI diesel combustion by Dec [16].  

These particles arise from fuel-rich premixed combustion. At 7° - 9° ASI the 
premixed spike in the HRR ends and a non-transient mixing controlled flame has 
developed. The mixing controlled flame forms and starts to stabilize at 5.5° - 6.5° 
ASI as can be seen as a thin line encircling the flame at 6.5° ASI in Figure 7. This 
leads to a reduction of liquid length, probably because of local heating. There is a 
high soot concentration zone close to the leading edge inside the developed 
diffusion flame. These particles are larger than the particles that are formed 
around the circumference of the liquid core.  
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Figure 8 from Charlton [17] shows a similar illustration of the structure of a diesel 
diffusion flame. Here temperature values have been added. The surface 
temperature value is relevant for a combustion case with little or no EGR. 
Thermal NO-formation occurs at the hot circumference of the diffusion flame as 
the high temperature causes oxidation of nitrogen present in the gas charge.  

 

 

Figure 8. Schematic of a diesel flame with temperatures and chemistry [17].  

These descriptions provide a good overall understanding of the diesel combustion 
process and how its emissions are formed. There are a large number of approaches 
to investigate the nature of diffusion flame development, the formation and 
oxidation of soot and the formation of NO and other emissions.  

3.2 The soot formation and oxidation processes 

Diesel diffusion burning is a process where a large quantity of soot is first formed 
just downstream of the lift-off length. The soot is then oxidized as it is transported 
further downstream in the flame and during the after-oxidation phase. Soot 
formation occurs inside the envelope of the flame in the fuel rich regions of the 
jet, see Picket and Siebers [18].  

A lot of the basic spray and flame research is done in combustion vessels. It is 
possible to obtain engine-like gas composition, pressure and temperature in such 
vessels. In this way it is possible to investigate the main part of actual diesel 
engine combustion which goes on close to TDC in a controlled way. In an actual 
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engine the combustion process will continue far into the expansion stroke where 
pressure and temperature are rapidly decreasing. 

Arcoumanis and Schindler [19] described the diesel combustion process by 
addressing its three main phases. In the premixed combustion phase where fuel 
that has been mixed with air during the ignition delay initially auto-ignites in 
premixed zones with λ ≈ 0.7. The main phase of the combustion consists of 
partially premixed diffusion flames burning at conditions where large amounts of 
soot are formed and the burn-out or after-oxidation phase where soot that was not 
burnt off in the standing diffusion flames is oxidized. Soot formation is a gas-solid 
type of phase transition, the process consists of formation of new particles, 
particle coagulation, condensation and surface growth.  

After the end of the fuel injection, the formation of new soot ceases and the 
combustion process enters its third phase where the remaining soot is oxidized. As 
combustion products which were formed during the main phase mixes with 
oxygen rich gas the particles are burnt off to a large extent. Since the particles do 
not consist solely of carbon, and the surrounding gas does not consist of pure 
oxygen the oxidation rate depends on very complex reaction schemes. Particle 
lifetime is inversely dependent on gas temperature, it is fairly independent of 
air/fuel-ratio for values of λ > 1.3 as can be seen in Figure 9. At values below this 
critical mixture ratio the gas temperature needed to completely oxidize a certain 
particle in a certain time increases rapidly with reduced air/fuel-ratio. 
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Figure 9. Particle oxidation time as a function of λ and temperature [19]. 

Soot concentrations can be very high during the combustion. However, most of 
the soot is burnt off before the opening of the exhaust valve. In a successful diesel 
combustion event almost none of the initially formed soot will survive the 
oxidation in the flame and/or the following after-oxidation phase. Picket and 
Siebers [20] confirm that soot formation starts to occur shortly after the auto-
ignition in the region between the lift-off length and the transient penetrating head 
of the fuel jet.  

They observed how the formation and oxidation of soot was influenced by some 
different parameters. When characterizing local soot concentrations they found 
that the soot concentration first increases when moving downstream in the flame, 
it then reached a peak value and started to decrease again further along the length 
of the flame. This is due to the balance between soot formation and soot 
oxidation. Increasing the gas temperature caused this peak to move upstream in 
the flame. This was explained to be a consequence of the shortened lift-off length 
that a higher temperature leads to. The shorter time available for air to entrain into 
the fuel spray, therefore the initial combustion reactions took place at a lower 
degree of premix. The higher temperature itself also increased the rate at which 
soot was formed and to an even larger degree it increased the soot oxidation rate. 
Soot formation does not occur at all in regions with a temperature below 1400 – 
1600 K [21], [19]. This means that the soot concentration peak value moves closer 
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to the injector nozzle and that the soot burns out more rapidly as it approaches the 
flame tip. Increased fuel injection pressure decreases the total amount of soot as it 
leads to increased air entrainment and a longer lift-off length. It also increases the 
velocity of the fuel and combustion products and therefore decreases the residence 
time in the fuel-jet sooting region. The peak value in soot decreases linearly with 
increasing fuel jet velocity and therefore with the square root of the injection 
pressure as a consequence of Bernoulli’s law.  

3.3 Flame temperature and NO-formation 

The NOx that is produced during diesel combustion is mainly formed through 
thermal NO-formation. The NO will then be further oxidized to NO2 but the 
engine out NOx mainly consists of NO. The three principal thermal NO-formation 
reactions are referred to as the extended Zeldovich mechanisms and are shown 
here with their reaction rates. [8] The two first have reaction rates which are 
exponentially dependent on temperature. 

         

 

This means that in the temperature interval relevant to diesel combustion a small 
increase in flame temperature can cause a large increase in NO-formation. 

Diesel diffusion flames have very high concentrations of glowing soot, this soot 
emits a spectrum of radiation. The radiation spectrum depends on the temperature 
of the soot particles and it is therefore possible to estimate flame temperature 
based on the spectrum. Bakenhaus and Reitz [22] summarized the theory behind 
this approach. Even though single soot particles and thick soot clouds have a 
spectral emissivity which is very close to ideal black body radiation thinner clouds 
of soot particle deviate more. This varying degree of adherence to ideal black 
body radiation creates an uncertainty when trying to evaluate the flame 
temperature based on spectral emissivity at one wavelength. It is possible to 
achieve a good approximation of the non-black body spectral intensity distribution 
using Wein’s Law:  
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The monochromatic emissivity of  soot particles can be described as:  
 
 

 
 

It is possible to measure the intensity of the soot luminosity at two separate 
wavelengths. This results in an equation system with two equations and two 
unknowns which can be solved for temperature and KL-factor, a measure of soot 
volume fraction. 

           

   

 

The equipment can be calibrated using for instance a glowing lamp filament with 
known emissivity and temperature. This approach is called the two-color method 
and it gives information of both flame temperature and KL-factor. The later being 
somewhat difficult to interpret in absolute terms, see  Bakenhaus and Reitz [22]. 
This type of measurement can be applied for a number of purposes.    

Azetzu et al. [23] used the two-color method to quantify the effects that aromatic 
components in fuel have on flame temperature and soot formation. They used four 
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different fuels with different content of aromatics and poly-aromatics. The 
formation of soot in the flames increase with increased aromatic content, 
especially for poly-aromatics. The extra amount of soot is however rapidly 
oxidized. Fuels with high aromatic content are also found to produce higher flame 
temperatures, this is attributed to the higher C/H-ratio of that fuel. The higher 
flame temperature explains the frequently reported increase in NOx-emissions 
when fuel with high aromatic content is used, see Neill [24].  

The combustion characteristics of Gas-to-Liquid (GTL) fuel were compared to 
that of standard low sulfur diesel fuel by Velaers et al. [25]. Flame temperature 
and soot formation properties were investigated using the two-color method. They 
found that the flame temperature depends on the EGR-rate in a different way for 
the two fuels even though the flame temperature decreases with increasing EGR-
rate for both. With no EGR the flame temperature of the GTL fuel was 
approximately 25 K lower than for the diesel fuel. At 30 % EGR the temperature 
was the same for both and at 50% EGR the flame temperature was 20 K higher 
with the GTL fuel than with the diesel. The lower soot production of the GTL fuel 
means that it does have a more favorable NOx-soot trade-off even when no EGR 
is used and even more so at high EGR-rates. 

Arcoumanis et al. [26] investigated the effect of EGR on the fuel injection, 
combustion and emission formation processes in a DI diesel engine. Using the 
two-color method they found that the flame temperatures as well as measured 
exhaust NOx-emissions decrease with increasing EGR. The soot oxidation rate 
and soot luminosity were found to be reduced. The number of auto-ignition sites 
increases and spreads in space with increasing EGR-rates. EGR influenced the 
density and temperature of the in-cylinder gas charge. This has a slight effect on 
spray penetration and cone angle at some operating conditions. 

Larsson [27] evaluated spray and flame parameters and their influence on the 
combustion and emissions. It was found that small changes in injection timing can 
lead to large differences in NO-emissions and smoke density. The variation of 
injection timing only caused minor changes in the heat release rate and the 
involved phenomena could not readily be explained by these minor changes. 
When evaluating flame temperature distributions in the flames much more 
influential changes in both absolute values and temporal development were found. 
These provided the possibility to explain the behavior of the emissions. 

Since the formation rate of NO strongly depends on the flame temperature it is 
often possible to correlate changes in measured flame temperature to changes in 
exhaust gas NO-formation without further analysis. Studies have however been 
made where various forms of formation rate calculations were performed using 
measured flame temperature as an input. Wu and Peterson [28] use some different 
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correlations which all have the measured flame temperature included in an 
exponential term. The engine was operated at different load points and the intake 
oxygen concentration was varied. Fairly good correlations between the calculated 
and the measured exhaust NO-concentrations were found. 

The strong radiation of diesel soot particles also has a cooling effect on the 
flames. Radiation heat transfer from the soot to the combustion chamber walls 
accounts for a significant portion of the heat losses in an engine. This heat transfer 
has a cooling effect on the flames and therefore affects NO-formation. Musculus 
[29] has investigated the effect that soot radiation has on gas temperature and NO-
formation in a HD diesel engine. When retarding the injection timing the engine-
out NO-emissions will decrease. However, at some point shortly before misfire 
starts to occur there was a temporary increase in NO-emissions. This was 
attributed to the absence of radiative cooling at this point which at earlier injection 
timings led to cooling of the flames and therefore a reduction in NO-formation. It 
was also found that compression heating of burnt gases can increase the flame 
temperature in a way that contributes to NO-formation. 

Picket and Siebers [18] investigated diesel combustion by studying diesel sprays 
and flames with various diagnostics methods including the two-color method. In 
traditional mixing controlled diesel combustion, high levels of nitrous oxides and 
soot are formed. Temperatures are found to exceed 2600 K in some cases which 
leads to large amounts of NOX-formation. Using O2-concentrations as low as 10 
% to simulate the use of Exhaust Gas Recirculation (EGR) it was possible to limit 
the flame temperature to 1980 K while still avoiding soot formation. They explain 
the lack of soot formation with sufficient fuel air mixing upstream of the lift off 
length. Fuel jet air entrainment was estimated from fuel jet cone angle. 

Koyanagi et al. [30], made a study of how fuel injector and spray parameters 
influence engine operation, using an optical engine and a spray vessel. A 
conventional solenoid activated common rail injector is compared to a piezo-
hydraulic common rail injector. The faster opening time of the piezo-hydraulic 
injector has an influence on the combustion and emission formation. When using 
a pilot injection the quick rise time of the piezo-hydraulic injector means that 
initial spray impulse is higher which leads both to better fuel atomization and that 
the fuel is transported further out towards the walls of the piston bowl. This 
causes a higher degree of air utilization and therefore lower initial soot 
production.  

Two-color flame temperature evaluations obtained from an optical engine were 
used for evaluation of NO-formation which for the studied load points showed 
good agreement with measured exhaust values from a single cylinder metal 
engine. The high quality of the NO-correlation allows pre-optimization of 
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production engine parameters using results obtained in the optical engine. The 
same optical engine based NO-formation evaluation technique was further 
developed by Schwartz et al. [31]. They applied it in an investigation of 
differences in combustion and emission formation between pump line nozzle and 
common rail fuel injection systems. 

Dec and Canaan [32] have made PLIF-imaging of NO-formation in a diesel 
engine with optical access. They confirm former findings that NO forms in a thin 
layer in the zone around the flame periphery during the main diffusion part of the 
combustion event. They also find that after the end of the fuel injection when the 
flame structure disappears NO-formation continues in the flame zones during the 
after oxidation process.  

Andersson [33] has developed fast NOx–prediction strategies for diesel engines 
based on measured and modeled heat release rates and EGR-rate. The model also 
considers that hot burning gas mixes with cooler gas consisting of air, EGR and 
residual gas. The mixing rate of the gasses is a tuning parameter in the model. 
This type of quite accurate but low computation cost approaches has the potential 
of improving engine and aftertreatment system control. This work also shows that 
the heat release rate, the EGR-rate which directly influences flame temperature 
and the cooling influence of surrounding gas are factors with major influence on 
NOx – formation. 
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4 The influence of fuel injection parameters on diesel 

engine operation   

As fuel injection systems have improved in terms of control and injection pressure 
capability the design of the combustion chamber has been influenced. When only 
fairly low injection pressures were available designers had to rely on high swirl 
and other in-cylinder flow phenomena for assisting fuel oxidation to higher extent 
than in more modern engines. As higher injection pressures became available 
there was a shift in the designs where the greater fuel spray momentum became 
more influential than in-cylinder air movements. This led to the development of 
what is often called a quiescent combustion system.  

Mori et al. [34] compared a quiescent combustion system to a system featuring 
higher swirl and a more shallow piston bowl. It was found that the quiescent 
combustion system had a higher air utilization ratio and that this system more 
successfully avoided high flame temperature zones. Air movements in the 
quiescent combustion system allowed the air outside the piston bowl to be utilized 
more efficiently close to the cylinder walls and thus create a more beneficial 
fuel/air-mixture distribution.  

 

4.1 Fuel injection strategies - multiple fuel injections 

The two general advantages of multiple fuel injection strategies are that it is 
possible to influence both the shape of the heat release rate and spray and flame 
behavior. Modern fuel injection systems feature good potential for exploring the 
benefits that multiple fuel injection strategies offer.  

4.1.1 Pilot injection 

A pilot injection is a small fuel volume that is injected prior to the main injection. 
It reduces the ignition delay by providing increased temperature and combustion 
radicals, globally or locally in the combustion chamber [35]. This type of injection 
is often utilized to reduce engine noise created by long ignition delay. The noise 
reduction capability of pilot injection is much larger at low load than at high load 
as is reported by Takahashi et al. [36] and Zhang [37].  
 
The use of a pilot injection can either increase or decrease the NO-formation 
during a combustion event depending on the circumstances. In some conditions 
the reduction of the premixed peak in the heat release rate can cause the maximum 
in-cylinder gas temperature to be somewhat reduced even though the timing of the 
main injection is held constant. This can be seen in Figure 10 from Minami et al. 
[38]. 
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Figure 10. Reduced peak in the heat release rate may cause reduced peak gas 

temperature when using pilot injection [38]. 

In other cases the NOx-emissions may increase as the earlier start of combustion 
causes higher in-cylinder temperatures. Which of the effects has the strongest 
influence depends on operating conditions such as injection timing.  

4.1.2 Split injection 

When a fuel injection is divided into two parts of approximately the same mass 
the term split injection is used. According to Han et al. [39], the main advantage 
of a split injection is that the fuel injected during the first pulse is allowed time to 
mix with air before more fuel is added. The second pulse will also be injected into 
zones with a relatively lean mixture and high temperature. This can significantly 
reduce the soot emissions even though the initial start of injection is kept constant 
and the end of the second injection pulse occurs at a later timing. No major effects 
on NOx-emissions could be seen.  

Bakenhaus and Reitz [22] used endoscopes with several different fields of view to 
investigate the functional principles of split injections. Two-color analysis 
revealed that split injections result in high temperature near-stoichiometric 
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combustion zones which occur between the two pulses. The observed soot amount 
during the second injection pulse can thus be substantially reduced. 

4.1.3 Post injection 

Injecting a small amount of fuel after the main injection may reduce the soot 
emissions in many cases. The increased in-cylinder turbulence and temperature 
promotes late soot oxidation. The amount and separation of the post injection 
must however be well optimized for soot reduction to occur. Payri et al. [40], 
report that it in some cases is possible to obtain a slight increase in fuel efficiency 
in spite of the later end of injection when using a post injection. This is thought to 
be caused by improved mixing of fuel that has been injected at late timing 
resulting in a faster combustion of this fuel. Very late post injection may be used 
in order to provide after-treatment systems with un-burnt fuel for the purpose of 
regeneration of particulate filters.  

4.2 The influence of nozzle and hole parameters on diesel engine 

combustion 

As discussed previously the fuel injection performance is important for low 
emission combustion. During the last 20 years the maximum fuel injection 
pressure in the available systems has increased rapidly. Today, injection pressures 
of about 2500 bar or more are used and in the near future even higher pressures 
may be available. The development of electronic injection control has led to an 
increasing controllability of the injection event. Precise control of the fuel 
pressure, injection phasing and the use of multiple injections has increased the 
possibilities to influence the combustion process. This increased controllability 
together with the injection pressure increase is responsible for a large part of the 
emission reductions that have occurred in diesel engines during the past decades. 
In order to fully utilize these advantages the production quality of the fuel 
injection components must be high as for instance hole-to-hole variations may 
cause reduced combustion performance with increased emissions and reduced 
efficiency. 

The holes in a modern injection system are very small, typically 50 – 250 µm, and 
they are manufactured using a complicated EDM (Electro Discharge Machining) 
process. This makes it difficult to keep the geometrical properties of the holes 
within the required specifications, it is also difficult to measure what dimensions 
are actually achieved during the manufacturing. Due to the complexity of the 
spray formation and combustion process it is in fact very difficult even to know 
how tight the specifications need to be. Not only the diameter and conicity of the 
holes have an influence on the flow parameters, but also the inlet rounding has a 
major impact and the inlet rounding is quite difficult to measure. 
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Current combustion chambers for passenger car and truck diesel engines typically 
utilize direct injection system with a fairly shallow piston bowl and a central fuel 
injector with 5 – 8 holes. The injectors can either be unit injectors with one cam 
driven pump element per injector or of the common rail type with a crankshaft 
driven pump that feeds the injectors through a high pressure fuel accumulator, the 
fuel rail. A multi-hole nozzle can be classified into one of two basic types 
depending on the design of the needle seat and nozzle hole inlets. Figure 11 from 
Roth et al. [41], shows a needle sac type on the left and a VCO (Valve Covered 
Orifice) on the right. 

 

 

Figure 11. Sac- and VCO-type fuel injection nozzles [41]. 

The advantage of the VCO-type is that the needle covers the holes when it is 
closed. Therefore, the fuel shuts off abruptly at the end of the fuel injection and 
there is no sac volume which boils off or flows at low pressure as in the sac-type. 
The small fuel portion which is injected at low pressure at the end of injection 
may cause increased emissions of un-burnt hydro-carbons and possibly also soot. 
The VCO on the other hand has the disadvantage of being more sensitive to 
needle misalignment. The fuel passes through the very small gap between the 
needle and nozzle body and the slightest misalignment gives rise to variations in 
the flow area and thus the fuel flow for the different holes. 

If the pressure in a flowing liquid locally falls below the vapor pressure of the 
liquid, vapor bubbles are formed. This phenomenon is called cavitation and can 
take place in many types of machines which in some way involve flow with 
strong pressure gradients, for instance pumps, propellers and diesel fuel injection 
systems. If excessively strong cavitation occurs the material surrounding the flow 
may be damaged by cavitation induced erosion.  

If a cavitation bubble collapses on or near a metal surface the sudden collapse 
causes a jet to be formed which strikes the surface, if the energy of the jet is 
sufficiently high some material will be eroded off. Once the surface has been 
pitted by erosion the process may continue at an accelerated rate. The increased 
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surfaces roughness may promote the formation of even more cavitation bubbles 
and the already weakened surface may be more sensitive to further erosion. If this 
happens inside the holes of a diesel fuel injection nozzle the resulting change in 
geometry may influence the fuel injection process negatively. Since the pressure 
gradient in a diesel nozzle hole can be over 2000 bar/mm of hole length, the 
occurrence of cavitation is basically unavoidable. The cavitation phenomenon 
does not have to be exclusively negative. A controlled amount of cavitation will 
not damage the nozzle and may have some advantages. Cavitation increases the 
atomization of the fuel and it can keep the nozzles free from coke deposition 
which may otherwise interfere with the fuel flow. 

Desantes et al. [42] have made an extensive review of publications of other 
authors in combination with their own work in the field of nozzle flow and 
cavitation. When fuel flows through a sharp cornered nozzle hole inlet, a low 
pressure zone is formed downstream of the inlet. This causes a recirculation and 
thus an area reduction, a so called “vena contracta”, see Figure 12.  

 

Figure 12. Flow separation in nozzle inlet [42]. 

If the separation is not rotationally symmetric around the circumference of the 
hole a phenomenon called hydraulic flip can occur as shown by Soteriou et al. 
[43]. Such asymmetries may easily occur as the fuel typically enters either the 
needle sac or the hole directly from above as this is the feed direction of the fuel. 
The unsymmetrical boundary layer causes the spray to bend away from the 
direction of the hole as can be seen in Figure 13. The spray typically bends 
downwards since the fuel usually flows from above the inlet forming a separation 
bubble at the upper corner. 
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Figure 13. Hydraulic flip in nozzles [43]. 

This means that the fuel spray included angle will deviate from its intended value 
and may cause incompatibility with the design of the combustion chamber 
geometry and flow conditions. Hydraulic flip is also detrimental to the fuel 
atomization process. Koyanagi et al. [30] report similar findings and show that the 
spray deflection angle increases with increasing fuel injection pressure.  

Some publications have been made on the subject of hole-to-hole variations but 
the influence is quite complex and there is still little understanding of the 
mechanisms involved. Hole-to-hole variations may have several causes. They can 
be the result of poor manufacturing quality, erosive damage or varying amounts of 
coke deposits in the nozzle holes. The latter two may be caused by differences in 
the hole inlets which affects the cavitation and thus the erosion and coking.  

Hole-to-hole variations may appear in nozzles made for angled installation in 2-
valve engines as shown by Kull and Krüger. [44] The angled tip results in 
different inclination angle and thus a different flow path for each of the holes, see 
Figure 14.  
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Fig 14. VCO nozzle for angled installation in a 2-valve engine [44]. 

Kilic et al. [45] demonstrated the influence that hole inclination can have on the 
cavitation and thus the flow. Figure 15 shows the result of a simulation of nozzle 
hole flows for two inclination angles.  

 

Fig 15. Simulation of nozzle flow for different inclination angles [45]. 

Figure 15 shows that a larger inclination angle leads to more detachment at the 
sharper upper inlet corner. This flow behavior has an influence on hole-to-hole 
variations in inclined installation nozzles. Kull and Krüger have measured the 
mass flow, momentum, and fuel spray penetration of the inclined VCO nozzle 
shown in Figure 14. Figure 16 shows how all the parameters vary in a 
“periodical” way corresponding to the variations in inclination angle. 
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Figure 16. Hole-to-hole distribution of penetration, mass flow and momentum 

[44]. 

Hole 1 and 5 have an inclination angle of 83°, hole 2 and 4 have an angle of 66°, 
and hole 3 has an angle of 56°. It is clear from Figure 16 that the mass flow, 
momentum and penetration decreases with increasing inclination angle which is 
also the conclusion of Kilic et al. [45]. 
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Needle misalignment is another issue that affects fuel injection nozzles. It is 
primarily a concern for VCO nozzles but it may also have an influence on sac 
type nozzles. Figure 17 from Kilic et al. [45] shows how the flow velocity is 
influenced by needle misalignment. 

 

Fig 17. Flow velocity in VCO nozzles with and without needle misalignment [45]. 

In Figure 17 it is obvious why needle misalignment is more serious in a VCO 
nozzle than in a sac type nozzle. In the VCO nozzle the misalignment directly 
influences the distance between the needle and hole inlet. In a sac type nozzle the 
influence is more indirect as the hole inlets are located in the nozzle sac. The 
influence of needle misalignment depends on how large the needle lift is. A 
smaller lift means a bigger impact on the geometry.  

De Risi et al. [46] investigated initial spray propagation from different nozzles. 
They compared spray images from some VCO nozzles with different design, a 
mini sac nozzle and a mini sac nozzle where the sac volume was reduced by 30 %. 
They reported that the sac nozzles have far less initial hole-to-hole variation and 
that using a double guided needle in a VCO nozzles as opposed to the “standard” 
layout with a single needle guide also reduces hole-to-hole variations as this 
reduces the mismatch. De Risi et al. also used a microscopic technique to study 
the hole outlets. Even though deformed hole edges, variations in outlet sizes and 
eccentricities were found, these geometrical deviances did not correlate with the 
spray data. This may be because the outlet properties are not as important as for 
instance the inlet properties. Even though many have studied the phenomenon, it 
is not clear precisely what influence an initial asymmetric spray distribution has 
on the combustion and emission formation processes. 

One way of characterizing actual hole geometries is presented by Payri et al. in 
[47], where a silicon mould is made of the nozzle, see Figure 18.  
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Figure 18. Silicon mould of three hole nozzle [47]. 

The mould is then scanned by an electron microscope where the geometries can 
be loaded into a CAD software. Payri et al. compare the geometries obtained in 
this way with the results from three other measurement methods, mass flow 
measurements, spray momentum and spray penetration. Figure 19 shows how the 
various parameters correlate to each other. The parameters are normalized so that 
1 means average for the three holes. 

 

Figure 19. Comparison of results from the different measurement techniques [47]. 

The studied parameters are clearly following the same trend with a fairly low 
degree of hole-to-hole variations. Previously it was discussed that hole geometries 
influence the intensity of the cavitation and that cavitation can lead to erosive 
damage to the hole and thus influence the geometry. It is possible that under 
certain circumstances a feedback loop may occur promoting increasing cavitation 
and increasing hole damage. It is very difficult to experimentally study such a 
phenomenon since it requires that nozzles that will behave accordingly are 
identified and geometrically characterized before they are used. Greif and Wang 
[48] studied this “feedback” using a simulation technique. First a flow simulation 
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was made. Erosion damage was assumed to occur in areas with cavitation over a 
certain threshold. A new grid was created by adding expected damage to the hole 
and a new flow simulation was made. Figure 20 shows the progression of the 
erosion. 

 

 

Figure 20. Progression of cavitation erosion [48]. 

The simulations by Greif and Wang show how a feedback between cavitation and 
erosion is likely to progress. This mechanism explains how small initial variations 
in for instance inlet radii can result in large variations in hole taper angle and 
diameter. Greif and Wang predict that this type of erosive hole damage would 
result in fuel sprays with less penetration and a larger cone angle. 
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5 Transient engine operation 

Vehicle manufacturers are required to certify that the vehicle complies with 
emission legislation both in stationary and transient conditions. Vehicles have to 
be able to quickly respond to driver inputs in terms of torque build-up. A turbo 
charged diesel engine that runs in a stationary condition uses wasted exhaust heat 
to supply its combustion system with the air needed for combustion. When a load 
increase is demanded the instantaneous increase in injected fuel mass can only be 
done to the extent that the current air flow allows it. A certain amount of air 
excess must be maintained at all times or the diffusion flame based combustion 
system of the diesel engine will start to produce large amounts of smoke 
emissions. Further increase in injected fuel flow can only be done at the rate that 
the turbo charger increases the air flow. This poses a challenge for the actuators 
and sensors that are involved and it requires a clever control strategy. Modern 
engine hardware offers good possibilities to rapidly meet a requested load 
transient in a controlled way without producing excessive emissions. A clever 
control strategy for charge systems featuring a VGT turbo charger and a rapid 
response EGR-system offers the opportunity to quickly alter the charge flow and 
composition. Modern combustion systems has efficient air utilization and the 
possibility to use the injection hardware to adapt the combustion strategy to suit 
the gas charge conditions it encounters. In early turbo charged diesel engines the 
only way to handle a load transient was to slow down the response of the fueling 
increase in order to wait for turbo charger response. These engines often produced 
visible smoke emissions during a load increase.  

A publication by Winterbone et al. [49] from 1977 addresses these issues. As 
often in early publications in the field various methods for providing external 
power to the turbo charger rotor assembly during its speed up system was 
proposed. These include direct hydraulic power assist as well as air injection into 
the compressor by external means. Hydraulic power assist systems are further 
investigated by Timoney [50].  

More recent developments along those lines are investigated by Hopmann and 
Algrain [51]. They investigate an electrical turbo compound system which offers 
the possibility to provide the turbo charger with external electrical power during 
the speed-up phase. This type of system also makes it possible to extract electrical 
power from the turbo charger during operating conditions where there is a surplus 
of turbine power. 

These systems may offer promising possibilities but have the disadvantage of 
increased complexity and cost. A modern VGT turbo charger covers some of its 
advantages as it offers the possibility to temporarily provide extra turbine power 
at the cost of increased engine back pressure.  
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Wijetunge et al. [52] describe how steady state engine calibration now has 
developed to a point where it is difficult to improve engine performance further 
by improved control alone. In the case of transients there is still much potential in 
increased performance by improvements in the control strategies for the multitude 
of parameters that influence the engine. They investigate a VGT control strategy 
based on exhaust back pressure rather than inlet pressure which is more 
commonly used. It is found that exhaust pressure measurements offer significantly 
less delay as a feedback parameter for VGT position than inlet pressure. This 
leads to significant reductions in response time and overshoot of the boost 
pressure as well as the exhaust pressure. The more refined control of the gas 
exchange system results in both reduced torque response time and that the smoke 
emissions during the transient is almost halved. 

Rakopoulos and Giakoumis [53] have made an extensive summary of published 
material in the field of simulations of the thermodynamics of turbocharged diesel 
engines during transient operation. The various publications have been evaluated 
and arranged according to what types of sub models have been used to represent 
the various aspects of the engine operation such as combustion, heat transfer, 
manifold gas dynamics, engine friction and emissions. They conclude that the 
most influential factor in transient operation in a turbocharged diesel engine is the 
turbocharger lag caused by the lack of mechanical coupling between compressor 
and crankshaft. They also conclude that simulations often fail in giving insight 
into the highly complicated and crucial first cycles in the load increase despite the 
application of correction factors.  

Winkler and Ångström [54] have done a study where a one-dimensional 
simulation code has been used in conjunction with experimental engine tests to 
improve the understanding of the difference in stationary and transient 
turbocharger turbine maps. They found that pulsations in the exhaust flow which 
are always present poses a larger challenge during transients as the pressure 
difference over the turbocharger generates axial forces in the rotor assembly that 
has an impact on friction that is not present during stationary operation. There are 
also effects such as fluid inertia and compressibility within the turbine that 
influences the response of the turbocharger.   

Black et al. [55] have evaluated how VGT control strategy influences pumping 
losses and specific fuel consumption during transient engine operation. They use 
an experimental matrix based on comparing load transients with different rise 
time and VGT positions in order to identify the influence of the different 
parameters involved. There is a trade-off between engine backpressure which 
causes engine pumping losses and turbocharger response in a VGT-turbocharger. 
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Therefore an optimum between charge pressure and its beneficial effects on soot 
oxidation and back pressure has to be found 

Podevin et al. [56] uses a flywheel with selectable rotational inertia coupled to a 
brake in order to facilitate the experimental replication of the transient load cases 
that a passenger car encounters during acceleration in different gears. They 
identify three phases that occur during a rapid load increase in a turbocharged 
diesel engine, the initial phase where the fuel flow quickly can be increased until a 
certain lambda margin is reached. Further increase depends on the rate at which 
the charge pressure can be increased and is slower than the initial increase which 
is only limited by fuel system response. The last phase is due to stabilization of 
the thermal state of pipes and turbine housing which causes a slow and fairly 
small increase in possible maximum torque as the available turbine power 
increases when thermal losses to the cold walls are reduced.   

Bai and Yang [57] have investigated a control strategy based on an intake air mass 
observer and compares it to a more conventional mass flow sensor strategy. 
Coordinated control of EGR and VNT (Variable Nozzle Turbine) is important to 
be able to achieve a quick transient response with a minimum of increase in 
emissions. They found that when EGR is used it causes the mass flow meter to 
misinterpret the flow during transients and the mass observer strategy is 
preferable.  

Reifarth and Ångström [58] have evaluated the potentials in transient response of 
different types of EGR-system layouts including short route and long route 
systems. It was found that long route systems can lead to efficiency improvements 
during steady state operation. They did not really find any disadvantages in 
positive load transients either as lack in response time within the longer system is 
more than compensated for by the increasing turbocharger efficiency. Long route 
systems can however have a disadvantage when going from high load to low load 
as it may be hard to reduce the EGR-rate sufficiently fast. A hybrid system 
consisting of both a short route and long route system would be able to 
incorporate the advantages of both systems. 
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       6 Summary of the diesel engine processes 

The previous chapters have been a review of published material about various 
aspects of the basic processes involved in diesel engine operation. The 
interactions between the different processes are illustrated in Table 1. Table 1 has 
its starting point in the fuel injection and charge preparation at the bottom.  

In a diesel engine the fuel is injected into a highly compressed gas volume. Strong 
forces between the gas charge and the fuel leads to atomization and mixing. The 
temperature and pressure of the gas charge causes the fuel to auto ignite. Some 
residence time is required for ignition as the thermo chemical reactions involved 
do not take place instantaneously. Therefore the initial phase of the combustion 
event is premixed since some fuel has had time to evaporate and mix with air 
during the ignition delay. After the premixed phase the combustion continues with 
fuel being burnt in mixing controlled diffusion flames.  
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Table 1. Interactions between the different processes involved in a turbocharged 

diesel engine 

.  

The diesel engine process can behave in many different ways. Even though it is 
typically made up of a combination of premixed and diffusion combustion it can 
vary between the extremes of being made up almost entirely by one of the types. 
The gas composition and the gas movements, location and dwell time of the gas 
and fuel in the different parts of the combustion chamber has large effects on 
mechanics and kinetics that determines how the combustion process progresses. 
These parameters can to a large extent be influenced both by hardware design and 
by engine control system inputs such as fuel injection pressure and timing, gas 
charge pressure, composition and temperature. In this way the multi facetted 
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aspects of the diesel combustion process can be used in a clever way by engine 
designers in order to engineer the in-cylinder processes with characteristics that 
suits the engine operating demands for each part of the stationary and transient 
operating maps. 

New engine technologies have been introduced and refinements of the basic 
engine systems which have been in use for well over a hundred years have been 
made. New technologies such as turbo charging, EGR, high pressure fuel injection 
systems have been introduced. The vastly improved control possibilities of 
advanced ECU:s and on-engine sensors and actuators have given large 
possibilities in managing the in-cylinder processes. In many cases the combustion 
parameters can be substantially changed in an intentional way from one 
combustion cycle to the next, for instance as a part of a diesel engine transient 
control strategy. The development of advanced exhaust after-treatment systems 
makes it possible to achieve exhaust emission levels previously impossible and 
gives the opportunity to choose between in-cylinder and after-treatment based 
emission control strategies. 
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7 Experimental setup - Overview of experimental 

equipment and evaluation methods 

This work has been performed using various types of equipment for 
characterization of fuel injection and nozzle hole parameters. Combustion and 
emission evaluation methods have been applied on three different types of 
engines. One optical engine, one single cylinder metal engine and one six cylinder 
engine.  

7.1 Fuel injection rate and impulse measurements 

Table 2 shows the evaluation methods used for fuel injector performance. 
Evaluation method development and fuel injector performance have been the 
focus of Paper I and II. 

Table 2. Fuel injector performance evaluation methods. 

Evaluation method \ Resolution 

Hole resolved evaluation 
method 

Injector resolved evaluation 
method 

Spray characterization vessel Paper II 
Single cylinder engine emissions Paper II 
Hole X-ray tomography Paper II 
Fuel spray impulse Paper I, II 
Injection rate tube Paper I 
Injected fuel mass device Paper II 

 

In Paper I a spray impulse measurement device was developed and tested. The 
impulse measurement device is shown in Figure 21. The principle for this device 
is to record the force that is exerted by the fuel spray on a plate, this time resolved 
force is proportional to the fuel spray impulse. 

 

Figure 21. Fuel spray impulse measurement device. 
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The impulse measurement device is based on a high response pressure transducer. 
A tipped plate is attached to the sensor, this provides a rotationally symmetrical 
curvature that deflects the fuel spray in a gradual and more controlled way than 
with direct impingement. The transducer was calibrated for force instead of 
pressure and the use of a strike plate eliminates the risk of any surface loading 
profile sensitivity dependence that could cause measurement errors. The plate also 
shields the transducer membrane from direct contact with the high temperature 
fuel. This was found to solve a temperature related measurement error. The plate 
is shown to have a negligible effect on the response and frequency content of the 
measured signal. Much care was taken to make sure that the fuel spray strikes at 
the tip of the plate and not off center. 
 
The injection rates measured using this device can be compared to injection rates 
using a more conventional type of rate measurement device which is widely used 
in industry, a rate tube, see Figure 22. The principle of the rate tube is to measure 
the pressure response in a fuel volume as further fuel is injected into it. A valve 
releases fuel from the rate tube in order to keep a constant pressure in the device 
as a more fuel is injected. The total mass for each injection can be measured by 
weighing the fuel from a sufficient number of injections. In this way the pressure 
trace can be rescaled to mass per time unit. The rate measurement device features 
a long tube in order to allow a fuel injection to be made before the pressure reflex 
from the end of the tube returns. With both time resolved fuel spray impulse and 
injected mass flow it is possible to evaluate fuel spray velocity and nozzle loss 
coefficients.  
 

 

Figure 22. Fuel injection rate tube. 
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Since both the impulse and mass flow are time resolved the fuel spray velocity as 
function of time may be evaluated, the mass flow rate from rate tubes typically 
fluctuate somewhat and that would give rise to an error in that type of evaluation. 
The fluctuations arise from the fact that the rate is evaluated indirectly by 
measuring the pressure rise caused in a fuel volume by the injection. Fluctuations 
and pressure reflexes in the equipment gives rise to response and resolution 
issues. Proper  characterizing of the injection rate of a diesel fuel injector requires 
an equipment with high response and resolution. In this aspect a fuel impulse 
measurement device is better suited for rate evaluation than a rate tube. The spray 
impulse device is also hole-to-hole resolved, this is used in Paper II which deals 
with hole-to-hole variations in injector nozzles. In addition to this device some 
other methods for evaluation of injector parameters were utilized in Paper II, see 
Table 2.  
 

7.2  Overview of test engines 

Table 3 shows the structure of how different methods have been applied in three 
different engines for the purpose of fuel spray formation, combustion and 
emission evaluation. 

Table 3. Spray formation, combustion and emission evaluation methods. 

Evaluation method \ Engine Optical engine 
Single cylinder metal 
engine 

Six cylinder metal 
engine 

Pressure and heat release analysis 
Paper III, IV, 
V Paper III, IV,  V Paper V 

Spray propagation and ignition 
analysis Paper III, IV 
Emission measurements 
 Paper III, IV, V Paper V 
Transient Engine Operation 
 Paper V 
VisioFEM Temperature 
Evaluation Paper IV Paper IV, V Paper V 
ThermoVision Temperature 
Evaluation Paper IV, V 
Temperature based NO-
evaluation Paper IV, V Paper V 

 

All three engines allow analysis of cylinder pressure, inlet and exhaust pressure 
and temperatures as well as other typical engine parameters to be evaluated. These 
have been calibrated using standard calibration routines. 
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7.3 Optical engine and spray vessel 

An optical engine based on the geometry of a Scania Euro 5 engine has been used 
for investigations of fuel spray propagation, ignition and combustion phenomena 
and emission formation. The bore of the engine is 130 mm and the optical piston 
access has a diameter of 80 mm. The engine is equipped with a Bowditch type 
piston elongation that allows light from the optical piston access to be reflected 
out of the engine via a mirror, see Figure 23.  

 

 

Figure 23. Bowditch type piston elongation [59]. 

If the fuel spray propagation prior to ignition is to be photographed the 
combustion chamber has to be illuminated by external means. At the frame rate 
and short exposure times needed to trace the fast moving fuel sprays with good 
resolution very high light intensity is required. The light also has to be transmitted 
into the engine without creating reflections that disturb the image. The spray 
propagation images shown here are illuminated externally using four 75 W Xenon 
lights. Due to the high efficiency of Xenon lights the intensity of each of these 
four lights is approximately 7.5 times higher than that of a standard 55 W Halogen 
car headlight. The optical engine and the camera and lighting setup are shown in 
Figure 24. 
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Figure 24. Optical engine, camera and Xenon lights. 

The design of the optical engine piston and the view of the combustion chamber 
are shown in Figure 25. This is the piston bowl design that was used in Paper V. 
In Paper III and IV a simplified piston bowl shape with a flat bottom was used, 
this geometry can be seen in Figure 23. Figure 25 also shows the view field of the 
fiber optic VisioFEM tool at two different piston positions. 

 

Figure 25. View through optical access. 

In Paper II, fuel spray characterizations were made using a spray vessel, see 
Figure 26. This vessel has a maximum pressure of 10 bar and no heating of the air 
inside the vessel beyond ambient is possible. In Paper II it was used for 
characterizations of hole-to-hole variations and this low pressure was not an issue 
as the focus was on the differences in initial spray formation between the different 
injector holes. 
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Figure 26. Fuel spray vessel and spray tracking using edge detection software.    

Spray tracking software developed by Cronhjort and Wåhlin [60] has been 
utilized to evaluate spray penetration in both the spray vessel (Paper II) and the 
optical engine (Paper III). Figure 27 shows the result of spray tracking from the 
spray vessel and the optical engine. The results from the spray vessel show the 
penetration history for eight different sprays from the same fuel injector. The 
results from the optical engine shows how spray penetration is influenced by inlet 
temperature. The higher pressure in the optical engine leads to shorter spray 
penetration than in the injection vessel.   

 

Figure 27. Spray penetration in spray vessel (left) and optical engine (right), 

hole-to-hole variations for one injector and six different inlet temperature cases 

respectively. 

The maximum cylinder pressure in the optical engine is 170 bar and the intake 
pressure and temperature can be varied within a wide range. The engine is also 



 

54 

 

equipped with an EGR-system that mixes stoichiometric SI-engine exhaust gas 
into the intake air. The engine can be operated at any EGR-rate up to 100 %. This 
makes it possible to use the engine for characterizations of real engine operating 
conditions up to full load. The possibility to use very high EGR-rates can be 
utilized for spray visualizations, the ignition of the fuel can be delayed until after 
the end of injection or completely avoided. In this way it is possible to study the 
spray development at temperature and pressure conditions where the fuel sprays 
would otherwise ignite.  

7.4 Methods used for characterization of hole-to-hole variations 

Apart from the fuel spray impulse measurement device and spray penetration 
curves made using the fuel spray vessel, some other methods capable of injector 
hole resolved evaluations have been used. Figure 28 shows a device that 
individually collects the injected fuel from each of the eight holes. The fuel is led 
into glass test tubes via hoses. 

 

Figure 28. Injector hole mass distribution device. 

Figure 29 shows images generated using a computerized X-ray tomography 
machine. This machine makes it possible to measure the 3-dimensional geometry 
of a nozzle tip and its hole. Both the mass distribution device and the X-ray 
tomography machine were used in Paper II to characterize injector nozzle hole-to-
hole variations.    
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Figure 29. Injector nozzle tip X-ray tomography. 

7.5 Flame temperature evaluations using VisioFEM and  

ThermoVision 

Flame temperature evaluation methods have been applied in two different ways. 
One is the fiber optic based AVL VisioFEM which has been used in all three 
engines. This is a commercial two-color evaluation tool that has been calibrated 
using a calibration lamp supplied by the manufacturer. Another type of 
temperature evaluation method that has been utilized is the AVL ThermoVision. 
This is a software which calculates flame temperature from the color spectrum of 
a high speed camera. The method has only been applied in the optical engine 
where a full combustion chamber view is available.  

The version of the software that was used was specially developed for the 
Phantom v7.3 digital high speed camera that was utilized. The software, the 
camera and the lenses were calibrated using a calibration lamp by AVL. An 
additional adjustment of the calibration was made using a calibration lamp placed 
inside the optical engine combustion chamber. This compensates for non-linearity 
of the transmission efficiency for different wavelengths in the optical engine glass 
piston and the two mirrors used to transmit the light out of the engine. This means 
that all elements in the measurement chain for the ThermoVision method have 
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been accounted for in the calibration process. The correlation between the two 
temperature evaluation methods was investigated in Paper IV, see Figure 33. 

In Paper IV a single cylinder engine is operated in various load points. Emissions 
were measured and the flame temperature was measured using the VisioFEM. The 
load cases were then recreated in the optical engine where simultaneous use of the 
two optical methods is possible. Figure 30 shows the endoscope installation in the 
optical engine. 

  

Figure 30. VisioFEM installation in the optical engine cylinder head. 

VisioFEM performs temperature and soot intensity evaluations based on the two-
color method as was described in section 3.3. 

AVL ThermoVision evaluates flame temperature and soot intensity from high 
speed color camera images. The principle is similar to classical two-color 
evaluation but it uses the whole color spectrum instead of two distinct 
wavelengths. Figure 31 shows a typical sensitivity distribution for a color camera 
sensor. 
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Figure 31. Principal RGB sensitivity of a color camera sensor [61]. 

The camera and software were calibrated against a black body radiator with a 
known temperature, the software gives one temperature and one soot intensity 
value for each pixel in an image, see Figure 32. 

 

Figure 32. Visual spectrum, temperature analysis and soot intensity during 

combustion in the optical engine. 

The correlation in flame temperature between the values obtained by the 
VisioFEM and the ThermoVision when used simultaneously in the optical engine 
is found to be good. So is the correlation between the values obtained by the 
VisioFEM for the same combustion case in the optical and the metal engine, see 
Figure 33. The red ring in Figure 32 represents the view field of the VisioFEM, 
the graph “Avg Temp TV Zone” in Figure 33 shows the average values obtained 
using ThermoVision in this zone, these values correlate well with the values 
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obtained using the VisioFEM. The graph “Avg Temp TV” is the average 
temperature from the combustion chamber view seen by ThermoVision. 
 

 
Figure 33. Comparison between two temperature evaluation methods in two 

engines.  

 
The VisioFEM only sees a limited portion of the combustion chamber 
corresponding to the leading part of the flame where the temperatures are the 
highest. The ThermoVision sees the whole combustion chamber including colder 
flame areas closer to the center. This can be seen as an apparent difference in the 
average flame temperature in the beginning of the combustion event. During the 
main part of the diffusion combustion all three measurements are in good 
agreement as the light intensity and other factors make accurate evaluation 
possible. The average temperature seen by the VisioFEM drops a bit towards the 
end as the movement of the piston and the inclination of VisioFEM view field 
means that what the fiber optic lens sees depends on piston location. There is 
some difference in the signal from the VisioFEM towards the end of the 
combustion event. This is probably caused by the fact that the piston bowl used in 
the optical engine in Paper IV has a flat bottom bowl which differs from the actual 
piston bowl geometry in the engines.  
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This probably has some effect on the charge motion towards the end of the 
combustion and therefore affects what is seen by the VisioFEM lens. After the 
end of the injection when most of the fuel has been burnt and the heat release rate 
falls to low values the radiated light intensity falls considerably, this causes a 
reduction of the accuracy of the two color method as measurement noise has a 
larger influence on the evaluation. The VisioFEM evaluation is terminated at 
about 35 deg aTDC in the case demonstrated in Paper IV as the light intensity 
falls under a certain threshold. It is still possible to run the ThermoVision analysis 
to about 50 deg aTDC as the light gathering capability of the camera and its lens 
in combination with the engine optical access of 80 mm is much higher than the 
fiber based VisioFEM with a lens diameter of only about 4 mm. The VisioFEM 
however has a variable gain factor in its amplifier so it is possible to intentionally 
let the most intense part of the combustion to go out of range and run the 
evaluation further into the expansion when the light intensity is low. This 
possibility also exists with the ThermoVision to an even larger extent as it is 
possible to change both the lens aperture and the exposure time for the camera, 
the combined effects of this provides a very wide range.  
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     8 List of papers with main results 

  

Paper I 

Development of a Fuel Spray Impulse Measurement Device and Correlation 

with Time Resolved Mass Flow, SAE Technical Paper 2009-01-1880, Lindström 
M., Ångström H-E. 
 

This work deals with the development and testing some different fuel spray 
impulse measurement setups. The measured impulse is compared to 
measurements of the instantaneous mass flow and theoretical flow calculations. 
When measuring the impulse by impingement on a transducer membrane a fuel 
temperature related measurement error was encountered. This problem was solved 
by attaching a strike plate to the transducer membrane. The plate shielded the 
membrane from direct contact with the fuel. Initially plates made out of aluminum 
were used, they were however found to be sensitive to erosion. After a number of 
injections a small pit was formed and this led to an overestimation of the impulse 
as the fuel was more effectively reflected back towards the direction where it 
came from. It is crucial for the accuracy of the method that the spent fuel exits the 
plate perpendicularly. If some of the fuel bounces back towards the direction 
where it comes from the spray impulse is overestimated. With a flat strike plate it 
is difficult to be sure that all the spent fuel exits the plate perpendicularly. A plate 
with a rotationally symmetrical curvature which allows a gradual and thus more 
controlled direction change was manufactured and evaluated. The measured fuel 
spray impulse rates were compared to results obtained using a commercial 
injection rate tube. This type of equipment is based on measuring the pressure 
response in a fuel volume when a fuel injection is made. A valve releases fuel at 
the same rate it is injected in order to maintain a constant pressure in the fuel 
volume. The measured pressure response can be rescaled using the fuel flow in 
order to represent instantaneous injection mass flow. The pressure response is 
measured in the beginning of a long tube in order to allow complete sampling of 
the injection rate before the reflex from the end of the tube returns. Even though 
this approach is used, fluctuations in the measured rate are still encountered. This 
phenomena does not occur when using the fuel spray impulse device. Because of 
this the fuel spray impulse is well suited for injection rate evaluation when a high 
precision value is required. Flow calculations based on the instantaneous mass 
flow and the fuel spray impulse were also made.  
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Paper II 

A Study of Hole Properties in Diesel Fuel Injection Nozzles and its Influence 

on Smoke Emissions, THERMO- AND FLUID-DYNAMIC PROCESSES IN 
DIESEL ENGINES, THIESEL 2008, Lindström M., Ångström H-E. 

 

This paper deals with the impact of fuel injector hole-to-hole variations on engine 
fuel economy and emissions. A set of six fuel injectors nozzles were run for 600 
hours in a six cylinder engine. The fuel efficiency and emissions of the engine 
using these injectors started to deviate from standard values. The injectors were 
then run individually in a single cylinder engine. The single cylinder tests 
revealed a large spread in smoke levels between the six injectors. The injector 
with the highest smoke levels showed values more than a factor 3 higher than the 
one with the lowest levels in some engine operating points. This study explains 
the performance deterioration as a function of nozzle hole damage. The following 
hole-to-hole resolved methods were used to characterize hole parameters in the six 
fuel injectors: Hole-to-hole resolved mass flow measurements, fuel spray impulse 
measurements, spray visualization in a pressurized vessel and high resolution 3D 
imaging of the nozzle holes using an X-ray tomography machine. Hole-to-hole 
variations in the measured parameters were found to be the likely cause of the 
deteriorated emission and fuel consumption performance in the nozzles. 

 

Paper III 

A Study of In-Cylinder Fuel Spray Formation and its Influence on Exhaust 

Emissions using an Optical Diesel Engine, SAE Technical Paper 2010-01-1498, 
Lindström M., Ångström H-E. 
 

In this paper spray formation, evaporation, ignition delay and flame development 
were evaluated in an optical engine. The engine is able to run at close to full load 
in a real HD diesel engine which made it possible to obtain results that are 
relevant to the full operating range of a production engine. Spray tracking 
software was used for spray propagation analysis. The software provides crank 
angle resolved spray penetration data. Analysis of ignition delay, ignition location 
and flame development based on high speed images was also utilized. The 
evaluation was made for an array of engine operation points with variations in 
fuel rail pressure, injection timing, boost pressure and charge air temperature. The 
influence of pilot injections was also investigated. The set of experiments made it 
possible to analyze the impact of the various engine parameters on the spray 
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formation and ignition processes. Some of the results were compared with exhaust 
emission measurements in order to provide an insight into how the emission 
formation process is influenced by the spray formation and ignition processes.  
 

Paper IV 

In-Flame Evaluation of Emission Formation in Optical and Metal Engine 

Using High Speed Camera and Endoscope, THERMO- AND FLUID-
DYNAMIC PROCESSES IN DIESEL ENGINES, THIESEL 2010, Lindström 
M., Ångström H-E. 
 
In this paper the in-flame emission formation process was evaluated using flame 
temperature distributions. The flame temperatures was obtained using two 
different methods. One is the two-color based AVL VisioFEM which is based on 
in-cylinder fiber optic endoscope transmission. This method was applied in both 
an optical engine and a single cylinder metal engine. The other temperature 
evaluation method is based on analysis of the color spectra obtained using a high 
speed camera. The temperature evaluation was made using a specially adapted 
version of the software AVL ThermoVision. This method was applied on full 
view combustion chamber images from an optical engine. The simultaneous use 
of the two methods in an optical engine allows investigation of the correlation 
between the two methods. The use of the VisioFEM in both the optical and metal 
engine allowed matching of the combustion in the two engines to be evaluated. 
The operating conditions of the two engines were also matched through pressure 
trace analysis. An empirical NO-formation approach was applied to the 
temporally and spatially resolved temperature distributions obtained in the optical 
engine. That made it possible to evaluate temporally and spatially resolved NO-
formation rates for the evaluated operating points. The accumulated NO-
formation results were compared to measure exhaust emissions in the metal 
engine. 
 

Paper V 

A Study of Combustion and Emission Formation Characteristics during 

Production Engine Transients using Optical Diagnostics, Proceedings of the 
Institution of Mechanical Engineers, Vol. 225, Part D, Journal of Automobile 
Engineering, 2011, Lindström M., Westlund. A, Ångström H-E. 
 

In this paper the combustion and emission formation processes encountered 
during transient engine operation were investigated. A turbocharged heavy duty 
diesel engine was characterized during transient operation at four different engine 
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speeds. From each transient some points have been selected for further 
investigation by recreating these load points as steady state points in a single 
cylinder engine. This allows the emissions to measured with a high degree of 
accuracy. The previously developed method of combustion matching using a fiber 
optic based two-color evaluation method was applied. A further developed 
empirical NO-formation evaluation was applied on the temperature evaluations. 
An optical engine was used to provide full combustion chamber view of some of 
the operating points. The NO-formation formula was also applied on temperature 
information obtained from this engine which results in spatially resolved NO-
formation distributions. This setup of engines and evaluation methods allowed 
combustion and emission formation phenomena specific to transient operation in a 
production Euro 5 engine to be analyzed.  
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9 Characterizing the diesel process using fuel injection      

measurements, optical diagnostics and 

thermodynamic analysis 

A typical diesel combustion process consists of fuel injection, spray propagation 
and mixing, ignition of the premixed fuel which was injected during the ignition 
delay, development of the diffusion flames and after-oxidation of soot after the 
end of the major heat release. All these phenomena can be studied in an optical 
engine. It does however require that appropriate camera and illumination 
parameters are used as the optical properties of the different parts of the diesel 
process are very different. It is for instance quite difficult to capture the blue 
flames from premixed diesel combustion on film since they are both very short in 
duration and have a low light intensity. This conflicts with the basic physics 
behind photography. 

9.1 Lighting and camera considerations when photographing the 

different parts of the diesel combustion process  

Using a high frame rate in a high speed camera means that the available exposure 
time will be low. At the short exposure times that are the case for this type of 
photography high light intensity is needed for the camera to be able to register an 
image. Not only are the blue flames short lived and faint, they are also rapidly 
replaced by the quickly emerging diffusion flames which have a light intensity 
that is more intense by a factor of one hundred or more.  
 
The light production in premixed flames is the result of a faint spectral emission 
line, even though the thermal power of the premixed flames can be quite high the 
light output is rather low. The yellow light from the diffusion flames stems from 
carbon particles that emit radiation powered by combustion at the massive rate of 
up to about six megawatts in this type of HD diesel engines. It is thus nearly 
impossible to be able to catch both the premixed flames and fully developed 
diffusion flames in the same high speed film using the same camera settings. For 
this reason the blue premixed diesel engine flames are rarely seen in publications. 
The settings of the camera aperture and exposure time can either be selected so 
that it suits the conditions for the blue premixed flames. This means that the 
diffusion flames will be completely overexposed, or they have to be selected so 
that the amount of light that is captured by the camera sensor is appropriate for the 
diffusion flames. In that case the blue premixed flames will be far below the 
detection threshold.  
 
When photographing fuel sprays with external illumination four 75 W Xenon 
lights have been used. Each of these four lights has an output of about 7500 
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lumen, approximately 7.5 times than that of a standard 55 W Halogen car 
headlight. The reflectors in these lamps give a concentrated focus of the light in 
the 80 mm diameter optical access. The intensity of the illumination in the visible 
part of the combustion chamber is thus very high. This light intensity is still 
weaker than the light produced by fully developed diffusion flames by a factor of 
about one hundred. This illustrates how high the light intensity of diesel diffusion 
flames is.  
 

9.2 Fuel injection and atomization 

An optical engine with full piston bowl visual access allows detailed study of fuel 
spray propagation, ignition location and diffusion flame development. The large 
diameter of the optical access means the light transmission is high. This is an 
advantage as the high frame rate limits the available exposure time and thus the 
light gathering capability of the camera. A large optical access also allows for the 
high intensity light input that is required for high speed photography of sprays 
prior to combustion. This ability can be used for fuel spray propagation studies. 
 
The fuel injection pressure has a large effect on the spray propagation velocity. 
On the measured curves it is possible to see that the penetration velocity increases 
with increasing injection pressure, the initial linear part of the penetration depends 
on the fuel pressure with an exponent of 0.5 which is a typical value in the range 
of what has been reported in other studies done in spray vessels. This seems to 
hold also in the actual engine conditions that are used in Paper III. There is a limit 
to how early the propagation of an emerging fuel spray can be detected. This is 
caused both by resolution limits and by the time that elapses between two 
subsequent images. Even though the camera used has a very high frame rate the 
rapid initial penetration of the fuel sprays means that sprays much shorter than 5 
mm are not detected. It is however possible to extrapolate the penetration curves 
to zero penetration as the initial part is linear, see Figure 34.  
 
In Figure 34 electrical solenoid activation is at – 5 deg for all cases. Extrapolation 
shows that for fixed solenoid activation the injector opens later at lower injection 
pressure. This is caused by the fact that in a common rail system of the type used 
here the fuel pressure is used as a servo force to open the needle. This causes 
needle opening to take a longer time at lower fuel pressure.  
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Figure 34. Fuel spray penetration curves for different injection pressures. 

9.3 Ignition and premixed combustion 

Modern diesel engines usually feature highly efficient charge cooling for both air 
and EGR in order to limit the maximum cylinder gas temperature and therefore 
the NO-formation. Charge cooling is also beneficial for achieving a high 
volumetric efficiency. At high load the boost pressure is high so ignition delay 
will not become unacceptably long even at low inlet temperatures. At lower load 
the boost pressure will be lower and the ignition delay increases. It can in fact be 
useful to intentionally have a long ignition delay in order to achieve a large degree 
of premixed combustion as a way of reducing emissions in some cases. One 
limiting factor for how much premix can be accepted is increasingly strict noise 
regulations for vehicles. Premixed combustion typically causes high cylinder 
pressure rise rates as a large amount of fuel is burnt in a very short time. A rapid 
pressure rise causes excitation of resonance modes in the engine structure and thus 
noise.    
 
The fuel injection pressure does not appear to have any major effect on the 
ignition delay. When looking at heat release rates from cases with high and low 
injection pressure in Paper III the initial rise rates are a bit difficult to compare. 
This is because the higher injection pressure leads to a much larger total heat 
release as the injection duration was fixed. It seems however that they start at 
approximately the same time. There appears to be some more delay in the low 
injection pressure case but this can be explained by the longer delay in fuel 
injector needle opening as explained before. When comparing flame images from 
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the two cases it also seems that ignition occurs at approximately the same time in 
both cases, see Figures 35 and 36. The way that the ignition process proceeds is 
however different. In the low injection pressure case in Figure 35 the first visible 
signs of combustion occur near the nozzle as a small diffusion flame that grows 
into larger diffusion flames.  
 

Figure 35. Fuel spray development and ignition, fuel rail pressure Prail = 400 bar. 

In the high injection pressure case seen in Figure 36 a lot of fuel has been 
vaporized and driven out towards the outer parts of the piston bowl by the high 
injection pressure. This premixed fuel ignites and burns with blue flames that very 
rapidly turns into diffusion flames. It is likely that ignition occurs in some of the 
first fuel molecules to enter the combustion chamber as these have the most time 
to mix with air and go through the thermo-chemical reactions that are necessary 
for ignition. In the high injection pressure case, ignition occurs in zones far from 
the nozzle with visible blue flames. In the low pressure case ignition occurs close 
to the nozzle. The ability to see the first signs of combustion gives a good 
indicator of how fuel spray propagation, atomization and ignition location within 
the cylinder are strongly affected by injection pressure.  

Figure 36. Fuel spray development and ignition, fuel rail pressure Prail = 2400 

bar.  

Figure 37 shows a case with low intake pressure, this causes the ignition to be 
delayed until after the end of the fuel injection. The long ignition delay causes the 
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degree of premix to increase and the blue flames become even more visible. In 
this case no external illumination was used. 

 

Figure 37. Blue premixed flames in diesel engine caused by long ignition delay. 

9.4 Influence of pilot injections on ignition  

The use of one or more pilot injections is an efficient way of reducing the ignition 
delay. In Paper III the effectiveness of a pilot injection as a way of reducing 
ignition delay was investigated. Both heat release analysis and optical engine 
images showed that the ignition of the fuel from the main injection occurs almost 
instantaneously when a pilot injection was used. Figure 38 shows how the ignition 
occurred earlier and with basically no premixed peak when a pilot injection was 
used.  
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Figure 38. Heat release analysis showing the result of using a pilot injection. 

The fuel from the pilot injection has an electrical solenoid activation of -20 deg 
and the combination of a short duration and a long ignition delay causes this fuel 
to be mostly premixed when it ignites, blue flames are visible in Figure 39 at a 
time which coincides with the first peak in the heat release rate. Even after the 
heat release rate from the pilot injection drops to zero a glowing cloud can be seen 
floating around the injector tip. 
 

 

Figure 39. Injection and combustion of the pilot injection. 

When the fuel from the main injection hits the remaining flames from the pilot 
injection it ignites instantaneously, see Figure 40. When estimating the 
temperature increase that the pilot injection would cause in the gas it seems 
unlikely that such small global increase could be responsible for the large 
reduction in ignition delay. Most likely the mechanism by which pilot injection 
works depends on this more local effect. Looking at the heat release rate during 
this case the vaporization heat required for the fuel is visible as a drop in the heat 
release rate curve. At the same timing for the case with the pilot injection has 
already ignited and vaporization heat is supplied by the ongoing combustion. 
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Figure 40. Injection and ignition of a main injection following the pilot injection. 

Figure 41 shows the progression of the spray formation and ignition for the case 
where no pilot injection is used. Even thought the ignition delay is much longer it 
can be seen that the fuel spray penetration appears to be identical.  

 

Figure 41. Injection of the main injection for a case with no pilot injection. 

The cloud seen after the pilot injection in Figure 39 is probably caused by sac 
volume fuel that enters the combustion chamber at low pressure which causes 
poor atomization. Figure 42 shows a flame temperature analysis of a pilot 
injection and the following main injection. The electrical start of the pilot 
injection is -25 deg. After a long ignition delay most of the heat is released 
through blue premixed flames which cannot be analyzed using the black body 
based temperature analysis method. A flame zone can be seen floating around 
close to the injector tip. After the end of the main injection a zone with similar 
shape and temperature distribution appears as can be seen in the image to the right 
in Figure 42. This gives increased credibility to the assumption that the flame area 
produced by the pilot injection stems from sac volume fuel.      
 



 

71 

 

 
Figure 42. Flame temperature analysis of a pilot and a subsequent main injection. 

 

9.5 Diffusion combustion and emission formation  

After  the fuel atomization, ignition and premixed combustion phase the flames 
develop into standing diffusion flames. If the fuel injection is sufficiently long and 
the ignition delay is sufficiently short the diffusion flames will reach an 
equilibrium where they burn fuel at approximately the rate it is injected, with 
some delay due to reaction residence time. Figure 43 shows an image of fully 
developed diffusion flames. Air entrains into the fuel sprays close to the nozzle 
and is transported into the flame reaction zones.   
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Figure 43. Image of fully developed diesel diffusion flames.  

 

9.5.1 NO-formation 

The high temperature of the diffusion flames causes nitrous oxides to form. The 
use of EGR is an effective way of reducing the flame temperatures and therefore 
the NO-formation. Since the NO-formation rate depends exponentially on the 
flame temperature even small amounts of EGR can have a large impact on the NO 
emissions. Figure 44 shows the fuel injection rate measured with a rate tube, the 
heat release rate and the accumulated burnt fuel mass for one case with and one 
without EGR. Both cases were run at 1200 rpm and 1850 Nm in a six cylinder 
Scania Euro 5-engine, corresponding to full load at that engine speed. The case 
with EGR was operated accordingly to the engines original certified ECU. The 
case without EGR shared the same parameters except for the lack of EGR and a 
lower boost pressure in order to achieve the same air-fuel ratio in the combustion 
chamber. Even though there is a seemingly small difference in the ignition delay 
and the phasing of the heat release, there was a large influence on the combustion 
and emission formation processes of the engine in these cases.  
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Figure 44. Fuel injection rate, heat release rate and accumulated burnt fuel mass 

for one case with and one without EGR.  

Figure 45 shows ThermoVision flame temperature analysis of the two cases 
during fully developed diffusion combustion with ongoing injection. The flame 
temperatures are given in K and can be seen to be lower in the case with EGR. 
The shapes of the flames are also different between the two cases as the EGR 
influences the reaction rate. The decreased flame temperature had a large impact 
on NO-emissions, 347 ppm for the case with EGR compared to 830 ppm for the 
case without EGR. 
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Figure 45. Flame temperatures for the cases with (left) and without EGR (right) 

at 4 deg aTDC. 

Figure 46 shows the flame temperatures for the two cases after the end of 
injection, the total flame area in the case without EGR has already decreases 
substantially. The flame temperature is higher than in the case with the EGR. 

Figure 46. Flame temperatures for the cases with (left) and without EGR (right) 

at 9.4 deg aTDC. 

Figure 47 shows the flame temperature at an even later timing, there is fairly little 
left of the visible flames in the case without EGR as most of the fuel has already 
been burnt at this point. The case with the EGR still has a flame area not much 
less than in Figure 46. The EGR has influenced the combustion process in way 
which makes it burn slower and thus at later engine timing and with lower flame 
temperature. This can also be seen in the accumulated burn rate in Figure 44. This 
also has a large effect on the soot emissions as will be explained in chapter 9.5.2.   
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Figure 47. Flame temperatures for the cases with (left) and without EGR (right) 

at 16.4 deg aTDC. 

Even though it is often possible to directly identify differences in flame 
temperature as the reason behind increased NO-emissions it is possible to refine 
the evaluation by applying NO-formation calculations to the images. This was 
done in Paper IV and Paper V. Figure 48 shows accumulated values of calculated 
NO-formation for some different combustion cases. By plotting the accumulated 
values it is possible to identify how the positions of the main NO-formation zones 
change with different operating parameters. The engine speed in these cases was 
1200 rpm and the inlet pressures given in Figure 48 are absolute values. By 
comparing the high injection pressure/low intake pressure case with the low 
injection pressure/high intake pressure case in Figure 48 it is apparent that the 
difference in spray penetration and thus flame length influences the NO-formation 
distributions. These evaluations are further explained in Paper IV.    
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Figure 48. Accumulated calculated NO-formation distributions for four different 

cases. 

The accumulated NO-formation distributions seen in Figure 48 are useful for 
analysis of where the major NO-formation zones are located. By studying single 
image NO-formation distributions, the contribution from small hot spots that do 
not stay in fixed positions which would be “smeared out” by the averaging can be 
identified. This was done in Paper V. Figure 49 shows two flame temperature 
distributions from two different combustion cycles corresponding to different 
parts of an engine transient. Some small hot spots can be seen in the image where 
no EGR was used.   
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Figure 49. Temperature distributions calculated from optical engine images. 

 
Figure 50 shows the result of applying NO-formation rate calculations on the 
flame temperatures in Figure 49. Due to the strong flame temperature dependency 
of NO-formation there is a large difference in NO-formation between the two 
cases and a very large contribution from the small hot zones.  
 

Figure 50. NO-distributions calculated from the temperature distributions in 

Figure 49. 

 

9.5.2 Soot formation 

Immediately when the diffusion flames are established soot formation 
commences. Figure 51 shows clearly visible black soot present in the flames in 
the middle image. The ability to see this type very elusive initial soot formation 
depends strongly on the lighting parameters. As the diffusion flames continues to 
develop large amounts of soot are formed.  
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Fig 51. Injection and ignition with black soot visible in the middle image. 

 

Figures 44 – 47 show how the heat release rate is slower and the flame 
temperatures are lower when using EGR. This was shown to significantly reduce 
the NO-emissions. It also has a large influence on soot emissions. In the case 
where EGR was used an opacity of 2.65 % was measured, in the case without 
EGR, the measured value was 0.89 %. The heat release rates from the cases in 
Figure 44 do not appear to differ very much from each other. The small initial 
difference does however phase the whole combustion event later. The slower 
kinetics of EGR case means that this initial difference propagates through the 
entire combustion event. This can clearly be seen in the accumulated burn rate. As 
more fuel burns at late timing, even though the difference in mass is fairly low, 
the potential for soot to survive the combustion event and make it out through the 
exhaust valve is increased greatly. The lower flame temperatures in the case with 
EGR significantly decreases the late soot oxidation rate. The difference between 
these cases shows the importance of the modified reaction kinetics which EGR 
leads to. The two cases only differed in EGR-rate but not in oxygen concentration 
as they had different inlet pressures. Oxygen concentration does however in itself 
have a significant influence on the late soot oxidation phase. 

9.5.3 After-oxidation of soot  

Figure 52 shows spatially resolved accumulated soot intensity distributions 
obtained with ThermoVision for two cases, on the left from a case with λ = 1.3 
and on the right with λ = 1.8. This is approximately the range where the influence 
of the air-excess factor starts to have a large impact. In the lower lambda case the 
smoke number is 5.7, in the higher lambda case it is  0.6. In the higher lambda 
case the accumulated soot concentration is lower and it is possible to discern the 
contribution of the 8 different flames. It is also possible to see how the soot 
radiation is higher downstream in the flames. In the low lambda case the 
individual contributions of the flames are obscured by large amounts of soot 
during the after oxidation phase. 
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Figure 52. Accumulated spatial distribution of total soot radiation for a low 

lambda (left) and a higher lambda case (right). 

 
Figure 53 shows the temporal distribution of the soot concentrations from the two 
cases. It is clear that there is a much higher concentration of soot during the late 
soot oxidation phase in the higher lambda case, even when the heat release rate 
has dropped almost to zero. This leads to poorer after-oxidation of the soot and 
explains why engine-out emissions of soot were much higher in the low lambda 
case. 
 

 

Figure 53. Temporal distribution of soot concentration for a low lambda (left) 

and a high lambda case (right). 
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     10 Hole-to-hole variations 

In Paper II a number of hole-to-hole resolved evaluation techniques were used to 
study the influence of hole-to-hole variations on engine performance. A set of six 
fuel injectors had been running for 600 hours in a six cylinder engine, after this 
the engine was found to produce excessive smoke levels. The fuel efficiency of 
the engine was also found to have deteriorated. Single cylinder engine tests 
showed that there was a large spread in the performance of the six nominally 
identical fuel injectors with respect to fuel efficiency and smoke. A clear 
correlation between the fuel consumption and the smoke emissions was observed. 
It is also apparent that the deteriorated fuel injectors show a much larger 
sensitivity to late injection timing. The hole parameters of the injectors were 
evaluated using an number of techniques including the fuel spray impulse 
measurement device shown in Figure 21 and hole resolved fuel mass distribution 
device shown in Figure 28. Spray visualizations were made in a pressurized spray 
vessel and time resolved spray penetration and cone angle curves were evaluated. 
Figure 54 shows how the fuel spray impulse differs significantly between the 8 
holes in an injector nozzle. 
 

 
Figure 54. Fuel spray impulse for 8 holes in an injector nozzle. 

 
Figure 55 shows how the smoke number increases with increasing hole-to-hole 
variations for the six fuel injectors at three different injection timings. The 
increase in smoke number with high hole-to-hole variations is larger at late 
injection timings. It is clear that the large hole-to-hole variations means that a fuel 
injector will perform worse under the more adverse soot oxidation conditions that 
occur at later timings. 
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Figure 55. Smoke number as a function of hole-to-hole variations in spray 

impulse for six injectors at three different injection timings. 

 
The internal geometries of the holes were evaluated using a high resolution 3D 
tomography X-ray machine. The X-ray machine was used to measure hole 
diameter, conicity and give an indication of surface roughness. Clear correlations 
between large hole-to-hole deviations for an injector and the smoke emissions 
were found, especially for variations in spray impulse and injected mass between 
the eight holes of an injector. Hole geometry analysis revealed that all the 48 
evaluated holes showed some degree of conicity with the larger diameter at the 
hole outlet for all cases even though the holes were nominally supposed to be 
cylindrical. This type of damage is typical for cavitation induced erosion damage 
and this is believed to be the cause for the large hole-to-hole variations, which 
were on the order of 5 times higher than maximum nominal production spread at 
the time. The large hole-to-hole variations are believed to be the cause behind the 
deteriorated performance with respect to fuel consumption and smoke emissions. 
This shows the importance in understanding fuel injector cavitation phenomena 
and the ability to produce fuel injectors with a controlled amount of cavitation.  
 
It is sometimes possible to see fluctuations in the impulse rates that are phase 
shifted between holes on opposite sides of the injector. The average values of 
spray penetration velocity and cone angles showed large differences on the most 
deteriorated injectors. The development over time as the injection event 
progresses also showed large variations. These observations could indicate some 
type of complicated unstable flow phenomena within the nozzles that cause erratic 
spray behavior.  
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11 Characterization of engine transients using optical 

evaluation methods 

In Paper V the method to evaluate NO-formation based on temperature 
distributions shown in Paper IV was further developed. It was used to evaluate 
combustion and emission formation during Euro 5 engine transient load cases. A 
turbocharged diesel engine that operates at stationary load uses wasted exhaust 
heat to drive the turbocharger which in turn provides the engine with the required 
charge air flow. During stationary operation the available amount of waste heat 
supersedes the power required to feed the combustion with air. A diesel engine 
must be operated with a certain air excess factor in order to achieve complete 
combustion in its diffusion flame based combustion system. An engine that is 
equipped with VGT can be trimmed for minimum back pressure by only feeding 
the engine with the amount of air that is needed for this certain air excess factor. 
The use of EGR places further demands on the gas exchange system as the 
exhaust heat from the part of the exhaust gas that is used as EGR is cooled away 
in the EGR-coolers. For a given flow of oxygen into the engine, the charge 
pressure has to increase to account for the partial pressure occupied by the EGR. 
This increases the required turbine power. 
 
When a large load increase is demanded, the ECU responds by increasing the fuel 
injection duration and rail pressure as increased fuel flow is a prerequisite for 
higher engine load. A considerable initial increase is made during the first few 
cycles. This is possible since the engine operates with a large air excess factor at 
low load which gives a margin for instantaneous load increase. Further increase of 
injected fuel mass has to be done at a rate limited by the rate of air flow increase. 
The reason being that in order to avoid excessive smoke emissions a certain air 
excess factor always has to be maintained. In order to speed up this process the 
EGR-valve can also be closed. This leads to increased energy input to the turbine 
since the full exhaust flow goes through it. Since the partial pressure occupied by 
the EGR disappears, the air flow for a given compressor power is increased. The 
turbocharger VGT can also be closed in order to increase turbine power at the cost 
of higher exhaust back pressure. By not using EGR the production of NO is 
increased substantially. In order to partially counteract this the SOI is retarded 
during the load increase. This also leads to higher exhaust temperature which 
increases the available power to the turbine. Following this strategy it is possible 
to achieve a quite rapid load increase without any substatial increase in smoke 
production. There is an increase in NO-formation during the transient as the 
temporary reduction of the EGR-rate to 0 % increases the flame temperature. This 
increase is only partially counteracted by retarding the injection.  
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The transient response of the six cylinder Euro 5 engine used in Paper V was 
evaluated at four different engine speeds. At each engine speed 6 points 
representing interesting parts of the transient response are chosen for further 
evaluation. One point at idle/low load before the load step, one in the middle of 
the actual load step, one at the small load overshoot when full load has been 
reached. Three further evaluation points were placed at different positions after 
this which made it possible to evaluate how the parameters of the engine 
converges to steady state, both in terms of short and long time scale effects. This 
means that a total of 24 operating points were evaluated by replicating them as 
closely as possible in a single cylinder metal engine as steady state operating 
cases. This made more precise emission measurements possible than could be 
achieved in the actual transient load cases. The 12 points chosen for further 
evaluation at the two lower engine speeds were also replicated in the same manner 
in an optical engine.  
 
A further development of the empirical NO-formation calculation approach used 
in Paper IV was used in Paper V. Here terms for measured flame temperature and 
two terms for calculated gas temperature were used. The equation was also 
weighted using the heat release rate.  
 

 
 
The reasoning behind this approach was as previously to take the strong 
nonlinearity of the NO-formation into consideration, here with respect both to gas 
and flame temperature. It is generally accepted that the NO-formation in diffusion 
flames mainly takes place at the flame surface. The reason for using terms that 
consider both the apparent flame temperature as evaluated from the radiated light 
spectra and the temperature of the gas surrounding the flames was to try to obtain 
a representative NO-formation zone temperature. When studying the temperature 
development of a diesel combustion event using either an endoscope, fiber optic 
access or an optical engine it becomes apparent that soot clouds with fairly high 
temperature often can be seen far into the expansion stroke. The after-oxidation of 
soot can be seen even though the heat release rate has dropped almost to zero. 
This is similar to previously discussed phenomena when a glowing cloud of sac 
volume fuel can be seen even though there is almost no heat release produced by 
it. It is reasonable to assume that such low intensity combustion zones do not 
contribute to NO-formation in the same way as dense combustion zones with high 
heat release rate for a given temperature. The heat release rate can be considered 
as a measure of flame density or reaction intensity and thus influence the NO-



 

84 

 

formation rate. This is thus accounted for by weighing the formation rates with the 
heat release rate.  
 
When applying the equation to measurements made for the 24 points a clear trend 
can be seen between the measured and calculated NO emissions even if there is 
some degree of scattering, see Figure 56. 
 

 
Figure 56. Measured and calculated NO-values for 24 different load points. 

 
It should be noted that the 24 evaluated load points range from idle to full load, 
and that they differ significantly in EGR-level, injection timing, in-cylinder gas 
density and fuel rail pressure. Some of the cases also feature a pilot injection. The 
fact that it is still possible to obtain a quite good prediction capability between 
measured and calculated NO results gives reason to believe that the parameters 
used in the empirical equation are the ones of major influence for NO-formation 
during actual engine operation. 
 
The empirical NO-calculations were also applied to temperature evaluations 
derived from optical engine images. This allowed detailed study of temporal and 
spatial location of zones with high NO-formation. In the points in the middle of 
the load increase no EGR was used. Temperature distributions from these load 
points have higher flame temperatures than points corresponding to more stable 
full load with a certain EGR-rate. It is also apparent that there are small hot spots 
with extra high temperatures in the cases with no EGR, especially for the lower 
speed point. For the higher speed point the injection timing is somewhat later and 
this together with the higher engine speed causes the peak in heat release to be 
phased later. This is probably the reason for lower flame temperatures in this 
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otherwise similar point. The rather small areas with very high temperatures cause 
an unproportionally large part of the NO-formation due to the high temperature 
dependence of NO-formation. These hot spots are perhaps caused by 
inhomogeneities in the fuel air mixture within the flames which cause some zones 
to achieve a mixture which allows them to burn at a higher temperature than the 
rest of the flame. EGR is known to modify the kinetics of the combustion process 
so that the flame temperature is reduced. The EGR possibly also has the 
secondary effect of allowing flames with a more homogenous composition to 
emerge as there will be more time for mixing as a consequence of the slower 
kinetics. These evaluation methods could possibly be used in practical engine 
development and calibration in order to try to avoid the formation of this type of 
unevenly distributed high temperature zones and thus lead to a reduction in NO-
emissions.  In Paper V a glass piston with the actual piston bowl geometry used in 
the production engine is used in the optical engine. This improves the ability of 
the optical engine to accurately replicate combustion events from a production 
engine.  
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12 Using high EGR rates in an optical engine for spray 

and flame studies 

Chapter 9 dealt with characterizations of the typical progression of the diesel 
combustion process under real engine operating conditions. For the purpose of 
making a detailed study of how these different parts of the process behave under 
more extreme conditions a number of optical engine test were made under a wide 
variety of EGR-rates and lighting conditions. Figure 57 shows the heat release 
rate and injection duration from two combustion cases, one without EGR and one 
with 60% EGR. A case with 80 % EGR was also evaluated but as this case did not 
produce any significant heat release it is not included in Figure 57.  
 
 

 
Figure 57. Heat release rate and injection rate for two combustion cases with two 

different EGR-rates. 

 

12.1 Baseline conditions using no EGR 

Figure 58 illustrates the development of the fuel sprays. The first fuel is visible at 
around  -2.7 deg. In the left image the sprays are in their initial transient state 
where they have not yet reached full penetration. In the right image the visible 
part of the fuel sprays have just reached their full penetration length. Beyond this 
point in time the visual appearance of the fuel sprays do not change very much 
until they ignite. They have reached a steady state where the edge of the visible 
fuel droplets is stationary. The fuel sprays do however continue to transport 
vaporized fuel towards the outer region of the piston bowl. 
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Figure 58. Fuel is being injected and the fuel sprays propagate into the 

combustion chamber. 0 % EGR case. 

 
In Figure 59 the first visible signs of combustion can be seen. Here the high 
intensity Xenon lamps used for illumination in Figure 58 have been switched off 
but the camera is still set for the maximum exposure available at this frame rate. 
This experimental setup allows faint signs of combustion to be recorded without 
being disturbed by the external illumination. At the high fuel injection pressure 
used a considerable amount of fuel has been injected into the combustion chamber 
even with a fairly short ignition delay. The high pressure promotes effective 
atomization of the fuel and this means that the fuel that has been injected has 
formed a mostly homogenous fuel air mixture. Faint premixed blue flames start to 
develop at this point. Some signs of faint local yellow diffusion flames can also be 
seen signifying the very first stages in the development of the standing diffusion 
flames. 
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Figure 59. The first visible signs of combustion, premixed fuel has ignited and 

burns mostly with blue flames. 0 % EGR case. 

 
In Figure 60 the blue flames can be seen continuing to propagate towards the 
center of the combustion chamber as a sort of premixed flame front. Even though 
the yellow diffusion flames are still in a very early stage of their development they 
already start to emit light that is intense enough to cause overexposure in the 
images as well as illumination of the fuel sprays by light being reflected within 
the combustion chamber.  
 

 
Figure 60. The flames continue to develop and start to shift from blue into yellow. 

0 % EGR case. 

 
In Figure 61 the intensity of the yellow flames is increasing and there are little 
visible signs of blue flames at this point, this indicates that the very well mixed 
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fuel air mixture achieved during the initial ignition delay mostly has been 
consumed. The main part of the premixed spike in the heat release rate seen in 
Figure 57 has still to take place. It is however still apparent from the heat release 
that these yellow flames are in fact burning fuel at a much higher rate than at 
which the fuel is injected, a sure sign of premixed combustion. The fact that the 
fuel sprays burn with fairly yellow flames and not blue flames is probably caused 
by imperfections in the fuel air mixture which is still premixed to some degree.  
 
The fuel that is burning here is probably that which has been injected very 
recently during the short duration where blue flames were visible and has thus not 
been able to mix very well with air. It is a sort of premixed combustion with 
imperfect mixing meaning that there is probably a sort of diffusion burning in the 
layer between the fuel rich but not perfectly atomized zone and the surrounding 
air. Similar flames can be seen in Figure 5 in Paper III where cold conditions 
cause a long ignition delay, most of the heat is released by very faint or invisible 
flames. Yellow flames are only visible at the very end of the fuel injection 
indicating that they are mostly premixed but become yellow due to imperfect 
mixture as this probably is fuel that is injected late and has not had long enough 
time to mix perfectly with air. It represents an intermediate type of combustion 
which is not fully premixed and neither a fully developed diffusion flame.  
 

 
Figure 61. The last signs of blue flames can be seen as the flames continue to 

develop. 0 % EGR case. 

 
 
In Figure 62 the yellow diffusion flames are growing stronger as the transition 
between the premixed part of the combustion event into diffusion flames is 
continuing. Fuel is still being fed into the reaction zones at a high rate and the 
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combustion is approaching its peak in the heat release. There is still a lot of 
premixed fuel in the combustion chamber but this availability will soon start to 
decline. The light intensity of these yellow flames is much higher than for the blue 
premixed flames and there is strong overexposure in the image.    

 
Figure 62. The formation of the diffusion flames continues. 0 % EGR case. 

 
In Figure 63 the settings of the camera lens aperture and the exposure time have 
been changed so that the amount of light that is available for image exposure is 
reduced by a factor of about one hundred. It is thus yet another replication of the 
same combustion case. These settings were chosen not to cause overexposure 
during the following images. When ThermoVision is to be used overexposure 
must be avoided as it causes the temperature evaluation to fail. It is ideal to have a 
high degree of exposure while still avoiding any overexposure. This means that 
the full measurement range of the camera and the software is utilized. 
 
When comparing the images from + 3.3 deg with the two different camera settings 
the large difference in perceived brightness is apparent, see Figures 62 and 63. 
The flames in Figure 62 are very overexposed which means that they are much 
brighter than the premixed blue flames seen earlier. In Figure 63 the same flames 
are much fainter compared to the fully developed diffusion flames seen later. This 
illustrates the very large differences in light intensity present during the different 
parts of the diesel combustion process. When portraying the process in images 
special measures have to be taken in order to detect the less bright parts of it. The 
settings of the camera in Figure 63 allow ThermoVision analysis of flame 
temperatures to be made. The color coding of the temperature is the same as in 
Figure 49. It can be seen that most of the combustion at this initial stage in the 
development of the standing diffusion flames takes place at very varying 
temperatures.  
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Figure 63. Image at the same timing as in Figure 62 but with light conditions that 

allows ThermoVision analysis to be made. Visible light image (left) and 

temperature distribution (right). 

 
In Figure 64 the diffusion flames are fully developed and at this point all 
premixed burning is over as can be seen in the heat release rate in Figure 57. The 
fuel is now burning at basically the rate which it is injected. The temperature is 
fairly evenly distributed throughout the surface of the flames and is in the range of 
about 2100 K in most parts of the flames.  
 

 
Figure 64. Image and temperature analysis of fully developed diffusion flames. 0 

% EGR case . 

 
Figure 65 shows the combustion taking place about 10 degrees after the end of the 
fuel injection. There is still a lot of un-burnt fuel in the combustion chamber that 
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is burning at quite high temperature. In the center of the combustion chamber the 
burning of some injector sac volume fuel is visible.  
 

 
Figure 65. Image and temperature analysis of flames after the end of injection, 0 

% EGR case. 

 
In Figure 66 the last flames with enough light intensity to be in the same range as 
the fully developed diffusion flames can be seen. At later timing the camera 
settings must be changed to allow for more light transmission. It is still possible to 
use ThermoVision analysis of the image in Figure 66 and the flames are found to 
have temperatures of between 1700 and 1900 K. 
 

 
Figure 66. Image and ThermoVision analysis of late soot oxidation. 0 % EGR 

case. 

 
In Figure 67 the camera settings have been changed so that the maximum 
available exposure at this frame rate is used. There is still a small amount of heat 
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release at 43 deg and there are still some parts of the flame zones with high 
enough intensity to cause overexposure in the image. The heat release rate at this 
point is approximately the same as during the time when the emerging diffusion 
flames first caused overexposure.  
 

 
Figure 67. Images of very late signs of after oxidation, 0 % EGR case. 

 
It is possible to see visible signs of after oxidation of as late as at 60 deg after 
TDC and slightly later, see Figure 68. This coincides with the time that the heat 
release rate has almost dropped to zero. Some white or gray smoke can be seen at 
this point. This is only visible by means of external illumination. The distortion in 
the center of the image is caused by the diffraction in the central point of the 
piston bowl. When the piston is close to TDC this diffraction does not have a very 
large impact as the distance to the flames and the fire deck under the cylinder head 
is small. At this late timing the distance to the cylinder head and the flame zones 
located somewhere between the cylinder head and the piston is much larger and 
diffraction has a larger impact.  
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Figure 68. The very last visible signs of soot oxidation. 0 % EGR case. 

 

12.2 Evaluation of a 60 % EGR case 

The previous series of images illustrated a high load diesel combustion case 
featuring no EGR. The following series of images were made using the same 
parameters as before but with 60 % EGR. This is a very high amount of EGR and 
this case is perhaps not very representative for real engine operation. It does 
however offer some interesting insights into the effects of EGR on the ignition 
and combustion process as the images are compared to the previous case. The 
long ignition delay offers the possibility to study the entire fuel injection process 
from beginning to end under very engine relevant conditions. In Figure 69 the 
initial penetration and development of the fuel sprays can be seen, these images 
were made at the same timing as in the previous case.  
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Figure 69. Initial spray propagation for a combustion case featuring 60 % EGR. 

 
The fuel sprays have reached a sort of steady state already at -0.6 deg and the 
visible portion of the sprays does not increase in length. They look the same until 
the injection ends at about 13 deg after TDC. This is because the rate of 
vaporization of the fuel and the penetration velocity are at equilibrium. The 
standing sprays feed vaporized fuel outwards in the piston bowl.  In Figure 70 the 
first visible signs of combustion can be seen.  
 
At this point almost half of the heat has been released. This timing coincides with 
the peak in the heat release. Even though most of this combustion is premixed 
there are no signs of blue flames as in the previous case. The reactions that create 
the initial parts of the heat release do not produce any visible light. In Figure 70 
the light intensity is very faint compared to the case with no EGR, even at its peak 
intensity it is still fainter by a factor of more than one hundred. Together with the 
slow gradual start of the combustion process this illustrates the effect that the 
EGR has on the combustion reactions.   
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Figure 70. The first visible signs of combustion in the 60 % EGR case. 

 
Figure 71 shows an image and ThermoVision temperature analysis of the 60 % 
EGR case. The temperature is very evenly distributed throughout the combustion 
chamber. No hot spots can be seen. This probably an effect not only of the 
temperature reducing capability of EGR but also an effect of the very slow 
ignition and combustion process which allows for good mixing of the 
components. 
 

 
Figure 71. Image and temperature analysis of a case with 60 % EGR. 

 
In Figure 72 a ThermoVision analysis has been made at 31.2 deg. Here the 
temperatures are even lower and more evenly distributed than in Figure 71. At this 
point the heat release rate is quite low as can be seen in Figure 57. 
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Figure 72. Image and temperature analysis of a case with 60 % EGR further into 

the expansion. 

 
Figure 73 shows the temperature distribution at 42.9 deg. At this point the light 
intensity from the combustion is so low that the software is close to its lower 
evaluation level. The flame temperature of this very late after-oxidation is in the 
range of 1500 – 1900 K. 

 
Figure 73. Image and temperature analysis of a case with 60 % EGR, close to the 

lower evaluation limit of the software. 

 
Shortly after this timing the very last signs of after-oxidation can be seen in Figure 
73. 



 

98 

 

 
Figure 74. Last signs of soot after-oxidation for the case with 60 % EGR. 

 

12.3 Evaluation of a 80 % EGR case 

Increasing the EGR-rate even further causes the engine to misfire. Figure 75 
shows the initial spray development for a case with 80 % EGR. The sprays 
develop and they are a bit narrower and with longer penetration than in the case 
with no EGR.   

 
Figure 75. Initial spray propagation for a combustion case featuring 80 % EGR. 
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There are no visible signs of combustion in this case, Figure 76 shows the 
formation of white smoke which starts to form long into the expansion stroke.  
 

 
Figure 76. Formation of white smoke for the case with 80 % EGR. 

 
The smoke intensity increases as the expansion continues, see Figure 77. This 
type of white smoke can sometimes be seen from misfiring diesel engines, for 
instance during attempted cold start at low ambient temperature.  

 
Figure 77. White smoke continues to develop very late into the expansion stroke. 
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These cases have illustrated some of the phenomena that are involved in the diesel 
engine combustion process. It is interesting to note that already at 20 deg after 
TDC the heat release starts to behave in a very similar way for the cases with no 
EGR and with 60 % EGR even though the combustion process prior to this point 
has been very different for the two cases. The amount of available oxygen for the 
after-oxidation process also differs substantially. This could be a consequence of 
what is shown in Figure 9, the oxidation time for a particle is independent of 
oxygen concentration over a certain threshold, then it only depends on 
temperature. It is also worth noting how well the flame development process for 
the case with no EGR agrees with the conceptual model proposed by Dec [16] 
shown in Figure 7, including the time intervals given for the different parts of the 
process.  
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13  Discussion 

One important part of the increase in scientific understanding of the diesel engine 
processes is the development of new evaluation and visualization methods. 
Simulation and computational techniques are also important parts of the 
developments that have been made. Experimental and modeling approaches are 
often combined for additional benefits.  

The use of various types of optical evaluation methods has proven useful in giving 
detailed insight into in-cylinder diesel engine processes. Optical methods make it 
possible to evaluate processes such as in-cylinder fuel spray development and 
ignition properties, development and extinction of the typical standing diesel 
diffusion flame and the after oxidation process. These processes can be evaluated 
by direct observation. A number of evaluation methods can also be implemented 
in order to provide deeper insight into what is observed. Fuel spray development 
can be recorded using spray tracking software in order to record a time resolved 
development history which can be compared with theoretically derived relations 
and measured fuel spray impulse and flow properties. 

A number of techniques for evaluating the occurrence of different types of 
chemical species exist. With these it is possible to evaluate the location and 
concentration of the species in the combustion chamber reaction zones as the 
combustion and emission formation processes progresses. It is possible to 
evaluate flame temperatures and soot intensity by evaluating the spectral 
distribution of the light they emit. Flame temperature measurements are useful for 
the evaluation of NO-formation as flame temperature is a very influential factor in 
this process. These evaluation methods in combination with simultaneous 
evaluation of heat release rate and measured exhaust emissions can provide deeper 
insight into both basic scientific knowledge of the processes and into the 
functioning of practical engine operating cases. 

The Diesel engine is likely to be used for vehicle propulsion and other energy 
conversion duties far into the future. The demands on various performance aspects 
of the Diesel engine have been increased substantially during the last couple of 
decades and will continue to increase in the years to come. The properties that are 
requested by legislation and by market demands include fuel efficiency, low 
emissions, drivability and transient performance, low maintenance needs and long 
product life. Combining these properties and doing so while avoiding excessive 
product cost poses a major challenge. In order to meet this challenge continuing 
large scale research and development work on all aspects of the diesel engine will 
be necessary. During the last couple of decades large improvements of Diesel 
engine performance have already been made, especially on the topic of exhaust 
emissions combined with the difficult task to simultaneously maintain or even 
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improve fuel efficiency. This has been made possible by the evolution of the 
engine development process into a highly scientific activity where traditional 
engineering practices are complemented by research on the basic physical 
processes that are involved in diesel engine operation. The combined efforts of 
vehicle manufacturer R&D-departments, universities and government institutes 
have generated major advances in the scientific understanding of the diesel engine 
process and a body of work so substantial that it is hard to get an overall grasp on. 
The increased understanding of cause and effect in the physical processes 
involved and vastly improved possibilities to modify and control those processes 
given by developments in engine components has made substantial progress 
possible. 
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14  Conclusions 

 

• Fuel spray impulse was measured with a high degree of accuracy, it was 
found to be a good method for characterization of injection rate and hole-
to-hole variations. When both instantaneous fuel impulse rates and 
instantaneous mass flow measurements are available it was shown that it is 
possible to evaluate spray velocity, nozzle flow parameters and hole-to-
hole variations. 

• Fuel injector nozzle hole-to-hole variations were found to have a large 
influence on engine efficiency and emissions. Using a number of injector 
characterization methods, the degree of hole-to-hole variations for an 
injector has been shown to correlate well with the performance 
deterioration of injectors subjected to long time testing. When designing a 
fuel injector nozzle the amount of cavitation in the holes must be within a 
certain controlled range. Cavitation is useful both for the atomization 
process and for keeping the nozzle holes free from coke deposits. Too 
much cavitation can however damage the nozzle holes and lead to 
deterioration of the performance. The quality and evenness of the 
manufacturing process must be high in order to avoid that off-design 
conditions occur.   

• Using a fiber optic flame temperature evaluation device the matching of 
combustion parameters between different engine types such as optical 
engines and single and multi cylinder metal engines was made. In this way 
the various evaluation methods available for the different engines can be 
used to investigate different aspects of the same combustion case. 

• Since NO-formation depends strongly on flame temperature it is possible 
to obtain a fair degree of exhaust emission prediction by simply evaluating 
measured flame temperature information using Zeldovich reaction rates.  
By applying an expanded NO-formation evaluation method based on both 
heat release rate and flame and gas temperature it is possible to achieve a 
reasonable degree of prediction capability for exhaust NO-emissions for 
very varying operation conditions.  

• When the prediction capability of an NO-formation evaluation method has 
been validated it can be utilized to evaluate spatially and temporally 
resolved NO-formation from flame temperature distributions. This makes 
it possible to pinpoint areas and crank angle intervals with a high degree of 
NO-formation. It has been found that small hot zones in the flames can be 
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responsible for a large part of the total amount of NO that is produced, 
especially in combustion cases where no EGR is used to modify the 
reaction kinetics. 

• The special types of combustion and emission formation phenomena 
encountered during engine transients have been evaluated using optical 
diagnostics methods. Selected engine cycles from interesting parts of a 
production engine load transient has been recreated using a single cylinder 
metal engine and an optical engine. The transient control strategy of the 
engine is based on temporarily closing the EGR-valve. This is combined 
with retarding of the injection timing in order to limit the increase in NO-
production when no EGR is used. This strategy together with closing of 
the VGT creates a rapid charge system response. The strategy does 
however cause a temporary increase in the NO-production during the 
transient. This was caused by increasing flame temperatures which were 
observed in all the three engines. The full combustion chamber view of the 
optical engine made it possible to show how small high temperature flame 
zones can create a large part of the increased NO-production during the 
transient.    
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15   List of abbreviations 

ASI – After Start of Injection 

aTDC – after Top Dead Center 

EDM – Electro Discharge Machining 

EGR – Exhaust Gas Recirculatioin  

SI – Spark Ignited 

SMD – Sauter Mean Diameter 

SOI – Start Of Injection 

TDC – Top Dead Center 

VCO – Valve Covered Orifice (type of injector nozzle) 

VGT/VNT – Variable Geometry Turbine/ Variable Nozzle Turbine 
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