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1. Introduction

Air pollution causes serious harm to human health, and damage to other living 

organisms and the environment. Emissions from internal combustion engines 

are one notable reason for air pollution. In recent years, emission limits for 

internal combustion engines have been progressively tightened, and this trend 

is continuing. To avoid emissions of particulate matter (PM), unburned 

hydrocarbons (HC), carbon monoxide (CO), and nitrogen oxides (NOx), 

injection and combustion strategies have advanced and reached a very high level 

of development. Recently, complicated exhaust after-treatment systems have 

become common in diesel engines. At the same time, the consumption of 

renewable fuels is increasing due to concern over global warming, carbon 

dioxide (CO2) emissions, and oil dependence. A wide variety of alternative fuels 

will be launched onto the market in the near future. All this enables various 

injection and combustion strategies in engines. 

The European Union has set a target that, by 2020, 10% of the energy provided 

by transport fuels will originate from renewable resources. Furthermore, each 

Member State shall set an obligation on fuel suppliers to ensure that the share 

of renewable energy within the final consumption of energy in the transport 

sector is at least 14% by 2030 (EU 2009, EU 2018). In Finland, the target is 20% 

by 2020 and 30% by 2030 (Finlex 2010, Finlex 2019). The first target was 

reached in Finland year 2014 (Ripatti 2016). The minimum share of energy 

derived from advanced biofuels and biogas in the transport sector shall be at 

least 0,2% in 2022, at least 1% in 2025, and at least 3,5% in 2030 (EU 2018).  

By increasing the use of renewable diesel fuel, it is possible to reach several 

targets at the same time. Compression-ignited diesel engines have higher 

efficiency than spark-ignited Otto engines, which reduces greenhouse gas 

emissions. If biofuel production is sustainable, global warming potential of 

biofuels may be smaller than fossil fuels. According to earlier studies, biofuel 

emissions may be lower than conventional diesel emissions depending on 
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engine parameters. New generation transport biofuels may also be produced 

from waste or from by-products of industry without disturbing food production. 

On the other hand, studies have shown that first generation biodiesel causes 

many different types of problems, such as engine wearing and clogging, in 

engines ((McCormick et al. 2001, Andreae et al. 2007, Fang et al. 2007, Wang 

et al. 2008, Morcos et al. 2009, Wattrus et al. 2013, Lapuerta et al. 2014, 

Bezergianni and Dimitriadis 2013, Han et al. 2014). New generation biofuels are 

not yet widely studied, but it has already been observed that engines have to be 

optimized for new fuels to reach maximum performance and minimum 

emissions (Aatola et al. 2009, Lehto et al. 2012).  Several studies have reported 

effects of first generation biodiesel use in engines, but not all effects are 

understood or explained completely (discussed in Publications 1,3 and 5). It is 

essential to understand the fundamental properties and differences of biofuels 

compared not only with a conventional diesel but also with different types of 

biofuels. 

In the EU, more than half of new passenger cars have diesel engines. Virtually 

all heavy vehicles, machinery, and ships have diesel engines. In diesel engines, 

the main emissions of concern are soot and NOx. These emissions are strongly 

influenced by mixture quality inside the fuel spray, and hence emission 

characteristics are largely governed by fuel atomization and spray processes 

(Stiesch 2003). Several studies (Hiroyasu and Arai 1990, Dec 1997, Siebers 

1998) show that nozzle geometry, injection pressure and ambient density 

strongly affect the atomization, evaporation, and combustion of diesel spray. By 

controlling the injection parameters and diesel spray properties, diesel engine 

emissions may be markedly reduced. 

Although fuel spray characteristics are studied quite widely, it is not possible 

to calculate or simulate the effects of multiple injection parameters with 

sufficient accuracy or time in many practical cases so far. However, according 

to the author’s experience, experimental fuel spray studies by optical methods 

are a relatively quick and reliable technique to study and develop engines. 

Experiments also have a crucial role in the development of computational 

calculation methods. Experimental and computational studies together are a 

powerful tool to develop new low emission and high performance engines.  

During recent years, new alternative fuels have been launched onto the 

market, injection pressures have been increased, nozzle hole size has been 

decreased and several nozzle hole geometries have been developed as emission 

limits were tightened. At present, diesel engines need complicated exhaust gas 

after-treatment systems to reach permitted emission levels. In order to optimize 
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after-treatment systems and engine performance, engine combustion has to be 

controlled more accurately than earlier. Engine parameters and engine maps 

have been increased, and more complicated injection and combustion strategies 

are now used. Also, new optical measurement techniques and computational 

methods have been developed. 

Modern injection parameters and combustion strategies have not been 

studied extensively because of their novelty. Earlier, engine injection 

optimization was done by engine test runs, approximate calculations, or 

correlation formulas and diagrams due to the fact that optical measurements 

and computational studies could be expensive and time consuming. This no 

longer produces sufficient accuracy for complicated modern diesel engines. 

Engine test runs are more and more time consuming, and they do not provide 

enough understanding of the reasons for engine behaviour. To understand and 

develop modern diesel engines, engine test runs, experimental spray and 

combustion studies, and computational studies must be triangulated. 

In this doctoral thesis, four different aspects related to diesel injection and 

spray formation in modern diesel engines were studied. First, the fundamental 

spray characteristics of a new generation renewable diesel were studied under 

non-evaporative conditions. Second, the fundamental spray characteristics 

were studied in extreme high ambient density related to extreme high cylinder 

pressure. Third, the fundamental spray characteristics of conical nozzle orifice 

geometry were studied from a novel perspective. Finally, the fundamental spray 

characteristics of biofuel blends were studied in an optical engine during late 

post-injection, which is related to exhaust gas after-treatment technology.  

The goal of this thesis is to answer some fundamental questions and 

hypotheses of injection and spray formation in modern diesel engines. All 

aspects studied represent new engine and injection technology that is used in 

today’s diesel engines. Nonetheless, those aspects have not been studied 

comprehensively before. Though the motivation to study these specific areas 

came from the funding industrial partners, the approach here is more academic 

than practical. These studies showed interesting observations that deepen 

understanding, but the present studies cannot explain the phenomena 

completely. 
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2. Background information

All Publications of this dissertation are focussed on diesel fuel injection and 

spray studies. Combustion and emission controlling is closely related to fuel 

injection and spray formation processes in a modern direct injection diesel 

engine. Diesel fuel is injected into the cylinder through small nozzle orifices 

under very high pressure. Due to flow instabilities and aerodynamic forces, 

diesel spray is then atomized into small droplets. High temperature causes 

droplets to evaporate in the cylinder during the compression stroke. Fuel vapour 

is mixed into compressed air, and chemical reactions cause ignition and 

combustion. The most important exhaust gas emissions depend on the level of 

fuel to air mixing and on temperature. Injection and spray characteristics have 

a significant influence on mixing process, and, furthermore, on combustion 

characteristics and emission levels. (Stiesch 2003, Heywood 1988) 

The rest of this Chapter describes the most typical diesel fuels (in Section 2.1), 

and, subsequently, the main diesel spray characteristics (Section 2.2), including 

ignition and combustion processes and finally optical diagnostic methods. 

2.1 Diesel fuel

At present, more than 80% of the worlds primary energy supply is met by fossil 

fuels, such as coal, oil and natural gas. Fossil fuels are considered non-

renewable because they are not replaced when they are used. So far, products 

derived from crude oil-based petroleum also dominate fuel markets of internal 

combustion engines. According to estimates (ExxonMobil 2013), this trend will 

continue during the coming two decades. However, the market share of 

alternative and renewable fuels is increasing all the time. In local markets, the 

share of renewable fuels may be larger.  

The European Union aims that by 2020, 10% of the energy in all used 

transport fuels will originate from renewable resources. Each Member State 

shall set an obligation on fuel suppliers to ensure that the share of renewable 



Background information

18 

energy within the final consumption of energy in the transport sector is at least 

14% by 2030 (EU 2009, EU 2018). In Finland, the target is 20% by 2020 and 

30% by 2030 (Finlex 2010, Finlex 2019). The first target was reached in Finland 

2014 (Ripatti 2016). Going forward from 2020, the minimum share of advanced 

biofuels and biogas, as a share of final energy consumption in the transport 

sector, shall be at least 0,2% in 2022, at least 1% in 2025 and at least 3,5% in EU 

2030 (EU 2018). Furthermore, the Fuel Quality Directive (FQD) of the 

European Parliament requires fuel suppliers to reduce the greenhouse gas 

(GHG) intensity of energy supplied for road transport (EU, 2009b). By 2020, 

the GHG content of road fuels must be reduced by 6% compared with the 

average EU level of GHG per unit of energy from fossil fuels in 2010. Reducing 

the GHG content of fuels is to be achieved through preferential use of biofuels, 

electricity, lower-carbon fossil fuels, and through a reduction of flaring and 

venting during fossil fuel extraction (IEA 2015). 

The global oil reserve is forecast to be able to supply the market for another 

few decades. However, the fuel price has risen several times in recent decades 

due to limited reserves of fossil fuels and their unequal distribution. This has 

led to economic imbalance, especially in developing countries. Hence, 

renewable fuels are also becoming a more and more interesting option for 

ensuring energy security in some areas (Agarwal 2006). 

One of the most important advantages of using biofuels instead of fossil fuel 

in the transportation sector is the ability to reduce both global greenhouse gas 

emissions and local air pollution from vehicles at the same time. The 

combustion of biofuels in engines can be regarded as CO2 neutral. Nonetheless, 

biofuel production and distribution may cause greenhouse gas emissions. The 

total life cycle of fuel has to be assessed and taken into consideration to reach a 

conclusion about the overall greenhouse gas balance. The most common 

alternative diesel fuels typically reduce CO, THC, and soot emissions at least. 

However, emission reductions depend on engine parameters and properties of 

diesel fuel. (Kim et al. 2014, Lehto et al. 2012, Imperato et al. 2012, Aatola et al. 

2009, Murugesan 2009) 

A wide range of different alternative fuels are technically suitable for diesel 

engines. The fuel industry and engine manufacturers have studied alternatives 

widely. Some alternative fuels require modifications to the present engines, and 

some fuels are used without any modifications. Many alternative fuels also need 

different fuel distribution infrastructure. Some alternative fuels compete with 

food production causing ethical questions; land use for biomass based fuels has 

negative environmental impacts. (Ogden et al. 2004) In this Chapter, 
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conventional diesel and the most typical alternative fuels that are used 

commonly in the engines at present are described. The fuel properties of typical 

diesel fuels are represented in Table 1.

Table 1. Typical properties of HVO, European EN 590:2004 diesel fuel, GTL and FAME. (Aatola 

et al. 2005, Mikkonen et al. 2008, Kuronen et al. 2007)

HVO EN 590 GTL FAME (RME)
Density at 15 °C (kg/m3) 775–785 ≈ 835 770–785 ≈ 885

Viscosity (40 °C) (mm2/s) 2.5–3.5 ≈ 3.5 3.2-4.5 ≈ 4.5

Cetane number ≈ 80–99 ≈ 53 ≈ 73–81 ≈ 51

Distillation range (°C) ≈ 180–320 ≈ 180–360 ≈190–330 ≈350–370

Cloud point (°C) (−5)–(−25) ≈ −5 0–(−25) ≈ −5

Heating value, lower (MJ/kg) ≈ 44.0 ≈ 42.7 ≈ 43.0 ≈ 37.5

Heating value, lower (MJ/l) ≈ 34.4 ≈ 35.7 ≈ 34.0 ≈ 33.2

Total aromatics (wt-%) 0 ≈ 30 0 0

Polyaromatics (wt-%)(1) 0 ≈ 4 0 0

Oxygen content (wt-%) 0 0 0 ≈ 11

Sulfur content (mg/kg) < 10 < 10 < 10 < 10

Lubricity HFRR at 60 °C (μm) < 460(2) < 460(2) < 460(2) < 460

Storage stability Good Good Good Very 

challenging
(1) European definition including di- and tri+ -aromatics 
(2) With lubricity additive

2.1.1 Petroleum diesel 

Petroleum diesel (also petrodiesel) or fossil diesel is the most common type of 

diesel fuel. Petroleum diesel was studied in all Publications in this doctoral 

dissertation, and it was compared with alternative biofuels in Publications 1 and 

5. It is used in diesel engines in passenger cars and heavy-duty vehicles. 

Petroleum diesel is produced from the fractional distillation of crude oil 

between 200 °C and 350 °C at atmospheric pressure, resulting in a mixture of 

carbon chains that typically contain between 8 and 21 carbon atoms per 

molecule. 

EN 590 (EN 590:2013) is a standard published by the European Committee 

for Standardization that describes the physical properties that all automotive 

diesel fuels must meet if they are to be sold in the European Union and several 

other European countries. Ultra-low-sulphur diesel (ULSD) is a standard for 

defining diesel fuel with substantially lowered sulphur contents. Almost all of 

the petroleum-based diesel fuel available in Europe and North America is of a 

ULSD-type. 
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Fuel oils (bunker fuels) are used in large bore engines, especially in ships. 

Heavy fuel oil (HFO) has a relatively low price, but it has to be heated and 

filtered before injection due to high viscosity and impurities. Hence, HFO is not 

used in road vehicles, but it is the most common fuel in large ships; it is also 

called marine fuel oil (MFO).  

HFO is a neat or nearly 100% residual oil. In oil refinery processing, the 

residual is the material remaining after the more valuable fractions of crude oil 

have distilled off. The residue may contain various undesirable impurities. 

Compared with light fuel oil (LFO) or petroleum diesel, the combustion of HFO 

is, to a certain degree, incomplete. The use of HFO may also cause corrosion 

problems to the engine due to the presence of sulphur. Carbon chains of HFO 

are typically between 12 and 70 carbon atoms per molecule. 

Other crude-oil based marine fuel oils are neat distillate oils or mixtures of 

distillate and residual oils. They are not used as much as LFO because their cost 

is higher. Marine gas oil (MGO) is similar to LFO, heating oil, and petroleum 

diesel. It is made from distillate only. Its carbon chain length is 10-20 and its 

typical cetane index is 45.  Marine diesel oil (MDO) is a blend of gasoil and HFO. 

MDO typically has a lower cetane index (40) and a higher density than marine 

gasoil. Intermediate fuel oil (IFO) is also a blend of gasoil and HFO, but it 

contains less gasoil than MDO. MGO, MDO and IFO have viscosities lower than 

HFO, and they need not be heated for use in engines. Marine fuel oils sometimes 

also contain waste products such as used motor oil. (Vermeire 2012) 

2.1.2 Paraffinic diesel 

Paraffinic diesel fuels have a paraffinic chemical structure, and they have no 

poly-aromatic compounds in practice. Paraffins are also found in petroleum 

diesel which contains significant amounts of aromatics and naphthenics. 

Aromatics are not favourable for clean combustion (Richards 2014). Paraffinic 

diesel fuels have a higher cetane number and a slightly lower (5%) density than 

standard petroleum diesel.  

Paraffinic diesel fuels are classified as synthetic diesel fuels and renewable 

diesel fuels based on the production process. Synthetic diesel fuels and 

renewable diesel fuels have quite similar compositions. However, renewable 

diesel typically has a higher cetane number. (Bezergianni and Dimitriadis 2013, 

Mikkonen et al. 2008, Kuronen et al. 2007) 

Renewable diesel is produced from vegetable oils and animal fats by 

hydrotreating processes. Renewable diesel is also called HVO (hydrotreated 

vegetable oil) or HDRD (Hydrogenation Derived Renewable Diesel), especially 
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in the USA, and HBD (Hydro-generated Biodiesel) in the Far East. White diesel 

is produced via catalytic hydrotreating of plain waste cooking oil (WCO) and 

consists of a single catalytic hydrotreatment step only. In the hydrotreating 

process, hydrogen is used to remove oxygen from the triglyceride vegetable oil 

molecules and to split these molecules into three separate chains, thus creating 

hydrocarbons which are similar to existing diesel fuel components. This allows 

blending in any desired ratio without any reduction in quality. Renewable diesel 

was studied in Publications 1 and 5. 

HVO production processes have four stages. First, impurities are removed 

from the feedstock in the pre-treatment process. This is done by feeding a 

mixture of phosphoric acid, sodium peroxide, and water to the process. Second, 

the fatty acids are hydrotreated, forming n-paraffins. Third, the n-paraffins are 

isomerized to isoparaffins. Finally, the paraffinic mixture stabilizes, different 

components are separated, and the required additives are mixed into the 

remaining HVO diesel fuel. HVO is a mixture of straight chain and branched 

paraffins.  (Neste Oil 2016, Bezergianni and Dimitriadis 2013, Johansson 2012, 

Nylund et al. 2008, Mäkinen et al. 2005)  

Synthetic diesel fuels are produced from carbon-containing feedstock using 

Fischer-Tropsch synthesis (FT). Typical feedstocks are natural gas (NG), coal, 

and biomass. Depending on the feedstock, FT diesel fuels are called gas-to-

liquid (GTL), coal-to-liquid (CTL), or biomass-to-liquid (BTL). The FT-reaction 

can be described as a synthesis of hydrocarbons via the hydrogenation of CO 

using transition metal catalysts. According to earlier studies, FT-diesels 

generate lower NOx (0–40%), PM (40–70%), THC (15–90%), and CO (0–40%) 

emissions than standard petroleum diesel. Their emission behaviour depends 

mostly on selected engine parameters, although the CO2 emissions of FT-fuels 

depend on synthesis process feedstock. In comparison with fossil diesel, CTL 

has relatively high CO2 emissions, GTL similar levels, and BTL relatively low 

levels. (Kim et al. 2014, Bezergianni and Dimitriadis 2013, Lapuerta et al. 2010, 

Schabert 2005, 2002, 2000, Schubert 2002, Johnsson 2001, Fanick 2001, 

McMillian 2001) 

Kitano et al. (2005) found that the spray angle increased, and the spray tip 

penetration and SMD (Sauter mean diameter) of droplets decreased, as fuel 

viscosity decreased with GTL fuels, under non-evaporative test chamber 

conditions with similar injection pressure and ambient gas density to a real 

diesel engine during the main injection. Schaberg (2005) found no significant 

difference in the spray tip penetration of GTL fuel, but the liquid fuel 

penetration of evaporative spray was found to be shorter with GTL than with 
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EN 590 fuel because of the lower final boiling point of GTL. Larsson (2007) 

credited this effect to the lower density of GTL. Kook and Pickett (2012) 

observed a smaller penetration length for GTL fuel when compared with that of 

conventional diesel, due to the faster evaporation of GTL fuel. Synthetic diesel 

fuels were not studied in this dissertation, but many results are compared with 

earlier GTL studies.   

2.1.3 Biodiesel 

Biodiesel was studied in Publication 5. Biodiesel is produced from vegetable oils 

by an esterification process. The most typical vegetable oils are soya, rapeseed, 

and palm oils. The products are called fatty acid methyl esters, FAMEs, or 

biodiesel. Other acronyms are also used such as rape seed methyl ester, RME, 

soybean methyl ester, SME, or palm oil methyl ester, PME. FAMEs are typically 

produced by an alkali-catalyzed reaction between fats and methanol in the 

presence of a base such as sodium hydroxide or sodium methoxide. FAME fuels 

differ slightly from petroleum diesel fuel in their chemical and physical 

properties. FAMEs have higher density, viscosity, surface density, and 

compressibility than petroleum diesel. The typical oxygen content of FAMEs is 

approximately 11%, in contrast to petroleum diesel, which has no oxygen 

content. FAMEs are quite similar to petroleum diesel and can be blended with 

petroleum diesel. The cetane number of FAMEs is almost the same as that of 

petroleum diesel. However, the mass-heating value of FAMEs is 10-15% lower 

than that of traditional diesel. (Neste Oil 2016, Kim et al. 2014, Bezergianni and 

Dimitriadis 2013, Johansson 2012, Anneken et al. 2006, Yamane et al. 2001) 

Compared with petroleum diesel, FAME biodiesel typically produces less CO, 

HC, and PM emissions, but more NOx emissions. (Bezergianni and Dimitriadis 

2013, Knothe 2010, Murugesan 2009, McCormic et al. 2001). FAMEs are 

sulphur-free and water-free but typically contain impurities, such as phosphor, 

potassium, and sodium. Fuel quality and the amount of possible impurities vary 

depending on feedstock and production process. Fuel properties may also vary 

from batch to batch. Due to these issues, the maximum content of FAME fuels 

blended with European standard diesel fuel is limited to 7% by diesel fuel 

standards. (EN 590 2013) In marine engines, studies showed that the addition 

of up to 10 % in bunker oil is possible in terms of combustion quality, while 

keeping parameters like viscosity, density, and stability in an acceptable range 

(Prucole et al. 2014). 

The spray characteristics of biodiesel have been investigated in several studies 

focused on fundamental issues and the fuel injection. Lee et al. (2005) reported 
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that FAME blends present similar spray tip penetrations to conventional diesel 

but larger SMD, due to the high viscosity and surface tension of biodiesel. In 

contrast, Som et al. (2010) and Gao et al. (2009) reported that spray 

penetration, spray speed, and SMD increased, while spray cone angle were 

lower for FAME blends than conventional diesel. It was also reported (Som et 

al. 2010) that the predicted liquid length and vapor penetration are higher for 

biodiesel than petroleum diesel due to the higher boiling temperature and 

higher heat of vaporization of biodiesel, implying that vaporization properties, 

rather than the physical properties of a fuel, such as density, viscosity, and 

surface tension, have a more significant influence on spray behaviour. However, 

some studies (e.g. Agarwal and Chaudhury, 2012) showed that neat FAME gives 

the highest spray angle and spray area, followed by FAME/mineral diesel 

blends, and neat petroleum diesel because of fuel density differences. 

Wang et al. (2008) found that biodiesel gives a longer injection delay (the time 

between energizing and actual start of injection), longer spray tip penetration, 

and smaller spray angle and projected area, and volume than diesel fuel under 

high injection pressure. Han et al. (2014) concluded that the reason for the 

longer injection delay of FAME is related to the fuel’s higher density, higher 

viscosity, and higher bulk modulus of compressibility.  
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2.2 Diesel Spray

Diesel spray characteristics were studied in all Publications within this 

dissertation. In typical diesel direct injection, the fuel forms a cone-shaped 

spray at the nozzle exit (see Figure 1). The geometry of a spray shape determines 

a variety of spray characteristics. The typically studied spray characteristics are 

the spray tip penetration, the spray angle and the droplet size (Heywood 1988). 

The characteristics are explained more closely later in this Section.  Diesel spray 

characteristics are related to properties of the spray that are commonly studied. 

Such as, velocity, dispersion, and size of droplets. Diesel spray formation and 

characteristics are dependent on the mechanical construction of the injector, 

the physical properties of the injected fuel, and ambient conditions in the 

cylinder. 

 

Figure 1. Typical non-evaporative diesel fuel spray in a test rig of the type used in Publications

1-4.

Spray tip penetration is defined as the distance between the nozzle orifice 

and the leading edge of the spray (see Figure 2). Spray tip penetration is related 

to both droplet velocity and droplet dispersion. It is also an implicit indicator 

for droplet size since droplet velocity is related to droplet size. Furthermore, the 

average concentration inside the fuel spray may be determined from the spray 

tip penetration and the spray angle when the injected mass flow is known. 

(Stiesch 2003, Lefevbre 1989, Heywood 1988) 

Spray angle (also known as the cone angle) determines spray spreading, 

which is related to droplet dispersion. Spray angle has many different 

definitions. It is often defined as the angle of two straight lines drawn from the 

nozzle orifice to cut the spray contours at some specified distance from the 

nozzle orifice (see Figure 2). A major difficulty in the definition and 

measurement of the spray angle is that a spray has curved boundaries and the 

spray angle changes with time during the injection. Spray width provides the 
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same information as spray angle in most of the cases (see Figure 2). (Stiesch 

2003, Lefevbre 1989, Heywood 1988) 

Droplet size may be represented by a drop size distribution, a mean 

diameter, or a representative diameter. The droplet size of diesel sprays is not 

uniform; all sprays consist of a variety of droplet sizes. It is convenient to use 

mean diameter in many calculations of mass transfer and flow processes. 

Commonly used mean diameters include the linear average value of all the 

drops (D10), and Sauter mean diameter (SMD or D32), which is the diameter of 

the drop whose ratio of volume to surface area is the same as that of the entire 

spray. Several other mean diameters are used as well. Representative diameters 

are used for many engineering purposes. Representative diameter usually 

represents drop diameter as such that some certain percentage value of total 

liquid volume is in drops of smaller diameter.  A commonly used representative 

diameter is mass median diameter (MMD or D0.5). MMD is the droplet size 

above which 50% of the total mass of spray lies. However, two sprays are not 

necessarily similar just because they have the same mean or representative 

diameter. In practice, the smallest or the largest drop sizes may have paramount 

importance. Mean or representative droplet sizes do not provide this 

information. (Stiesch 2003, Lefevbre 1989, Heywood 1988) 

Droplet size is related to the volume and surface area of droplets. The volume-

to-surface area ratio affects combustion since most important processes take 

place at the surfaces of droplets. These kinds of phenomena include, for 

example, heat and mass transfer and evaporation. (Lefevbre 1989) 

Ideally, engine design or simulations would be based on a complete, accurate 

droplet size distribution. However, in practice, this is very difficult to know 

accurately, and it may be impractical or difficult. Therefore, simplifications are 

made, such as the representative diameters. 
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Figure 2. Fundamental spray characteristics.  

2.2.1 Diesel Spray Formation and Jet Processes 

All diesel spray characteristics (discussed earlier in this Chapter) that were 

studied in Publications 1-5 are related to diesel spray formation and jet 

processes. Ambient conditions have a strong influence on diesel spray. This is 

studied in Publications 1-4 by varying ambient density. In Publication 5, 

experiments were performed in an optical research engine under evaporative 

conditions when temperature and density were varied. Hence, it is essential to 

understand diesel spray formation and jet processes in order to analyse the 

results of these Publications.  

Diesel fuel is injected into a cylinder through a small nozzle orifice with very 

high pressure. A pressure difference accelerates the fuel to high velocity, and 

fuel flow becomes turbulent. Cavitation occurs in some areas of the nozzle 

orifice when static pressure is low due to differences in velocity gradients (see 

Figure 3). Cavitating fuel is transformed from the liquid to the vapour phase, 

causing bubbles in the liquid fuel flow. This has a strong effect on the nozzle 
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flow performance and it probably improves atomization of fuel spray. (Stiesch 

2003, Lefevbre 1989, Heywood 1988) 

The ambient temperature and density of air are relatively high in the cylinder 

at time of injection. Since fuel exits from the nozzle orifice, turbulence and 

aerodynamic forces amplify instabilities in the fuel, causing wave motion. 

Consequently, the fuel forms first ligaments, and then droplets. This spray 

break-up, near the nozzle orifice, is called primary break-up. Droplets in a spray 

break up due to aerodynamic forces, and thus form smaller droplets. This 

aerodynamic droplet break-up is called secondary break-up. Due to the primary 

and secondary break-up of droplets, a spray is atomized, a spray shape spreads, 

and a spray volume expands. (Stiesch 2003, Lefevbre 1989, Heywood 1988) 

 

Figure 3. Schematic illustration of exiting fuel spray and the primary break-up region. The time of 

occurrence of primary break-up is defined as the primary break-up time (Stiesch 2003, 

Baumgaten et al. 2002). Figure is reillustrated from Stiesch 2003. Also, other models are 

proposed for example by Trujillo et al. (2015).

2.2.2 Diesel spray droplet evaporation and ignition 

Due to droplet break-up and spray atomization, a spray volume increases and, 

at the same time, fuel concentration decreases because an increasing amount of 

hot air enters in the spray. Droplets are evaporated due to heat exchange from 

air to droplets. The momentum of fuel vapour remains, and vapor is mixed 

turbulently with air. A gaseous air-fuel mixture reaches conditions where 

ignition occurs after a certain time from the start of injection. This time between 

start of injection and ignition is called the ignition delay. The air-fuel mixture 

varies substantially locally, and ignition typically occurs in several flame kernels 

at various locations at the same time. Only a limited share of the fuel is 

evaporated and able to form a combustible mixture before the start of ignition. 
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The premixed air-fuel mixture burns rapidly, causing a high cylinder pressure 

rise rate and a high heat release rate. After a brief premixed combustion phase, 

mixing-controlled diffusion combustion dominates the process. The last phase 

of combustion occurs in low oxygen conditions and at low temperature 

conditions. (Stiesch 2003, Lefevbre 1989, Heywood 1988) 

2.2.3 Effects of Ambient Conditions and Injection Parameters 

The fundamental diesel spray characteristics are primarily related to 

aerodynamic forces between a fuel spray and an ambient gas. Higher droplet 

velocity and ambient gas density enhance aerodynamic forces, leading to better 

atomization, wider spray angle, and smaller droplet size. Dent (1971), Heywood 

(1988), Hiroyasu and Arai (1990) and Naber and Siebers (1996) proposed the 

classical experimental correlations for spray tip penetration and spray angle. 

Although, experimental correlations do not predict spray characteristics 

precisely, experimental correlations show the influence of different injection 

parameters on spray formation and propagation. 

Correlation of Dent (1971) – Dent has proposed the following correlation for 

spray tip penetration: 

 = 3.07 ∙ ∆ ∙ ( ∙ ) / ∙     (1) 

where S [m] is the spray tip penetration, ∆  is the pressure difference over the 

nozzle hole [Pa],  is the nozzle hole diameter [m], t is the elapsed time from 

the beginning [s] of the spray and   and  are density [kg/m3] and 

temperature of ambient gas [K]. 

Correlation of Hiroyasu and Arai – Hiroyasu and Arai (1990) has proposed the 

following correlation for the spray tip penetration: 

t<tbreak 

 

 = 0.39 ∙ ∆ ∙      (2) 

t>tbreak 

 = 2.95 ∙ ∆ ∙ ( ∙ ) /     (3) 
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where 

 = ∙ ∙( ∙∆ ) /     (4) 

The notation at the equations is as follows: tbreak is the break-up time, ∆  is the 

pressure difference across the nozzle hole,  and  are the densities of liquid 

fuel and ambient gas and  is the diameter of the nozzle hole. 

The correlations of Dent (1) and Hiroyasu and Arai (2) show that the spray tip 

penetration is increased when injection pressure or nozzle hole diameter is 

increased. The spray tip penetration is decreased when density of ambient gas 

is increased. Higher injection pressure leads to higher nozzle hole exit velocity 

and higher momentum at the initial stage. Larger nozzle hole diameter leads to 

larger, and therefore heavier, droplets that have more momentum at the initial 

stage. Due to higher momentum, the spray tip penetration into the combustion 

chamber rises. The correlation of Dent (1) excludes fuel density, although this is 

included in the correlation of Hiroyasu and Arai (2). Hiroyasu and Arai (1990) 

proposed that higher fuel density decreases the spray tip penetration before 

break-up and increases the break-up time. In practice, the difference is 

insignificant in the density range of different types of diesel fuels. 

Spray angle proposed by Heywood (1988) 

tan = ∙ . ∙ √      (5) 

where  is the full spray angle,  and  are the densities of liquid fuel and 

ambient gas, respectively. A is a constant depending on the nozzle design and 

may be extracted from experiments or approximated by Equation 6: 

= 3.0 + 0.28 ∙ .
     (6) 

where  and  are the nozzle hole length and diameter respectively. 

Spray angle proposed by Hiroyasu and Arai (1990) 

= 83.5 ∙ . ∙ . ∙ .
    (7) 

where  is the full spray angle, l is the length of the nozzle, d is the diameter of 

the nozzle, and  the diameter of the sack chamber and  and  are density 

of ambient gas and fuel. 
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Even though the spray angle correlation of Heywood (5) is quite simplified, it 

is suitable for operating conditions in most modern diesel injectors and 

relatively low gas densities. According to this correlation, the spray angle 

increases when the density of ambient gas or the nozzle hole diameter increases, 

and the nozzle hole length or the density of fuel decrease. The same conclusion 

can be made from the correlation of Hiroyasu and Arai (7). However, they also 

observed that the spray angle is wider if the diameter of the sack chamber is 

smaller. The spray angle correlations of Heywood (5) and Hiroyasu and Arai (7) 

exclude injection pressure. Correlation of Arrègle et al. (1999) (8) includes 

injection pressure but the spray angle does not depend on injection pressure in 

practice because the exponent is very small. 

Spray angle proposed by Arrègle et al. (1999) 

tan = . ∙ . ∙ .      (8) 

where Pinj is the injection pressure,  is the diameter of the nozzle and ρg is the 

density of ambient gas. 

2.3 Optical diagnostics

 

Optical diagnostics has a major role in all Publications 1-5.  Experimental 

studies are performed in order to understand diesel combustion and diesel 

injection processes better, and to develop engines with both low emissions and 

high fuel economy. As improvements in efficiency and emission reduction have 

reached points of diminishing returns, there is an increasing need for fuel spray 

measurements in combustion chamber. In most cases, optical measurement 

techniques are best suited for fuel spray and combustion studies. A wide range 

of measurement techniques have been developed and used. Each provides a 

different point of view for studies and each has advantages and disadvantages. 

In the following Sections, the most typical optical measurement methods are 

presented, main utilization and limitations are discussed, and they are 

summarized in the Table 2. (Zhao, 2012, Fansler and Parrish 2015) 

Fuel injection and spray geometry characterization was used in all 

Publications; combustion measurements relate to Publication 5. Other methods 

are related to the author’s research work and publications reported by Cheng et 

al. (2019); Kuensch et al. (2014); Kaikkonen (2012); Vallinmäki (2012); and Ye 

et al. (2011). 
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Table 2. Summary of the most typical optical measurement methods.
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LII

Flow X X

Specie X X

Composition X X

Characterization X X X X

Combustion 

Spectroscopy

X

Combustion 

Visualization

X X

Temperature X X X X X X

Soot 

Concentration

X X

Particle Size X X X

2.3.1 Fuel injection and Spray Geometry Characterization

The simplest technique for fuel spray characterization (see Section 2.2) is direct 

imaging of sprays using a single-shot or high-speed camera.  Typically, spray 

imaging is used to measure cone angle and penetration. When single shot 

camera is used, a short duration strobe light or pulsed laser freezes the flow in 

the spray. When a high-speed camera is used, continuous light sources are also 

suitable. Imaging with side or back illumination are both possible. However, 

back-illumination is more common, especially in constant volume chambers. 

Back-illumination and shadowgraph imaging enable high contrast with short 

exposure time, improving the analysing accuracy and operational reliability of 

computational post processing. If a back-illuminated imaging setup is changed 

to a Schlieren system, a fuel vapour field is included in the analysis as well. A 

limitation of side and back illumination methods is that they are line of sight 

methods. 

Laser-sheet-based methods illuminate a plane in the spray or a cloud of 

droplets giving excellent spatial and temporal resolution. In this method, laser 

sheet illuminates a cross-section of fuel spray and Mie scattering from liquid 

fuel or fluorescence from fluorescent species is captured at a right angle by an 

imaging device. However, measuring is difficult in the case of dense spray due 

to laser scattering and absorption. In some cases of dense spray, only a half 
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spray is visualised. The PLIF method visualizes both liquid and vapour fuel 

distributions. However, simultaneous visualization is limited to most 

concentrated vapour fuel only. Simultaneous measurement can be performed 

by laser-induced exciplex fluorescence (LIEF) techniques. In LIEF techniques, 

fluorescence from liquid fuel and fuel vapour are separated spectrally. 

Unfortunately, the quenching from fuel vapour has limited most LIEF 

applications to nitrogen environment. (Zhao, 2012) 

2.3.2 Flow measurements  

The details of fluid flow within the cylinders of engines affect engine 

performance and emissions. Engine related flow measurements are typically 

performed by Laser Doppler anemometry/velocimetry (LDA/LDV) or particle 

imaging velocimetry (PIV) methods. LDA measurements provide instantaneous 

velocity at a single point in the flow field. In comparison, PIV measurements 

provide average flow field and velocity vectors in an area (see Figure 4).  LDA is 

based on the measurement of the Doppler shift of laser light scattered from 

small particles. The PIV technique is based on the displacement of an element 

of fluid in a known time interval. Typically, this is performed by taking two 

sequential laser lighted images. LDA measurements are performed with a single 

optical access point, whereas PIV measurements need two orthogonal optical 

access points. Seeding particles carried along with the moving fluid are typically 

used with both methods. (Zhao, 2012, Fansler and Parrish 2015) PIV studies are 

related to Author’s research work reported by Kaikkonen (2012). 
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Figure 4. Particle imaging velocimetry (PIV) method (Picture by Harri Hillamo, Aalto University). 

2.3.3 Droplet size measurements 

Droplet size measurements are typically performed by integral methods or 

particle counting technique. The integral methods measure a large number of 

droplets simultaneously. The resulting intensity comes from integration over 

space, and a spatial average is obtained. This needs high droplet concentration 

and a significant sample volume. With particle-counting techniques, on the 

other hand, droplets are measured one at a time. This needs moderate droplet 

concentration and a small sample volume. The size distribution is built up over 

time, and a temporal average is obtained. The temporal distribution enables one 

to measure the mass flux of droplets of different sizes. 

The Fraunhofer diffraction method (Malvern) is a typical integral method. The 

method derives droplet size information from the angular distribution of the 

elastically scattered radiation. With a typical measurement setup, a parallel 

laser beam passes through a cloud of droplets, and the scattered light is 

measured by a photodetector. Droplet size distribution is analysed from the 

intensity distribution of the Fraunhofer diffraction pattern. 

Phase Doppler particle analyser (PDPA) is a typical particle counting 

technique for droplet size analyse. The method is similar to dual-beam LDA 
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(Section 2.3.2) and velocity is measured as well with PDPA. In this technique, a 

laser beam is split into two intersecting beams of equal intensity. As the droplet 

passes through the laser beam intersection region, it scatters the light, 

producing an interference fringe pattern. Doppler burst signals are produced by 

two detectors and signals are used to determine droplet velocity and size. 

A common method for analysing droplet size is based on image analysis by 

direct imaging techniques. The droplet size distribution is determined by 

counting and sizing the diameter of the droplets from recorded images. 

However, the method can be applied to relatively dilute regions of the droplet 

field and, typically, it is not a suitable method for engine-related dense fuel 

sprays. Back illumination and shadowgraph imaging improve analysing 

accuracy. Back illumination and shadowgraph based droplet size studies are 

related to the author’s research work reported by Vallinmäki (2012). (Zhao, 

2012, Fansler and Parrish 2015) 

2.3.4 Combustion measurements 

Combustion is often associated with luminosity. In spectroscopy, light emission 

and absorption from combustion is used to study combustion processes (see 

Figure 5). The emission of light during the combustion is characterized by the 

continuum thermal radiation of solid soot particles and banded 

chemiluminescence emissions from gas species. However, soot particles may 

become dominant in a diesel engines and direct injection engines. 

 

Figure 5. Direct visualization of combustion in optical diesel engine (Author). 

In the absence of dominant soot particles, chemiluminescence only is 

responsible for light emissions. As a result of chemical reactions, energy is 

disposed of as a light emission, and the new molecule is stabilized. This 
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chemiluminescence emission measurement method differs from fluorescence 

measurement method in that an external light source is not needed. An external 

light source is used in absorption method. The wavelength of light that a species 

absorbs is characteristic of its chemical structure. Light absorption can occur at 

any frequency at which light emission can occur, and this allows the absorption 

lines to be determined from an emission spectrum or vice versa. 

Light emission or the absorption of band spectra is detected and measured 

using spectrographic equipment. Emission and absorption techniques provide 

measurements averaged over the line of sight. Both techniques are normally 

used to detect the presence of certain species, and quantitative measurements 

are not common. Quantitative species concentration measurements are possible 

with appropriate calibration. However, an absorption technique is preferred 

when more sensitive and quantitative measurements are required. 

In direct visualization by a chemiluminescence imaging method, combustion-

related species are obtained from spatially and temporally resolved images (see 

Figure 6). Specific band-pass filters are used for a given species. An image 

intensifier is typically needed to obtain weak luminous events. The method is 

very practical due to its relatively simple measurement setup. 

Chemiluminescence imaging method studies are related to the author’s research 

work, as reported by Cheng et al. (2019). 

Direct visualization is a simple and effective method to study combustion and 

flame propagation. However, direct combustion visualization is often 

performed by shadowgraph or Schlieren techniques due to the remarkable 

contrast and sharpness of images. Shadowgraph and Schlieren techniques are 

also suitable for nonluminous events such as the interaction of flow and 

combustion. (Zhao, 2012, Fansler and Parrish 2015) 
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Figure 6. Chemiluminescence imaging in optical diesel engine (Author). 

2.3.5 Species and concentration measurements  

Engine-related fuel and combustion species measurements are commonly 

performed by the laser-induced fluorescence (LIF) method. LIF is the emission 

of light from an atom or molecule following the excitation by a laser beam. The 

wavelength of the laser light is chosen to coincide with an absorption 

wavelength of the atom or molecule. The fluorescence intensity is directly 

related to the molecular density, and it can be used to measure its concentration 

as well. However, quantative measurements in an engine are difficult due to 

quenching effects that can reduce fluorescence intensities. However, LIF is an 

electronic absorption and emission process that produces relatively strong 

signal intensity. The strong signals allow two-dimensional imaging by using a 

laser sheet. This method is called planar laser-induced fluorescence (PLIF). 

PLIF provides spatially resolved information in a plane rather than integrated 

over a line of sight. The fluorescence techniques can be quantitative for fuel 

mass. However, this is quite difficult in practise.  LIF measurements are related 
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to the author’s research work, as reported by Ye et al. (2011) and Kuensch et al. 

(2014). 

The laser Rayleigh scattering (LRS) method can be applied to in-cylinder fuel 

distribution measurements. LSR is characterized by its simple optical setup and 

its strong light scattering process. However, information about gas temperature 

and pressure is required in order to calculate the fuel concentration. Since 

spatial and temporal temperature and pressure are difficult to measure under 

rapidly changing engine conditions, the usefulness of this technique here is 

rather limited. LRS is not a species-specific method, and it is more suitable to 

density measurements than concentration measurements in engine-related 

studies. In the LRS method, a laser beam is passed through a transparent gas 

mixture and a small amount of radiation energy is scattered. The scattered light 

signal is directly proportional to the laser power, gas density and a differential 

cross-section depending on the measured gas. 

Spontaneous Raman scattering (SRS) method permits the simultaneous 

measurement of the concentration of all major species of combustion: H2O, CO2, 

CO, N2 O2, and fuel. The air/fuel ratio and residual gas content is obtained 

simultaneously as well. In contrast to LIF measurement, neither laser power 

fluctuation nor window fouling affect the measurement precision with SRS 

technique. Also, SRS can be applied to situations where ambient gas exists in 

the cylinder and air/fuel ratio cannot be measured by LIF. The drawback of the 

technique is the low signal strength. Therefore, measurements are limited to a 

single point in most cases. Low signal to noise ratio also restricts measurements 

after the fuel is ignited. SRS systems typically comprise a laser source and a 

multichannel spectroscopic detection unit. Unlike Rayleigh scattering, SRS is 

based on the inelastic, i.e., shifted in wavelength, scattering of photons from 

molecules. Raman scattering is observed in different kinds of spectra by 

molecule-specific frequency.  

In the Laser-Induced Incandescence (LII) technique, a laser pulse heats up 

soot particles. Since heated soot particles are much hotter than the surrounding 

gas, their emitted light-spectra are blueshifted compared to those of 

surrounding cooler particles. LII signals are usually collected at short 

wavelengths where the flame background luminosity is at an insignificant level. 

The LII technique is suitable for measuring soot volume fraction and soot 

particle size. By using LII techniques, both spatially and temporally resolved 

results are obtained. The technique also has a relatively simple experimental 

setup. (Zhao, 2012, Fansler and Parrish 2015, Kohse-Höinghaus & Jeffries 

2002) 
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2.3.6 Temperature Measurements 

In-cylinder gas temperature measurements are typically done by optical 

techniques. Radiation thermometry (RT) is a line-of-sight method based on the 

intensity and wavelength of radiation, which depends on the temperature of gas. 

RT can provide continuous temperature reading. Temporally and spatial 

resolved temperature measurements of gas are performed by laser-based 

techniques. LRS and SRS techniques, described in Section 2.3.5, are used for 

temperature measurements as well. However, in practice, LRS thermometry 

measurements are limited to very clean and nonreflective environments and 

unburned gases. Also, the SRS thermometry technique is limited to simple 

mixtures in practice. The coherent anti-Stokes Raman scattering (CARS) 

technique is the most accurate optical technique for both burned and unburned 

gas. However, it is limited to single-point and single shot measurements. It is 

also a difficult, complex and expensive method. Fluorescence thermometry and 

two-line fluorescence thermometry techniques can provide quantitative two-

dimensional temperature measurements. In the two-colour method (TCM), 

thermal radiation at two different wavelengths is detected. The ratio of the two 

spectral radiances varies almost proportionally to the temperature (Zhao, 2012, 

Fansler and Parrish 2015).
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3. Research methodology 

3.1 Spray measurements in the test rig 

Measurement devices and data acquisition were controlled by the commercial 

DaVis software and LaVision hardware system, which were developed for 

optical measurements. Before imaging, the scales of the images were calibrated 

for the DaVis software by using a calibration object with exact measures. The 

software was used to obtain the spray tip penetration, which is determined as a 

distance between the injector nozzle tip and the leading edge of liquid spray. 

Two different test rigs were used in the studies (see Figure 7). The test rigs 

were designed for non-evaporating fuel spray studies. Both test rigs consisted 

of four large (100 mm diameter) optical accesses. Optical accesses enable optical 

laser-based imaging studies. The test rigs could be pressurized, and the 

pressurizing medium used was nitrogen. A high pressure chamber was suitable 

for 100 bar ambient pressure. The properties of nitrogen are similar to those of 

air, and it is inert gas. A non-combustible gas/fuel-mixture is required with the 

use of high-power lasers, which can easily ignite the fuel or ambient gas, causing 

serious damage for test rig and its environment. The gas density and injection 

pressure in the measurements represented real engine conditions. Modern 

common rail injection system was used as well. Different injection pressures, 

injectors, injector nozzle orifices, ambient gas densities, and fuels were tested in 

the studies. 

 
Figure 7. Pressurized test rigs used in studies (Author).  
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Measurement rigs are the suitable for the fundamental study of jet 

propagation. The results are typically used to support computational studies, 

comparing injection parameters and testing fundamental jet theory. The laser-

based backlight imaging technique (direct shadowgraphy, Figure 8.) was used 

in all test rig studies reported in this doctoral thesis (Publications 1-4). In 

backlight imaging, the illumination of images is done with a planar light source. 

At first, a short duration (5 ns) laser pulse is expanded with an optical lens. 

While originally green laser light (532 nm) is shot at a fluorescent plate, the light 

is phase shifted to white light. This is done to get even and planar light for the 

measurements. The light is further smoothed with a milk glass diffusor. Without 

phase shifting, the laser light will cause significant laser speckling, which will 

ruin the image quality and make detailed image consideration difficult. Only 

minor distortion of the spray images was ultimately observed, and this 

distortion was noticed during the digital post processing. 

The double-frame imaging method was also used in past studies (e.g. REF). In 

this method, two spray images from the same spray were captured only few 

microseconds apart. Then penetrations of both images were analysed and the 

spray tip velocity was calculated. The accuracy of the double-frame imaging 

method is rather good due to its high resolution, short exposure time, and short 

lag between both images. Even though this method is rather simple and accurate 

compared with many other optical methods, the method is rather exceptional in 

optical studies. Nowadays, double frame imaging method is not typically used 

anymore due to the development of high-speed cameras. 

  

Figure 8. A Schematic picture of backlight imagining and the test rig. 
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3.2 Optical engine experiments

The spray characteristics of fuel sprays were studied by imaging in-cylinder 

phenomena through the top of the optical piston via a mirror below the piston 

(see Figure 9). In order to take images and attain a very short exposure time that 

freezes the motion of the spray, an image-intensified CCD camera was used. 

This imaging technique is also known as the Mie scattering method. Mie 

scattering is caused by particles that have a diameter similar to or larger than 

the wavelength of the incident light. A powerful external LED was used to 

provide the required light intensity to produce images of the interior of the 

combustion chamber. Light was reflected into and out of the engine via the 

mirror. A fixed 45o mirror was placed inside the piston extension, providing a 

view of the combustion chamber from below. The light was located above the 

camera lens. The actual exposure time is related to the sweep time (delay) of the 

image intensifier. The gain of the intensifier was 75%. Significant noise was not 

observed with this gain level. 

 

Figure 9. Optical access to the research engine. A) intensified camera, B) cylinder liner, C) mirror,

D) cylinder head, E) piston extension or cylinder, F) transparent glass piston and combustion 

chamber, and G) LED.

A special fuel injection strategy was used during measurements. Optical 

engines are often run in a “skip fire mode” where the engine is driven by an 

electrical motor and there was fuel injection only on certain cycles. This was 
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done both to keep the optical parts clean from soot fouling, and to lower the heat 

load to the optical glass components where the heat conduction is much lower 

than in the metal components. Heat gradients are thought to be a major risk for 

the endurance of glass parts. In this measurement campaign, the fuel was 

injected and pictures were taken every seventh working cycle. After 20 

injections, a few minutes’ break was allowed in order to avoid damage to glass 

parts. 

Charge air was supplied at up to 6 bar by an external air compressor. The 

exhaust back pressure could be adjusted using a control valve in the exhaust 

pipe. To adjust the charge air, the temperature system had an air heater and a 

cooler. Fuel injection parameters, such as injection pressure, injection timing, 

and injection duration could be adjusted freely. The engine has an electro-

hydraulic valve actuator system (EHVA), which allowed total flexibility over 

gas-exchange-valve timings and the use of different maximum valve lifts. Dry 

Teflon-based piston rings were used since the liner had no lubrication. The 

control and the data acquisition system in the engine was designed in-house at 

Aalto University. The system was operated with a graphical user interface 

residing in a host PC. All common engine output variables were monitored in 

real time. The engine specifications are presented in Table 3. 

Table 3. Optical engine specifications.

Parameter Value unit

Number of cylinders 1 (6)

Cylinder diameter 111 mm

Stroke 145 mm

Compression ratio 17.9:1

No. of valves 4

Maximum speed 1500 r/min

Maximum injection pressure 1600 bar

Motored peak pressure 80 bar

Injector holes 8

Nozzle hole diameter 0.132 mm

Spray cone angle 152 °

3.3 Test fuels

A total of six different fuels were used in the experiments reported in 

Publications 1-5. Table 4 shows the main properties, obtained from laboratory 

analyses, of these fuels. The fuels studied were crude-oil based EN 590 diesel 

without bio-components (EN 590); neat 100% hydrotreated vegetable oil 

(HVO); and EN 590 blended with 30% of biofuels, either FAME (FAME30%) or 
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HVO (HVO30%). EN 590 is a European standard fuel. European standard EN 

590 describes the physical properties that all automotive diesel fuel must meet 

if it is sold in the European Union, Iceland, Norway and Switzerland. The 

maximum percentage value of HVO that meets the EN 590 standard is 30%. 

This is the main reason to study HVO30%. EN 590 allows only 7% maximum 

FAME content. FAME30% was still selected for study in order to compare fuels. 

FAME is rape-seed-oil based while HVO is produced from a blend of different 

renewable feedstocks. Rapeseed methyl ester (RME) is the most common 

additive for biofuels in the moderate climate zone, and is mainly produced in 

Europe (Menkiel, 2017). The same EN590 batch was used in Publications 1-3. 

Different HVO batches were used in Publications 1 and 5. All three fuel blends 

studied contained different EN590 batches in Publication 5. Surface tension 

parameters were supplied by Neste for all fuels studied. 

Table 4. Properties of the fuels used in the studies.
HVO

(publ. 1)
EN 590 
(publ. 
1,2&3)

EN 590
(publ. 4)

EN 590
(publ. 5)

HVO 
30%

(publ. 5)

FAME 
30% 

(publ. 5)
Density at 15 °C (kg/m3) 779.9 837.3 837.3 835.7 815.1 849.3

Viscosity (40 °C) (mm2/s) 2.985 3.587 3.587 3.141 2.991 3.385

Cetane number 88.2 53.0 54.5 53.8 62.9 54.1

Surface tension (mN/m) 28.0 29.0 29.0

3.4 Uncertainty in fuel spray measurements

Some sources of uncertainty should be considered when fuel spray 
measurements are performed. Two main sources of measurement uncertainty 
are related to measurement configuration and data analysis. Image scale 
calibration and the distortion of the image may cause error in the spray analysis. 
Measurement timing issues are mostly related to injection timing accuracy and 
spray-to-spray variation rather than imagining timing accuracy. The spray-to-
spray variation is normally considered in error analysis in a statistical manner. 
Laser speckle, fuel droplets on windows of test rig and diesel fuel mist in a test 
chamber may cause errors in computer based analyse. These errors are 
minimized by adjusting lasers, cleaning test equipments and clearing ambient 
gas carefully before injection. Computer based image analysis is sensitive for 
selected analysing parameters and algorithms. 
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4. Research questions and results

The general research question of this dissertation was: How do the type of fuel, 

and the engine operation and design parameters affect the fuel injection and 

spray formation in a modern diesel engine? In this doctoral dissertation and 

related Publications, diesel fuel injection was studied experimentally under 

modern injection parameters, and crude oil-based petroleum diesel was 

compared with novel alternative biofuels. The main research objects were 

related to diesel spray propagation, atomization, and evaporation. The scope 

was to find out what the main differences are in diesel sprays when modern 

injection parameters and alternative fuels are used. When these experimental 

studies were started, only a small amount of research had been done on the 

topic, covering renewable HVO diesel, conical orifice geometry, high ambient 

density and late-post injection.  

Engine manufacturers were developing new, more efficient, and lower-

emission engines. These modern engines had more driving variables, engine 

controls and engine components. This made it possible to develop complicated 

engine-driving and combustion strategies. At the same time, component 

manufacturers were developing a wide range of different injection devices and 

nozzles that were capable of more accurate injection controlling and able to 

reach high injection pressures. This brought new possibilities to optimize 

engines, but it was more and more difficult to develop engine performance by 

engine tests only. One of the main problems was that, even if the effects of a 

certain injector or fuel type were known based on engine tests, the fundamental 

working mechanism remained unknown, which made further engine 

development difficult. Fuel producers were developing new alternative fuels 

that seemed to have commercial potential and the potential to decrease 

emission levels, but it was concerned that these fuels would not be appropriate 

for existing engines and would cause various problems, such as engine wearing 

and clogging (McCormick et al. 2001). Therefore, engine manufacturers set 

limits for alternative fuels. 
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Four main topics that present the main characteristics of modern diesel 

engine were identified and selected for this doctoral research. These four main 

topics were: 

1. Alternative fuels. 

2. High cylinder pressure and density. 

3. Nozzle orifice geometry. 

4. Exhaust gas aftertreatment. 

In the following Sections, the most important research questions of the four 

main topics and measurement campaigns are presented. The results of the 

measurements are published in the five Publications attached to this doctoral 

dissertation.  The same research group has published several more publications 

related to the same topics; the author has also continued research on same 

topics since completing doctoral studies. 

4.1 Research questions about alternative fuels

In the first measurement campaign, fundamental fuel spray characteristics were 

studied with crude oil-based petroleum diesel and hydrotreated vegetable oil 

(HVO, renewable diesel). At that time, renewable diesel (HVO) was not 

distributed commercially. However, it was a promising drop-in fuel that 

decreased exhaust gas emissions, and it was produced from various vegetable 

oils and waste animal fats. At present, renewable diesel is widely distributed in 

Finland, and more than 3 billion litres are produced per year globally. The 

measurements were performed in a pressurized test chamber under non-

evaporative conditions. This was the very first spray characteristic study done 

with renewable diesel.  

Fuel injection parameters, such as injection pressure, injection timing and 

injection duration, and ambient density of chamber, were similar to those of an 

8.4 litre six-cylinder production engine. The main research question was: How 

do the fuel sprays of two different fuel types differ under non-evaporative 

conditions? The data was also needed for qualifying computational methods; 

therefore, the initial phase of the spray was studied more precisely. Earlier 

studies had shown a significant influence of fuel viscosity and density on fuel 

spray characteristics. Because the viscosity and density of renewable diesel 

differ from petroleum diesel, it was assumed that sprays differ as well. In 

addition to the main topic, the relatively small nozzle orifice diameter and high 
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injection pressure in this scale of an engine were studied, and a rarely used 

double-frame imaging method was used to measure spray tip velocity.  

These studies showed that the spray tip penetrations with HVO and crude oil-

based petroleum diesel were similar under non-evaporative conditions. The 

spray angle was slightly wider with HVO. A wider spray angle leads to a lower 

fuel concentration, enhanced air-fuel mixing, and probably lower soot 

emissions. The spray tip velocity measurement via the double-frame imaging 

method showed the difference between the fuels studied. Spray tip velocities 

were higher with HVO. A clear reason for the higher spray tip velocity was not 

found. The inner delay of the injector was shorter with HVO. The conclusion of 

the study was that there is no need to redesign the combustion chamber or 

readjust injection parameters due to wall impact or spray collision. The results 

of the measurements are published in Publication 1. 

4.2 Research questions about high cylinder pressure and density

The second measurement campaign focused on the influence of extreme high 

cylinder pressure (300 bar) and density on fuel spray characteristics and 

mixing. The measurements were performed in a pressurized test chamber under 

non-evaporative conditions. There has been a demand for higher specific power, 

lower emission levels, and downsizing of internal combustion engines. Hence, 

large amounts of intake air and fuel per cycle are needed, resulting high in-

cylinder pressure and density in modern diesel engine. Extremely high pressure 

levels, such as those studied in this measurement campaign, could probably be 

used in medium speed marine and power plant-size diesel engines.  

Earlier studies showed that higher ambient density reduces the spray tip 

penetration and increases the spray angle. The influence of extreme high 

ambient density on the spray volume and air-fuel mixing processes has not been 

well studied.  Extremely high density was studied earlier with a rapid 

compression machine (RCM) but, due to limitations of the research method, 

more studies were needed.  

The results of the measurement campaign were compared with earlier studies 

done at lower density. The results of simulations done by Large eddy 

simulations (LES) and the Lagrangian particle tracking method (LPT) were 

compared with experimental fuel spray data. The effects of ambient gas density 

variation were quantified and a novel gas phase mixing indicator to reveal 

differences in mixing due to gas was developed.  
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Very high in-cylinder pressure and density have a significant effect on spray 

penetration. This should be observed when designing new engine concepts 

using gas density values above the typical range. Higher gas phase mixing was 

observed with higher in-cylinder density. This probably enhances combustion 

and decreases emission levels. No negative aspects were found for extremely 

high gas density. The results could affect future engine development. Results of 

the measurements are published in the Publication 2 and the Publication 3. 

4.3 Research questions about nozzle orifice geometry

In the third measurement campaign, the main objective was to examine the 

effects of conical nozzle orifice geometry on fundamental spray characteristics. 

Conical diesel injector nozzle orifice geometry was compared with cylindrical 

orifice geometry.  Engine tests by an industrial partner of Aalto University 

showed that conical nozzle orifice geometry has an influence on exhaust gas 

emission levels. However, the main reason for and mechanism of this influence 

was not clear.  

The literature review showed that, while the influence of conical nozzle orifice 

geometry on spray characteristics had been examined in a few studies, some 

contradictions could be identified from the studies.  The hypothesis was 

developed that the most notable reason for the contradictory results may be that 

the outlet diameter of the orifice was not constant when cylindrical and conical 

orifices were compared in earlier studies. This hypothesis was then tested by 

examining the effects of conical nozzle orifice geometry on fundamental spray 

characteristics when the outlet diameter was constant and independent of 

conicality.  

Earlier studies showed that conicality suppresses cavitation and turbulence 

inside the nozzle, reducing primary breakup, producing larger droplets, and 

increasing liquid penetration. However, some experimental studies showed 

decreased spray tip penetration. In earlier studies, cavitation was assumed to be 

the reason for the differences between the results from conical nozzle and 

cylindrical nozzle orifices. High injection pressure has a strong influence on the 

internal cavitation of nozzle orifice, and, therefore, two relatively high injection 

pressures were studied: 1000 bar and 2000 bar.  An injection pressure of 1000 

bar is typical for fast speed heavy duty off-road engines with high engine loads, 

but conical orifice geometry had not been studied earlier this high pressure in  a 

optical measurement rig. An injection pressure of 2000 bar was not used in this 
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type of product engines at that time, however, an injection pressure of 2000 bar 

is used in some product engines at present.  

This study suggested that the influence of nozzle orifice geometry on spray 

characteristics, combustion properties, and exhaust gas emissions was not fully 

understood. The main results of the study are summarized in the rest of this 

section. 

When the spray tip penetration was compared between two different conical 

geometries and one cylindrical nozzle orifice geometry, a clear difference was 

not found under non-evaporative conditions. This result is inconsistent with 

earlier studies. The main reason for this inconsistency may be the different 

approach taken here, wherein the outlet diameter of the conical orifice was the 

same in all nozzles.  According to both the literature review and this study, the 

differences between nozzle geometries are reduced as the injection pressure is 

increased. 

The spray angle was smaller with conical nozzle orifice geometry. This 

indicates a reduced primary breakup process due to the lack of internal orifice 

cavitation. The study indicates that nozzle orifice geometry has more influence 

than injection pressure on spray angle.  

The mass flow rate was notably higher with conical nozzle orifice geometry. 

The difference was clear, even with a very high injection pressure and a small 

orifice diameter. By using a conical orifice, it is possible to reach the same 

injected mass in a shorter injection time, with lower injection pressure, or with 

a smaller orifice diameter. Standard hydraulic flow measurement with an 

injection pressure of 100 bar underestimates the flow rate of conical orifices due 

to lack of cavitation. The results of the measurements are published in 

Publication 4. 

4.4 Research questions about exhaust gas aftertreatment

In the fourth measurement campaign, the spray properties of late post-injection 

were studied with petroleum diesel and two types of transport biofuel blends 

containing 30% of either FAME or HVO. In modern diesel engines, a diesel 

particulate filter is used to reduce particle matter emissions. Diesel particulate 

filters require periodic regeneration under high-temperature conditions in the 

exhaust pipe in order to oxidize the accumulated soot. A common strategy to 

produce high exhaust gas temperature is to inject late post-injections after the 

main injection. This practice dilutes the engine oil.  
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The literature review showed that the addition of FAME to petroleum diesel 

may increase oil dilution even more. Two possible hypotheses were proposed in 

relation to the increased oil dilution with FAME: 1) The physical and chemical 

properties of fuels affect the fuel spray. The higher surface tension, viscosity and 

density of FAME increase the fuel droplet size in the spray and the spray length. 

High distillation temperatures increase the liquid spray length. Therefore, the 

amount of fuel ending up on the cylinder walls is higher. 2) The volatility of the 

fuel fraction in the engine oil may affect the vaporization process, decreasing 

the amount of fuel in the engine oil. The higher the distillation temperature, the 

slower the process and the more oil remains diluted. 

Some studies also proposed that the addition of HVO to petroleum diesel may 

increase oil dilution as well. Three possible hypotheses were proposed related 

to the increased oil dilution with HVO: 1) With increasing HVO content, the 

amount of larger droplets increases, leading higher spray tip penetration and 

cylinder wall-wetting. 2) As a result of the lower volumetric heat value of HVO, 

the control unit increases the volume of the post-injections, which leads to an 

increase in fuel consumption and oil dilution. 3) Due to the high cetane number 

of HVO, higher fractions of the post-injected fuel burn in the cylinder; the 

amount of unburned HCs oxidized in the diesel oxidation catalyst (DOC) 

decreases; and the control unit increases the volume of the post-injections. 

The main research purpose of the study was testing different hypotheses 

related to higher spray tip penetration and cylinder wall-wetting. The study was 

performed in an optical research engine. Optical engine specifications 

correspond to 8.4 liter heavy duty product engine specifications (Table 3). This 

was the very first study comparing FAME and HVO blends in a full performance 

optical engine under realistic engine combustion conditions. The numerical 

model mathematically characterized the wall-wetting as a function of droplet 

size and velocity using a single-droplet model. To verify oil dilution during the 

regeneration cycle and late post-injection, oil samples from the research engine 

were analysed. Numerical model and oil sample analysis supported 

experimental spray studies.  

The numerical simulation indicated that droplets do not evaporate before 

reaching the cylinder wall. The conditions that would be needed for droplets to 

evaporate before reaching the cylinder wall are not attained with very late 

injection. 

Clear wall wetting was observed during post-injection with all studied fuels. A 

clear difference in the spray tip penetration was not observed when three 
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different fuel blends were compared. Hence, the hypothesis that the amount of 

fuel ending up on the cylinder walls is higher with biofuels is unlikely.  

According to the engine tests and the oil samples, a significant difference 

between crude oil petroleum diesel and HVO blend was not observed. However, 

the dilution level was higher with the FAME blend. This indicates that the main 

reason for the oil dilution rate differences between fuel blends is probably 

related to the volatility of the fuel fraction in the diluted engine oil, or because 

the control unit increases the volume of the post-injections due to the lower 

volumetric heat value of HVO. This research question was studied more by Tilli 

et al. (2017). The results of the measurements are published in Publication 5. 
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5. Discussion of the results

This doctoral thesis is based on five Publications focusing on four different 

aspects related to diesel injection and spray formation in modern diesel engines. 

In Publications 1-4, experiments were performed in a test rig under non-

evaporative conditions in order to study the fundamental physical properties of 

the injection and spray. Even though the sprays were non-evaporative and non-

reactive, some essential findings were made based on these studies. Also, the 

experiments provided valuable data for computational studies. These studies, 

together with other spray studies in the research group, provide a large data set 

to use in the further studies. 

Publication 1 was a logical continuation of the engine and emission studies of 

HVO performed in same research group earlier. Experimental and 

computational evaporative and reactive spray studies would be a coherent 

continuation of Publication 1; the differences between petroleum diesel and 

renewable diesel would probably be clearer under those conditions. It should 

also be noted that Publication 1 was part of a wider research project called the 

Future Combustion Technology for Synthetic and Renewable Fuels in 

Compression Ignition Engines (ReFuel) (Aakko-Saksa et al. 2012). 

These studies showed that, under the examined injection parameters, spray 

tip penetration does not differ very much from standard EN590 diesel, and the 

influence of injection parameters was similar to that found in earlier studies 

with GTL and petroleum diesel. However, some differences were observed. 

Spray angles differed by 1.6-8.7% with fully developed spray. Wider spray angle 

is typically related to improved atomization, smaller droplets, and lower average 

fuel concentration. On the other hand, maximum spray tip penetration was 

higher with neat renewable diesel, which does not indicate improved 

atomization. This should be studied more in the future.  

Publications 2 and 3 show how experimental non-evaporative spray studies, 

together with computational studies, are an effective analyse method, providing 

valuable information for internal combustion engine development. These 
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studies were part of a wider project called Future Combustion Engine Power 

Plant (FCEP). 

Publication 4 challenged some earlier studies by taking a different approach 

to the same topic. In the study, it was noticed that it is not comprehensive to 

compare nozzle hole geometries if the outlet diameter of the nozzle hole is not 

constant. This approach is probably based on the fact that engine manufactures 

focus on mass flow rate rather than nozzle hole diameter in engine development. 

If the hole geometry is changed, the mass flow rate is changed as well, affecting 

engine performance. Engine development has led to the use of smaller and 

smaller hole diameters, and newer engines now have smaller nozzle holes with 

the same mass flow rates as earlier ones with larger holes. In this context, it is 

logical to compare old injectors and new injectors. But this kind of logic may 

cause confusing results and misunderstanding. Hence, there is still a demand 

for basic and simple parameter studies. Another interesting observation is that, 

even though the fundamental spray characteristics were quite similar with 

different geometries, the mass flow rate differed noticeably. Hence, the average 

concentration and air-to-fuel ratio differ, as well as having a strong effect on 

mixing and combustion. 

Publication 5 represents the very first full optical engine study done in 

Finland, and at the same time, it is, to the best knowledge of the author, the very 

first optical engine study related to late post-injection. Due to its novelty, its 

research methods and optical engine operation have considerable improvement 

potential; this is noted in the following studies. In this study, experiments on 

the product engine and optical engine, together with computational methods, 

give a comprehensive analysis of late post-injection with biofuels.  
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6. Summary of Publications

6.1 Publication 1

In this paper, the global fuel spray characteristics between renewable 

hydrotreated vegetable oil (HVO) and crude-oil based EN 590 diesel fuel were 

compared. Spray tip penetration, spray angle and spray tip velocity 

measurements were successfully performed. Spray tip penetration was similar 

to earlier studies with GTL. Velocity results with EN 590 were similar to earlier 

studies. The influence of injection pressure and of other physical properties on 

spray angle was found to be similar to some earlier studies with GTL fuels. The 

influence of nozzle orifice size was, however, in disagreement with the 

literature: a clear difference between orifice diameters of 0.12 and 0.08 mm was 

not found.  

According to the spray tip penetration measurements, in non-evaporative 

conditions, no significant and consistent difference was found between crude 

oil-based EN 590 diesel and HVO (see Figure 11). The inner delay of the injector 

was shorter with HVO than with EN 590. Hence, there was no need to redesign 

the combustion chamber or readjust injection parameters due to wall impact. 

The spray angle was 0.2-2.0 degrees wider when HVO was used with the 

measured injection parameters. A wider spray angle leads to smaller fuel 

concentration in the combustion chamber, assuming that mass flow remains the 

same, as was reported in the earlier studies with GTL fuels. Lower 

concentrations may reduce the soot emissions due to better air-fuel mixing.  

The spray tip velocity measurements show a clear difference between HVO 

and EN 590 diesel fuels. Spray tip velocities are clearly higher with HVO than 

EN 590 fuel. The maximum velocity was approximately 10-50 m/s higher. 

However, these velocity differences are not large enough to cause a significant 

difference in penetration during the extremely brief monitoring time. The shape 

of the velocity graph is different between different fuels.  The velocity difference 
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seems to be especially clear at early stage of spray penetration where velocity 

maximum was found, and the velocity maximum seems to remain for a longer 

time with HVO than EN 590 diesel fuel. One reason for higher velocity may be 

the smaller resistance of flow inside the injector due to physical fuel properties 

such as viscosity and density or bulk modulus. The shorter inner delays of the 

injectors support the theory that the resistance of flow would be smaller with 

HVO than EN 590 diesel fuel.  

After the spray tip decelerates, the velocity difference between different fuels 

is not as clear. At the end of the monitoring area, the spray tip velocity seems to 

be notably lower under lower injection pressure. Although, the spray is mostly 

vaporized in real engine conditions, some momentum still remains. Low 

velocity may be the reason for unfavourable engine combustion and higher 

emissions. An interesting question for further studies is how the higher velocity 

of spray tip penetration affects atomization, air-fuel mixing, and turbulence. 

The assumption is that higher velocity affects combustion phenomena, leading 

to the reduced formation of emission. Presumably, a higher velocity of spray tip 

penetration improves atomization and fuel-air mixing under given injection 

parameters. 

 

Figure 10. A Spray tip velocity comparison with HVO when injection pressures were 450, 1000 

and 1985 bar. 
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Figure 11. A Spray tip penetration comparison between HVO (NExBTL) and EN 590 diesel fuels 

when orifice diameter was 0.12 mm and injection pressures were 450, 1000 and 1985 bar. 

6.2 Publication 2 

LES simulations and experiments were carried out at two gas densities: 39 

kg/m3, and at 115 kg/m3, i.e. very high gas density (see Figure 12). The computed 

sprays at both 39 kg/m3 gas density and in very high 115 kg/m3 gas density have 

many realistic features that resemble those observed in experimental sprays. 

These include local turbulent structures, droplet clusters (preferential 

concentrations), voids, and non-symmetric features. LES was able to resolve a 

large spectrum of frequencies and small-scale structures, which is necessary for 

a LES model to work properly.  

The production of turbulence was analysed on a cellular basis and on a spray-

induced volume basis. It was observed that the portion of the resolved scales 

was relatively high indicating good quality LES. Global parameters such as 

droplet size and opening angle were relatively well captured, but the trend in 

the predicted spray penetration was too long. The main reason for this is in the 

momentum coupling between the gas phase and the dispersed phase. The mesh 

used in the current study was not fine enough, leading to insufficient 

momentum spreading and turbulence production close to the nozzle. The 

calculated velocity boundary condition at the nozzle hole (z = 0) is given as z = 

6dn assuming negligible velocity decrease over a distance of 6dn.  
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Figure 12. Experimental and computational spray penetration.

6.3 Publication 3

This Publication was a direct continuation of Publication 2, and the same 

experimental data was used in both Publications. In the present study, fuel 

spray simulations were carried out using LES/LPT. The spray behaviour at two 

different gas densities was considered, namely a gas density of 39 kg/m3 and a 

high gas density of 115 kg/m3 (see Figure 13).  

The objectives of the study were to 1) compare the developed LES/LPT model 

to previously unpublished experimental data, 2) quantify the effects of ambient 

gas density variation between 39 and 115 kg/m3 on fuel sprays, 3) analyse the 

accuracy of the LES/LPT model by several methods, and 4) develop and apply a 

novel gas phase mixing indicator to reveal differences in mixing due to gas phase 

density effects.  

The following conclusions can be made:  

1) The present LES/LPT approach was able to reproduce the experimentally 

observed global spray characteristics. Gas density had a significant effect on 

spray penetration, which should be taken into account when designing new 

engine concepts using gas density values above the typical range.  

2) The LES/LPT model produced fuel sprays that experimentally resembled 

observable local spray structures in many ways. The LES/LPT revealed, for 

example, local droplet clustering (preferential concentrations), areas of low 

concentration of droplets (voids), and significant asymmetry of the sprays.  

3) The analysis revealed that the resolved portion of the turbulent kinetic 

energy was about 95%. Since about 5% of the turbulent energy was at the 

subgrid scale, their effect on the droplet motion was assumed to be small, and 

hence no explicit dispersion model was used. Visual inspection of droplet 
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dispersion showed similar trends to those seen in experimental sprays. In 

addition, the predicted spray opening angles were in good agreement with 

experimental data.  

4) The analysis showed that, for a given spray tip penetration, higher gas phase 

mixing was observed approximately (by a factor 2.4). In fact, in the present 

study, no negative aspects that could affect future engine development were 

found for the higher gas density of 115 kg/m3. 

 

Figure 13. Qualitative comparison on the spray shapes as obtained with shadowgraphy (top 

left and top right) and LES (bottom left and right). The lower gas density of 39 kg/m3 is 

shown on the left and the higher gas density of 115 kg/m3 is shown on the right. The tip

penetrations are between 50–70 mm. 

6.4 Publication 4

Three nozzle orifice geometries, two conical and one cylindrical, were studied 

under non-evaporative and stationary pressure conditions. In contrast to to 

previous studies, the orifice outlet diameter was the same in all nozzles. The 

spray tip penetration, spray angle, and mass flow rate were investigated, 

analysed, and compared with different nozzle orifice geometries.  

Spray tip penetration was compared in three different nozzle orifice 

geometries, two different conical geometries and one cylindrical, and a clear 

difference was not found under non-evaporative conditions (see Figure 14). This 

result is inconsistent with earlier studies. However, the main reason for this 

inconsistency may be the different approach wherein the outlet diameter of the 

conical orifice was the same in all nozzles. The relative influence of the outlet 

diameter may have a greater effect on spray tip penetration than conical orifice 

geometry in non-evaporative and high-density conditions. According to the 

literature review and this study, the differences between nozzle geometries 

reduce as the injection pressure increases. 
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Figure 14. Measured spray tip penetration when K-factor = 0, K-factor = 1, and K-factor = 2. 

Injection pressure is 1000 bar. 

The spray angle was smaller with conical nozzle orifice geometry (see Figure 

15). This indicates a reduced primary breakup process due to the lack of internal 

orifice cavitation, which was also evident in earlier studies. The smallest spray 

angle was observed when the value of the K-factor was one. The present study 

indicates that nozzle orifice geometry has more influence than injection 

pressure on the spray angle. 

  

Figure 15. Measured spray tip penetration when K-factor = 0, K-factor = 1, and K-factor = 2. 

Injection pressure is 1000 bar. 

The mass flow rate was notably higher with conical nozzle orifice geometry, as 

was reported in earlier studies. The difference was clear, even with a very high 
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injection pressure (2000 bar) and small orifice diameter (0.133 mm). By using 

a conical orifice, it is possible to reach the same injected mass in a shorter 

injection time, with lower injection pressure, or with a smaller orifice diameter. 

Standard hydraulic flow measurement under an injection pressure of 100 bar 

underestimates flow rate of conical orifices due to lack of cavitation.  

This study and literature review suggest that the influence of nozzle orifice 

geometry on spray characteristics, combustion properties, and exhaust gas 

emissions is not fully understood. In subsequent studies, the influence of nozzle 

orifice geometry should be studied with modern injection parameters in a real 

diesel engine optimized for the studied geometries in order to find out the actual 

effects on engine efficiency and emission formation. This would potentially 

narrow the gap in the present understanding of conical nozzles. 

6.5 Publication 5

In this study, we investigated the impact of late post-injection timing and fuel 

blend type on fuel spray development. The late post-injection strategies were 

related to the regeneration cycle of the diesel particle filter. Spray tip 

penetration was measured in the combustion chamber of the optical research 

engine with three different post-injection timings of 60, 80 and 100 CA° ATDC 

(see Figure 16). In order to study oil dilution during the regeneration cycle and 

late post-injection, oil samples from a 6-cylinder test engine were collected, and 

the oil dilution rates of different fuel blends were analysed. Furthermore, the 

sensitivity of late post-injection to wall wetting was analysed with a numerical 

model using single droplet simulations in uniform ambient flow. This was 

performed in order to deepen understanding of the phenomenon and to 

characterize the sensitivity to wall wetting. The main results of the study are 

summarized below. 

According to the engine tests and the oil samples, the studied regeneration 

mode of combustion induces oil dilution. In particular, the dilution level was 

noted to be 1% higher with FAME30% compared with EN 590 and HVO30%. 

Further, no significant difference between EN 590 and HVO30% was not 

observed. All in all, the overall sensitivity of the fuel blend to dilution level was 

found to be relatively small for these test fuels.  

The numerical model, using single droplet simulations, indicates that the 

droplet evaporation time is very long compared to the characteristic wall contact 

time. Hence, droplets do not evaporate before reaching the cylinder wall. In 

contrast, the conditions needed to evaporate the droplets before reaching the 
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cylinder wall were seen to require high gas density and very small droplet sizes. 

However, high gas density is not attained with very early or very late injection 

strategies.  

Optical engine study shows that the combined usage of an intensified CCD-

camera and an external LED light source enables investigation of liquid fuel 

spray properties in late post-injection despite the wetting of the transparent 

optical engine parts. Clear wetting of the cylinder wall was observed during 

post-injection with all three fuels studied and three post-injection timings. The 

earliest post-injection timing was selected to be as early as possible in order to 

avoid spray combustion in the cylinder. A clear difference was not observed in 

spray tip penetration during post-injection when three different fuel blends 

were compared (see Figure 16). Spray tip penetration has low sensitivity for the 

studied transport biofuel blends under unsteady engine conditions during late 

post-injection. Differences in the spray characteristics between the neat crude-

oil based petroleum diesel and petroleum diesel and FAME or HVO blends 

tested were not a significant reason for possible differences in oil dilution rate. 

This indicates that the main reason for the oil dilution rate differences between 

fuel blends is probably related to the volatility of the fuel fraction in the diluted 

engine oil. According to the present results, no relation between the spray tip 

penetration and oil dilution rates was observed. This result brings into question 

some earlier hypotheses about the relationship between spray characteristics 

and oil dilution under engine conditions. 

 

Figure 16. Spray tip penetration, post-injection timing 100 CA° ATDC.
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