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Abstract 

The effects of fuel properties on the primary and secondary breakup of the diesel jet 

have been investigated. Experiments using a long working distance microscope have 

been carried out to assess the difference in spray formation caused by changes in 

specific fuel properties. Particular attention was paid to the optimisation of the lighting 

technique with a range of light sources tested. The use of a diffused laser allowed the 

acquisition of blur free high quality shadowgraph images. This allowed the visualisation 

of the processes that lead to the breakup of the fuel jet and velocity measurements at 

these locations. Images acquired further downstream during the secondary atomization 

regime allowed drop sizing to be carried out.  

The tests were run in a rapid compression machine designed to simulate realistic 

evaporative conditions while being quiescent. This allowed the visualisation of the jet 

formation based solely on the properties of the fuel. 

It was found that a decreased viscosity promoted breakup which in turn widened the 

spray dispersion angle. Kerosene, with its combined low density, viscosity and surface 

tension, produced a more turbulent jet than that of the commercial diesel showing signs 

of breakup almost the instant it emerges from the nozzle orifice. Slight changes in fuel 

density had a negligible effect on spray formation but a difference was observed when 

the fuel’s lubricity was increased. The liquid core exiting the orifice showed a slight 

advance in breakup with an initial increase in velocity at the nozzle exit. It is speculated 

that this could be attributed to the reduced friction with the nozzle orifice wall. The 

interaction with the nozzle was also found to influence the injection timing. A reduced 

friction due to higher lubricity and lower adhesion due to low viscosity resulted in an 

advancement of the start of injection. 

Finally the effect of fuel properties on drop size revealed that as the viscosity and 

surface tension were reduced the rate of droplets formation increased dramatically 

revealing that the influence of fuel properties was important not only during the primary 

breakup of the jet but also during the secondary breakup regime. 
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1 INTRODUCTION 

1.1 Background 

The diesel engine is regarded as one of the most fuel-efficient and commonly used 

combustion engine. Due to its high pressure conditions, the diesel engine has a robust 

and heavy design which in the past has limited its use to large vehicles. In recent years, 

through the use of lightweight material and improved design, the high-speed direct 

injection (HSDI) diesel engine has become a direct competitor to the gasoline engine in 

the passenger car market. This increase in popularity is due to better fuel economy and 

rising oil prices.  Forecasts made by Denso (2009) for passenger and light truck (less 

than 3.5 tonnes) reveal a 5% rise in diesel production share in the world in between 

2007 and 2015 with diesel share in Europe standing at between 40-50%.   

With this growing interest in diesel cars comes the source of two major pollutants: 

nitrogen oxides (NOx) and particulate matter (PM). The emissions are also a source of 

carbon dioxide (major contributor to the greenhouse effect) and un-burnt hydrocarbons. 

Stringent emission legislations placed on these pollutants have posed a challenge to 

engine designers. With the current global warming issues, engineers have been given 

the task of increasing engine efficiency while meeting these regulations. 

Figure 1 shows the European emissions legislations. As of 2014, following the 

introduction of the planned Euro 6 legislation the level of nitrogen oxide and particulate 

matter will have to be reduced to less than 0.08 g.km
-1

 and 0.05 g.km
-1

 respectively. To 

contribute to achieving this goal the focus of this study will be aimed at the roots of the 

emissions and power of the diesel engine: the composition and properties of the fuel. 

Fuel composition deals with the relative amounts of carbon, hydrogen, sulphur, and 

oxygen in the fuel independent of how they are assembled within molecules while the 

properties are linked to attributes such as viscosity, surface tension, volatility, cetane 

number and density. Both features play significant roles in the spray formation, mixture 

preparation and combustion process, which are key to emission control and efficiency 

optimization.  
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Figure 1. European Diesel Emission Regulation for Passenger Cars 

 

By understanding the role that the fuel properties play in the atomization of the diesel 

jet the subsequent combustion can be modelled and the emissions predicted for any 

given fuel based on its composition. The injection of diesel fuel plays a critical role in 

efficient mixing and combustion in a diesel engine. With much of the current literature 

in this area being in agreement that increasing the injection pressure is beneficial. 

Following this trend, companies are pushing for the implementation of new injector 

technologies that will raise injection pressures to greater than 200 MPa in the passenger 

market (Atzler et al. 2009; Fein et al. 2009; Graham et al. 2009; Herrmann et al. 2009; 

Zulch et al. 2009). Figure 2 shows a forecast made by Denso (Herrmann et al. 2009) on 

where its injector technology will lie according to injection pressure up until 2020. It 

can be seen that the aim is to go as far as 250 MPa injection pressure with the use of 

both the solenoid and the piezo systems. Therefore the understanding of flow 

instabilities, spray structure and atomization in these unexplored regions is critical for 

meeting future emission demands. By using the latest technology in diesel fuel injection 

equipment (FIE) for spray investigation much of the data will be valuable for use in 

improving fuel performance and economy in the commercial sector for many years to 

follow. 
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Figure 2. Adaptation on the forecast of diesel injection pressure technology by Denso 

(Herrmann et al. 2009).  

 

As both the injection pressure (Crua 2002; Delacourt et al. 2005) and the nozzle 

geometry and design (Bae et al. 2002; Payri et al. 2004; Moon et al. 2010) are shown to 

influence the behaviour of the diesel jets it is important to choose the correct injector to 

be able to identify the small changes in the spray formation. To do this a microscopic 

and macroscopic investigation of a range of injectors has been carried out based on the 

number of holes and the nozzle design (valve covered orifice or a mini-sac). The cycle 

to cycle variability, presence of cavitation and the turbulent nature of the jet were of 

particular interest.  

In addition to the spray formation of the diesel jet into the combustion chamber, the 

flow inside the nozzle was considered. This is crucial as varying the fuel properties will 

change the interaction between the fuel flow and the nozzle wall. In some cases this can 

result in string cavitation (Gavaises et al. 2009) and hydraulic flip (Soteriou et al. 1995) 

which will dramatically affect the spray formation 

The experimental work undertaken for this study in diesel sprays has been carried out at 

the University of Brighton, and funded by an EPSRC industrial CASE grant with the 

   Original in Colour 
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support of BP Global Fuels Technology. Two test rigs were used; the first being a static 

rig to develop the experimental techniques involved in capturing the required high 

quality images for determining the small changes in spray structures of the different 

fuels. After the development of the techniques was completed the work was moved to 

the more challenging and realistic operating condition in the Proteus rapid compression 

machine. This research facility was specifically designed by Ricardo, based upon a 

single cylinder two-stroke diesel engine with an extended combustion chamber for 

optical access to enable the study of diesel sprays. To compensate for the reduction in 

compression ratio the air is boosted to meet the required ambient pressures during 

injection. The airflow in the chamber is quiescent and as such, the characterization of 

the fuel properties on spray formation is simplified. This is a positive aspect as the study 

is more interested in the formation of the jet due to the fuel properties than the effect of 

swirl in the combustion chamber. The Proteus provides the required optical access for 

spray visualization in both combusting and non-combusting sprays via control of the 

intake air temperature. This flexibility in control of operating conditions makes this test 

facility suitable for investigating the initial and secondary breakup of the jet and to 

quantitatively obtain information on droplet sizing.  

The focus of the work was on non-combusting sprays as this allowed the observation of 

the liquid core and the breakup of the jet with as little amount of evaporation as 

possible. Furthermore the study of sprays on the static test rig can be useful in 

explaining the observations of jets made at high ambient pressures. After experimenting 

with a range of optical techniques and lighting methods the microscopic shadowgraph 

visualisation of the jets using a diffused laser as the lighting source was chosen for the 

high quality images required to pinpoint the characteristics of flows based on its fuel 

properties. This allowed a good spatial resolution with the short exposure time of the 

laser light providing sharp images of the jet with minimal blurring during tests carried 

out at 160 MPa injection pressure.  

In addition to the still images, cinematography of diesel sprays was achieved using an 

ultra high-speed camera capable of running at 200 MHz. The light source used for this 

was a spark light flashgun whose pulse duration (~2ms) was enough to cover the entire 

spray duration. Use of a short exposure time of the ultra high speed camera (capable of 

5ns) allowed these images to be relatively sharp but the gain had to be increased on the 
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sensors due to the light source which resulted in increased noise. This technique 

allowed detailed analysis of the spray evolution imediately upon exit from the nozzle 

which could not be achieved using normal macroscopic videos due to its coarse 

resolution.  

1.2 Thesis structure 

The thesis comprises of four main chapters (2-5). The second chapter, the literature 

review, is split into two parts. The first part is a review on the effect of fuel properties 

on spray formation, combustion and emissions. The second part follows on from the 

findings of the literature review and focuses on the position of the current understanding 

of the fundamentals behind the primary and secondary breakup of diesel jets. The third 

chapter covers the description of the test rigs employed in the study of sprays. In 

addition to this, the justification of the injector used is supported by experimental 

results.  Following this is the description and testing of the viability of a range of optical 

methods for spray visualisation with the final part of this experiment based on the 

calibration for accuracy of droplet sizing. The results are presented in chapters 4 and 5 

which give a description of the reference diesel and the differences observed with the 

changes in the fuel properties, respectively. This is followed by a conclusion based on 

all findings of the thesis.  

1.3 Research objectives 

The initial aim of this project was to optically investigate the influence of the fuel’s 

composition and physical properties on diesel spray atomization, combustion and 

emissions. After reviewing the literature it was decided that focusing on the effects of 

the fuel properties involved in the primary and secondary breakup of the diesel spray 

would be of most interest. 

The research has been conducted on optical engines and test rigs using high-speed 

cameras and state-of-the-art laser-based equipment. Of particular interest are the 

fundamental processes central to fuel atomization, such as cavitation and breakup 

regimes, and their effects on in-cylinder mixture preparation. The influence of fuel 
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properties on spray formation will be described in terms of: 

Liquid core penetration with time 

Leading edge velocity 

Jet instability based on Reynolds number (laminar / turbulent flows) 

Surface wave growths 

Break-up length  

Ligament formation 

Droplet formation 

Droplet size 

Measurements will be obtained at injection pressures between 40 and 160 MPa and at a 

range of in-cylinder pressures between 0.1 to 8 MPa. The use of high quality still 

images alongside ultra high-speed visualisation of the evolution of the jet will allow an 

in-depth understanding of the mechanisms involved in the primary and secondary 

breakup of the diesel jet.  

The results obtained from these optical experiments will further the general 

understanding of the fundamental processes involved in the atomization of fuel sprays, 

and of the specific influence of the fuel’s physical properties on these processes. This 

research will be useful in validating and improving numerical and phenomenological 

models of spray behaviour. 
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2 REVIEW OF EXPERIMENTAL STUDIES ON THE EFFECT OF FUEL 

PROPERTIES ON ATOMIZATION, COMBUSTION AND EMISSIONS 

2.1 Introduction 

The purpose of internal combustion engines is to convert thermal energy from 

combustion of fuel into mechanical work. Due to the loss of energy through friction, 

incomplete combustion, heat transfer loss through walls, unwanted vibrations and 

mainly pumping losses; the combustion process is always less than one hundred percent 

efficient. The ideal combustion cycle for compression-ignition engines, invented by 

Rudolf Diesel in 1897; is characterised as a constant-pressure heat addition process 

(Figure 3; process 2-3). This is in contrast to the Otto cycle which is the idealisation of 

the process in a gasoline engine that approximates the real behaviour with constant 

volume.  

 

         

Figure 3. P-V diagram for the ideal diesel cycle 

 

For the same compression ratio the idealised Otto cycle is more efficient than the diesel 

engine, but petrol engines cannot operate at compression ratios as high as diesel 
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engines. A petrol engine running at too high a compression ratio would undergo knock 

(self-ignition) which would severely damage the engine and reduce its efficiency. 

Therefore diesel engines have a higher thermal efficiency (ratio of work over energy 

from combustion) and lower specific fuel consumption.  Other than this the remaining 

processes for the diesel and Otto cycle are the same, consisting of an isentropic 

compression (1-2), an isentropic expansion (3-4), and a constant volume heat rejection 

(4-1).  

An important part of the cycle is the delivery of the fuel prior to combustion. The 

injection system and liquid properties control the quality of the fuel spray and its 

distribution and mixing within the combustion chamber and as such influence the 

efficiency. The aim of the injector is to distribute the fuel evenly through the chamber; 

therefore all modern HSDI engines use multi-hole nozzles resulting in separate sprays.  

The popular understanding of spray breakup is that as the jet leaves the nozzle 

atomization occurs immediately (or shortly thereafter) causing ligaments and droplets to 

form around the jet. As the jet penetrates further the spray widens causing entrainment 

of the surrounding air which promotes mixing. The droplets surrounding the spray 

evaporate and mix with the high temperature gases. Vaporisation of the fuel is 

accelerated due to the increase in surface area when the fuel is broken up into small 

droplets. Efficient atomization promotes faster mixing and results in more complete 

combustion in a direct injection (DI) engine and therefore is an important factor in 

controlling engine emission and improving fuel efficiency. Due to widening of the 

sprays, swirl and tumble (air flow) the sprays eventually interact with one another. The 

evaporated fuel then mixes with the air and autoignition of the fuel occurs. Typical 

conditions during injection include air pressures of 5 to 10 MPa, a density between 15 

and 25 kg.m
-3

 with a temperature of 1000 K (Heywood 1988).   

This chapter reviews the literature on the effects of fuel properties and composition on 

the processes behind the atomization and combustion of the fuel and the resulting 

emissions. This chapter is split into two subsections; the first section will focus on the 

effects of the fuel’s composition (sulphur, aromatic and oxygen contents) and physical 

properties (density, surface tension, viscosity, lubricity and volatility) on atomization, 

combustion and emissions. The final part of this section will then cover the literature on 

biodiesel, with the aim to link the differences reported with the fuel properties using the 
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knowledge gained from the earlier part of the review.  The second subsection, due to 

conclusion drawn from the literature on fuel properties, describes the fundamentals of 

the processes involved in the primary and secondary breakup of the diesel spray. It is 

important to cover these areas to gain an in-depth understanding of the experimental 

work to be carried out.  

2.2 Fuel properties and composition 

2.2.1 Background 

With current climate change issues there is ripe interest in biodiesel as a cleaner source 

of fuels for diesel cars. The EN590 regulation (the physical properties all diesel fuel 

must meet to be sold in the European Union) allows the blending of up to 7% fatty acid 

methyl esters (FAME), the main molecule found in biodiesels, with conventional diesel. 

Across the globe countries are making the addition of biodiesel blends mandatory as a 

result of continual pressure from consumers in the attempt to reduce CO2 emissions. Yet 

there is very scarce amount of literature available on the effect of these blends on the 

flow properties and spray formation at realistic engine operating conditions. 

Furthermore much of the research available looks at the fuels in a cause and effects 

method, i.e. test a biodiesel and then show the results, without investigating the root of 

the problem; the properties of the fuel. The reason for this is due to the difficulty 

involved in isolating specific fuel properties. Diesel fuels are made from a large range 

of hydrocarbons, mainly in the parafins and aromatics group, with many of its fuel 

properties being related with one another.  Thus a change in one property will adversely 

affect another.  It is the aim of this first section to see where the understanding of the 

effects of each of the specific fuel properties on spray formation currently stands. 

2.2.2 Density 

The density of diesel fuel can provide useful indications about its composition and 

performance-related characteristics, such as ignition quality, power, economy, low-

temperature properties, and smoking tendency. It has been found that as the fuel density 

is raised, the spray penetration increases due to higher droplet velocities (Lefebvre 
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1989; Desantes et al. 1998; Lee et al. 2002). This could be due to greater droplet 

momentum and possibly a rise in injection pressure due to higher fuel density, but this 

is yet unclear. Reddemann et al., (2010) proposed a more detailed explanation of the 

mechanisms of fuel density on the jet velocity. Experimental results show that a low 

density results in a shorter penetration length, a higher outlet velocity (based on the 

Bernoulli law) but upon exit the spray underwent stronger deceleration of droplets due 

to aerodynamic forces. Reddemann assumed that aerodynamic forces were active in the 

core due to droplet interaction which resulted in the two effects neutralizing each other, 

depending on axial location.  

The increase in penetration length has not caused a narrowing in dispersion angle. It has 

been stated by Lefebvre (1989) that spray angle widens only slightly as the density is 

increased with work from Desantes et al., (1998) taking this claim further by providing 

results in a high density injection rig showing that the density has a negligible effect on 

the spray angle. As the range of densities of fuels tested was narrow, depending on the 

accuracy of the measuring equipment results might be difficult to analyse accurately due 

to the overwhelming effects caused by other fuel properties.  

The effect of fuel density on the SMD of the droplets after breakup was found to be 

very little. Modelling and analytical papers (Ejim et al. 2007; Ra et al. 2008) noted a 

reduction in SMD with increased density but the reduction was decided to be more 

attributable to the changes in fuel viscosity with the effect of density to be only 2%. 

This was supported by an experimental paper by Desantes et al., (1998) who stated that 

the effect of fuel density on atomization was negligible. Another experimental paper 

using gasoline fuel in a pintle-type port injector of a spark ignition engine (Williams et 

al. 1994) showed that the drop-sizes are almost insensitive to the liquid density, even 

under such different test conditions compared to a diesel engine a similar trend is 

observed. The only paper found to contradict the findings was by Reddemann et al., 

(2010). It was shown thatfor two similar low viscosity fuel, iso-octane and 

tetrahydrofurfyryl alcohol (THFA); an increase of density of 201 kg.m
-3

 for THFA 

resulted in larger droplet sizes and subsequently, slower droplet velocities. The 

experiments were carried out using a PDA technique at an ambient pressure of 3 MPa 

with an injection pressure of 72 MPa. Furthermore it was found that when increasing 

the ambient conditions to 5 MPa the SMD became smaller which coincided with an 
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increased axial velocity.     

All the research papers analysed on the effect of fuel density on spray formation and 

atomization have similar conclusions. The only concern is that there appears to be only 

few journal articles and furthermore the test conditions were not comparable to modern 

diesel engine conditions. There are numerous papers on biodiesel but it is difficult to 

isolate the effect of density due to the effect of the biodiesels’ high viscosity.  

The fuel density has an impact on all pollutant emissions but particulates are the most 

significantly affected. It was found for a range of fuel densities (below 860 kg.m
-3

) that 

there is a linear relationship between density and particulates, and that above this value, 

an apparent over-fuelling phenomena occurs with a sharp increase in particulates (Betts 

et al. 1992). This finding on the significant impact of diesel fuel density on particulate 

emissions is further supported by Singal and Pundix (1996) who claimed that the 

density is the main fuel property influencing soot emissions, where raising the density 

from 810 kg.m
-3

 to 860 kg.m
-3

 increased particulates by 30%.  

Another important area of research is the effect of temperature on the fuel properties. As 

noted by Lawther (2009), a fuel at 313K entering a rail pressurised to 160 MPa will 

leave from the low pressure return pipe at about 383K. Figure 4 shows that the density 

of diesel fuel is reduced from 827 kg.m
-3

 to 790 kg.m
-3

 (4.5 % reduction) when the fuel 

temperature is increased by 70K as highlighted by the shaded region. This is supported 

by tests done by Tate et al., (2006) for biodiesel fuels from ambient temperature up to 

573K.  

In summary, the density of the diesel fuel appears to play a minor role in the breakup 

and atomization of the diesel jet.  The reported increase in soot formation with increased 

density is attributed to the greater amount of fuel supplied to the engine resulting in 

incomplete combustion of hydrocarbons. 
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Figure 4: The effect of temperature on density for diesel fuel by                                  

data of Durret et al., (1987) 

 

2.2.3 Surface tension 

Surface tension is an important liquid property and plays an influential role in the 

breakup of sprays. It represents the force resisting the formation of new surface area 

with atomization being considered as a disruption of the influence of surface tension by 

internal or external forces. Detailed experimental tests on the effect of fuel surface 

tension in a diesel engine have yet to be found. From modelling and theoretical work it 

can be predicted that liquids with high surface tension disintegrate into larger droplet 

diameters (Lefebvre 1989; Lee et al. 2002; Ejim et al. 2007). In the book ‘Internal 

Combustion Engine Fundamentals’ by John B. Heywood (1988) it is stated that the 

mean drop diameter is proportional to the surface tension as shown in equation (1). 
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There appears to be a consensus in experimental work that reducing the surface 

tension results in improved atomization (Reddemann et al. 2010; Zigan et al. 2010). 

Reddemann suggests that at realistic diesel conditions the surface tension is the most 

relevant parameter for the initial droplet diameter, after which the thermodynamic 

properties take over for the subsequent breakup. Even still the conclusions are 

debatable as the fuels tested have relatively big differences in the fuel viscosity. 

Several experiments show that tests conducted at lower injection pressures (below 

60 MPa by Hiroyasu et al., 1989) have produced results indicating that increasing 

the surface tension produces an increase in SMD. This trend is further supported by 

Sovani et al., (2001) and Lee et al., (2005). At higher injection pressures the surface 

tension has been reported to become a negligible fuel property (Hiroyasu et al. 1989; 

Ra et al. 2008). These experimental results are supported by equation (1) where a 

rise in injection pressure would cause an increase in the injection velocity, thus 

reducing the effect of surface tension on the mean drop size. To support the case of 

surface tension being more effective at lower injection pressures a publication on 

tests carried out on a spark ignition port injection engine (Williams et al. 1994) 

showed that a 20% reduction in fuel surface tension produced a 5% reduction in 

mean diameter. The injection pressure was 0.3 MPa, which supports the case on 

improvement on atomization with low injection pressures. Finally with high surface 

tension values the low pressure limit for spray breakup to start is increased 

(Hiroyasu et al. 1989). From the same paper there appears to be an exponential 

decrease in the effect of surface tension on the SMD as the injection pressure is 

raised. This corroborates the strong influence of injection velocity on SMD seen in 

equation (1).  

It was reported in a paper by Lee et al., (2002) that a change in surface tension 

produces little difference in penetration. No clear explanations are given but it is 

thought that the author linked this effect to the slipstream behaviour of the jet. The 

droplets in the centre of the spray are overtaken by the following particles, thus there 

is not enough time for the particles at the tip of the spray to break up. In the same 

paper it was found that there was a tendency for the spray width to spread and 

evaporation to be promoted at the periphery of the spray with lower surface tension 

because of atomization by shear force between the droplets and air (Lee et al. 2002). 
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Thus, it was predicted that the mixture would become lean as the surface tension 

became low, although the penetration did not change much. Such a tendency was 

expected as one of the means for reducing particulate matter in diesel engines (Lee 

et al. 2002). The effect of surface tension on the dispersion angle is unclear, 

Lefebvre (1989) states that the surface tension has no effect on this but evidence has 

yet to be found of tests done at realistic engine conditions to confirm or argue 

against this. 

The influence of the change in fuel temperature is presented in Figure 5. It can be 

observed that the surface tension of diesel fuel is reduced from 0.0325 to 0.0230 

N.m
-1

 (25% reduction) when the fuel temperature in increased by 80K. The trend is 

almost linear.  

 

Figure 5: The effect of temperature on surface tension for diesel fuel                              

by data of Durret et al., (1987) 

In summary, some of the literature suggests that current diesel fuel values for surface 

tension has a potentially negligible effect on atomization in high injection pressure 

conditions, yet there are not enough clear tests to confirm this. Furthermore only few 

recent publications could be found on surface tension, hence there appears to be a gap in 

the knowledge about its effects on the atomization process in modern diesel engines. 

If tests are to be carried out for determining the effects of surface tension, interesting 
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fuels to be used with the base diesel are kerosene and gasoline. These two fuels were 

found to have a linear reduction in surface tension, relative to the base diesel, of up to 

11% and 30% respectively when used neat (Elkotb 1982). 

2.2.4 Viscosity 

The viscosity is a measure of internal resistance to motion of a fluid due to the cohesion 

between molecules and is the characteristic that governs the fuel atomization process 

and is thus considered one of the most important single fluid characteristic. It is similar 

to the surface tension as it exerts a stabilizing force, therefore preventing a liquid from 

separating. It is also one of the main differences between biodiesel and standard 

commercial diesel. 

There are many papers showing that viscosity affects the spray characteristics in the 

combustion chamber. An increase in the breakup length is observed for higher 

viscosities due to deteriorated atomization resulting in a narrower spray angle (Lefebvre 

1989; Chang et al. 1997; Prescher et al. 1999). This is challenged by Desantes et al., 

(1998) who found that viscosity had no effect on the spray angle when using a high 

density injection rig. It is difficult to decide which paper to side with as the work by 

Desantes seems thorough and made use of state-of-the-art equipment at the time, and 

effort had been made to control the fuel properties by isolating the effect of viscosity 

through control of surface tension. Microscopic studies carried out on a gasoline 

injector at ambient air conditions, when comparing n-decane with n-hexane, found that 

an increased viscosity resulted in lower jet velocity and was responsible for a higher 

probability of large scale ligaments forming (Zigan et al. 2010). Hexane with its lower 

viscosity was dominated by its higher Reynolds number and as such was characterised 

by fine scale turbulences. The n-decane with its higher viscosity also produced a wider 

spray angle; this was linked with a decreasing linear trend in spray angle with the 

function of the multiplication of the Weber and Reynolds number.  

The spray penetration was found to decrease with an increase in fuel viscosity by 

several researchers (Lefebvre 1989; Chang et al. 1997; Prescher et al. 1999; Faria et al. 

2005). One of the reasons for this is due to increased friction between the injector and 

the fluid resulting in reduction of the jet velocity leaving the injector. This was 
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challenged by a report by Myong et al., (2004)  who showed that spray penetration 

increased with higher viscosity fuels but the same fuels also had higher densities, 

making it difficult to determine which fuel property was dominant.  Desantes et al. 

(1998) found that an increase in viscosity had a negligible effect on spray penetration, 

with injection velocities being identical for all fuels. Both conclusions on spray 

penetration and spray angle by Desantes have challenged findings from many other 

researchers. Whether this is due to the fuel properties, the high density gas chamber or 

the injection system is unclear. Contradictory to this, tests carried out on butanol and 

ethanol (similar density) at 72 MPa injection pressure into 5 MPa ambient pressure at 

800K in-cylinder temperature revealed that reducing the fuel viscosity increased spray 

penetration (Reddemann et al. 2010). The paper suggested that the reason for the 

behaviour of ethanol, which includes a slower jet velocity, was due to its high vapour 

pressure. This would likely promote cavitation at the nozzle and would restrict mass 

flow and momentum transfer. This was further supported by work carried out at 

ambient air conditions for a gasoline spray where a reduction of kinematic viscosity, 

compared from a heated n-hexane to a cold n-decane, which resulted in a 12% greater 

penetration (Zigan et al. 2010). This is an interesting area to research further as there is 

a trade off on the effect on spray penetration between the injection velocity and the 

deteriorated rate of atomization. Knowledge on the effect of the fuel viscosity on the 

breakup length, dispersion angle and spray penetration appears to be limited with very 

few experimental work carried out on optical engines at present diesel engine 

conditions.  

Lower values of viscosity typically result in a smaller droplet SMD (Hiroyasu et al. 

1989; Lefebvre 1989; Williams et al. 1994; Desantes et al. 1998; Prescher et al. 1999; 

Sovani et al. 2001; Lee et al. 2002; Ejim et al. 2007), thereby increasing the surface area 

and significantly influencing the evaporation characteristic time. An analytical study by 

Ejim et al., (2007) found that the most influencing physical property of the fuels on 

atomization was viscosity. It was shown that viscosity has the largest contribution, 

about 90%, to the change in SMD, whereas the density contributions were the least, 

causing only less than 2% change. Hence it has been suggested that in fuel research the 

viscosity should be the first choice of physical properties to be reduced for improving 

the atomization in an engine. These findings were supported by Breuer (1995), who ran 
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a series of tests to show that reduced viscosity has more dominance than a higher cetane 

number on the overall diesel cycle. An interesting set of results produced by Hiroyasu et 

al., (1989) show that the desired injection pressures required to obtain smaller values of 

SMD is determined by the viscosity of the fuel.    

As the SMD is shown to increase with higher viscosity this reveals that the evaporation 

rate is reduced resulting in insufficient mixing and longer combustion duration. Tests 

with higher CN and lower viscosity fuel showed longer combustion duration with the 

fuel viscosity becoming less important towards the end of combustion (Breuer 1995). 

This is the only paper that was found that has identified this behaviour and the testing 

was not very thorough, but it seems reasonable as viscosity goes down as the 

temperature is increased and at the end of injection the fuel in the chamber will be hotter 

than at the start of injection. The relationship between dynamic viscosity and 

temperature is illustrated in Figure 6. It can be identified that a rise in temperature from 

275 to 380K results in a steep drop in dynamic viscosity (Durret et al. 1987; Tate et al. 

2006) from 0.007 to 0.00088 N.s
-1

m
-2

 (94% reduction) (Durret et al. 1987) . For this 

reason low values of viscosity are preferable for cold starting where the flow of fuel 

from the injector could otherwise be restrained. The observations noticed for the 

reduced viscosity were also supported by Lee et al., (2002) who tested a diesel fuel 

against a lighter blend with reduced density, viscosity and surface tension, while 

keeping the cetane number and calorific value the same, on a direct injection single 

cylinder engine. It was found that the light diesel had improved combustion and 

enhanced evaporation while reducing smoke emissions. The performance between the 

two fuels were almost similar, with spray characteristics from the light diesel being 

short and narrow due to the atomization and evaporation being accelerated. It was 

identified that the difference in viscosity was the main reason, where the light diesel had 

less than half the value of viscosity of the base fuel. From these papers it has been 

identified that having lower values of viscosity accelerate the atomization process. 
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Figure 6: The effect of temperature on dynamic viscosity for diesel fuel                           

by data of Durret et al., (1987) 

 

Many of the tests carried out have used the addition of biodiesels to test the effect of 

viscosity on atomization and mixing, thus also changing many other fuel properties 

such as surface tension, density and volatility. This gives a false picture on the 

isolated effect of fuel viscosity but is understandable as keeping all but the desired 

fuel properties similar while changing its composition is extremely difficult. Tests 

carried out on the change of viscosity with blends of petroleum diesel with kerosene 

and gasoline, found reduction in viscosity of up to 75% and 85% respectively when 

these fuels are used neat (Elkotb 1982). Furthermore, as the effect of viscosity on 

mean drop size is substantial, it was found when using kerosene and gasoline in an 

injector at atmospheric conditions at 11.8 MPa injection pressure, the mean drop size 

was 47 µm and 25 µm respectively when compared to diesel fuel producing a mean 

drop size of 72 µm. The results obtained by Elkotb (1982) are informative but now 

largely out of date. 
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2.2.5 Sulphur content 

The EN590 specification has targeted fuel sulphur content due to its influence on 

diesel particulate emissions. Current legislations for sulphur content in the European 

Union stand at 10ppm since 2009. The use of low sulphur content has two benefits, 

one being directly in the reduction of PM (Asaumi et al. 1992; Blackmore 1998; Lim 

et al. 2007) but the second is the benefit achieved with the use of exhaust after 

treatment. With 3ppm sulphur content particulate filters can achieve a 95% efficiency, 

dropping to 72% for 30ppm and to 0% for sulphur content of 150ppm (Department of 

Energy 2001). This trend of lowered sulphur content with reduced particulate 

emissions is noticed at all engine operating conditions (Lim et al. 2007), furthermore 

it is stated that there is a 29% linear increase in PM emissions when raising the 

sulphur level from 2 to 350ppm (Department of Energy 2001).   

With the advent of low-sulphur diesel, the issue of fuel lubricity has become 

increasingly important as hydro-desulphurization removes polar compounds 

responsible for the lubricity of diesel. Fuels with severe desulphurization treatments 

have greatly reduced the durability of fuel pumps, resulting in incorrect injection 

timing (Miura et al. 1997) and there has been many reports of engines failures. The 

desulphurization processes becomes an issue with the production of fuels with less 

than 50 ppm and aromatic content of 5 percent by volume or less, where it is 

necessary to apply more severe hydro-processing conditions or invoke unconventional 

technology to restore as much of the fuel lubricity as possible. Refining processes 

consume energy and therefore produce emissions. For ultra-low sulphur fuels to be 

viable, the cost and benefits of lowering the sulphur content to less than 10ppm must 

overcome the emissions and costs of production. A study was carried out by the 

Directorate-General Environment (2001) which found that the accumulated benefits 

(financial and air quality) are higher than the costs and there is an overall positive 

effect on CO2 emissions. The impact is more pronounced for cars produced under the 

newer Euro regulations.  

To tackle the problem of insufficient fuel lubrication the addition of low blends of 

biodiesel is suggested due to its naturally high lubricity (Knothe et al. 2005). Another 

method is the use of lubricity enhancing additives. There is no evidence to show that 
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the fuel sulphur content has any effect on the fuel atomization or spray formation but 

the methods used to restore the fuel lubricity can have an effect on the physical 

properties of the fuel. Furthermore there is a substantial amount of work on sulphur 

content already carried out with a consensus on its effects on emissions.  

2.2.6 Aromatic content 

The literature on the effect of aromatic content on emissions was found to be 

conflicting. A paper by Kidoguchi et al., (2000) on the effects of cetane number and 

aromatics on the combustion process and emissions concluded that increasing 

aromatic content resulted in a rise in both NOx and PM emissions at high load. 

Although overall combustion characteristics are not sensitive to aromatics it is 

suggested that local fuel and temperature distributions affect emissions (Kidoguchi et 

al. 2000). Gerini and Montagne (1997) presented that the aromatic content had no 

clear impact on the gaseous emissions (CO and HC) in steady state conditions, but in 

transient conditions PM and soluble organic fractions (SOF) levels were affected. 

These findings are contradicted by Lange et al., (1993) who found that in a direct 

injection diesel engine the total aromatic content has no influence on NOx emissions. 

Betts et al., (1992) showed that aromatic content has no significant influence on 

particulates which is supported by several other articles (Floysand et al. 1993; Singal 

et al. 1996). This is again contradicted by a test with high injection pressures and high 

aromatic content which produced high NOx concentration (Miyamoto et al. 1992; 

Kidoguchi et al. 2000), but less particulates (Kidoguchi et al. 2000).  

A more detailed study into the type of aromatics has been done by Asaumi et al., 

(1992) who tested eleven fuels with varying sulphur levels and aromatic contents, and 

found that enriching the aromatic content with dicyclic and other polycyclic 

compounds increased particulate, nitrogen oxide, carbon monoxide and hydrocarbon 

emissions. Fuels with lower aromatic content showed a reduction of up to 40% in PM 

emissions when tested on a real engine. Thus  it appears that the total aromatic content 

is not helpful in describing fuel effects on emissions (Lange et al. 1993) as there are 

many types of aromatics which each have a different impact on emissions. This is 

further supported by Tsurutani et al., (1995) who found that di- and tri-cyclic 

aromatics affected PM more than paraffin or mono-cyclics. NOx and PM were found 
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to be higher from aromatic fuel than paraffinic fuel in a diesel engine (Tamanouchi et 

al. 1994).  

A review by Tree and Svensson (2007), found that over the range of studies carried 

out on this topic, investigations concluding that increasing aromatic content affected 

particulate emissions, did not hold cetane number or ignition delay constant while 

those that stated no change did keep these parameters the same. Additionally Tree and 

Svensson reported that one of the papers claiming particulates were unaffected by 

aromatics showed that the additional soot could be accounted for by a higher C/H ratio 

of the fuel, which correlated with increased particulate. Therefore, it appears that the 

more carefully performed experiments show no correlation between fuel structure and 

particulates although fuel structure is related to fuel composition, which is related to 

soot formation.  

There is no evidence found to show that the aromatic content of fuels has any effect 

on the spray formation or atomization process but as aromatics in diesel fuels 

contribute significantly to the lubricity of the fuel, their removal can give rise to 

abnormally high rates of wear of the injection equipment (Blackmore 1998). This is of 

great concern, due to the reduction of sulphur content in fuels in the EN590 standards. 

There is the possibility of insufficient lubrication due to fuels being created with both 

low aromatics and sulphur content. This concern is exacerbated with the reduction in 

viscosity and density at elevated temperatures and as such the problem of reduced 

injector durability becomes a significant. 

2.2.7 Lubricity 

Diesel fuels are required to possess a portion of lubricating ability to prevent 

excessive friction from sliding surfaces in fuel pumps, injection valves and other 

moving parts. This problem was first recognized in the mid-1960s when 

improvements were made to produce pure aviation fuels. The refinery treatment 

produced  fuels with poor lubricity and resulted in wear problems including seizure of 

fuel related components (Wei et al. 1986). This property is particularly important in 

the common rail injector system as the high pressure pump relies solely on the fuel for 

its lubrication. If lubricity requirements are not met it can lead to damage to the 
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injection system and performance complaints due to poor atomization. This is 

expected to affect optimum injection timing and the quantity of fuel injected.  

It has been identified that the treatment processes to remove undesirable impurities, 

such as solvent extraction, caustic treatment and hydrotreating are responsible for the 

removal of polar and unsaturated components.  It is these processes that result in the 

large decrease in fuel lubricity (Wei et al. 1986). 

Experiments carried out on the wear scar diameter revealed that there is a broad 

correlation between a decrease in the wear scar diameter (WSD) with increased 

viscosity, final boiling point, nitrogen content and sulphur content. The aromatic 

content was found to have an inconclusive effect, potentially negligible.  The problem 

with this analysis lies in that the fuel properties are interconnected with each other. As 

a result, it was found that fuels with a high viscosity tend to have high boiling points 

and a high concentration of polar impurities and as such the effects cannot be 

characterised to specific fuel properties.  

As a result of the noticeable trends, fuel lubricity is commonly mistaken for viscosity 

yet the lubrication of a fuel is not directly provided by the viscosity of the fuel but by 

other components in the fuel that prevent wear on the contacting surfaces of the fuel 

and the inside of the nozzle’s surface. Wei and Spikes (1986) identified that the wear 

in a reciprocating machine was determined by polyaromatic and oxygen-containing 

polar impurities (hydroxyquinolines and carboxylic acids), where concentration of a 

few percent (in weight) and a few parts per million, respectively, were adequate at 

reducing wear. Furthermore it was found that monoaromatic and diaromatic 

hydrocarbons have little influence on wear while sulphur impurities increased wear. 

As the hydrodesulphurization processes are required to remove the sulphur and thus 

reduce sulphur dioxide emissions the removal of the polar compounds in unavoidable. 

As a result a compensatory procedure will need to be implemented to reduce the lost 

lubricity. The most common method is the use of lubricity enhancing additives.  The 

effects on the wear scar diameter of a selection of flow improving additives; fuel 

lubricity enhancer, cold flow improver, wax anti-settling and detergent additive are 

presented in Figure 7. As can be seen the most effective additive in reducing wear is 

the lubricity enhancing additive. A dosage of 300 mg.l
-1

 appears to be the limit after 
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which point there is no benefits to be gained. The other flow additives also reduce the 

wear but at a much smaller rate. The cold flow improver and detergent additive have 

the potential to reduce the wear scar diameter but only after a dosage of 1800 mg.l
-1

. 

The use of the anti-settling additive appears to require much higher dosages (beyond 

what was tested) to meet similar wear reduction as the lubricity enhancing additive but 

has the benefit of providing a relatively good reduction efficiency at low dosages 

between 300 to 500 mg.l
-1

. A similar trend is observable for the detergent additive 

between 700 and 1100 mg.l
-1

.  The effects of these additives on other fuel properties 

are unclear, but with the addition of these additives at low dosages, changes that are 

introduced are expected to be negligible. This makes the use of the lubricity 

enhancing additive particularly favourable for the enhancement of injector durability 

while having a negligible effect on performance. 

 

 

Figure 7. Wear Scar for diesel fuel lubricity, cold flow improver, wax anti-settling and 

detergent additives respectively. Adapted from Fox (2005). 

 

As diesel fuels generally require the inclusion of all these additives in the everyday 

running of the diesel engine it is important to determine the combined effect of 

these additives. The study has been carried out in the same paper on three of the 
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detergents as shown in Table 1. In case 1, the lubricity enhancing additive (~549 

WSD, 2.8% reduction), and the cold flow improver (492 μm WSD, 15% reduction) 

are acting together to provide a wear reduction of 340 μm. By themselves the 

differences would be small but with the combination a reduction of 35% is 

obtained. The same scenario occurs in case 2 where the combination of the 

lubricity enhancer and the detergent additive (521 μm WSD, 12.4% reduction) has 

collectively reduced the wear by 28%. Tests 1 and 2 reveal that additives can work 

together in a colligative manner to give considerable reduction. The third test 

shows the impact of small dosages. The use of 250 mg.l
-1

 of the detergent additive 

(~570 μm WSD, 4.2% reduction) with a 100 mg.l
-1

 of the lubricity enhancing 

additive (549 μm WSD, 2.8% reduction) results in a wear scar diameter of 481 μm, 

a reduction of 17%. It can be seen that the colligative effects do not have a linear 

trend and this is expected due to the reverse sigmoidal trends in the plots for each 

additive. 

 

Table 1. The effect of mixing additives on wear reduction (data from Fox (2005)). 

Case 
Lubricity 

enhancer 

Cold flow 

improver 
Detergent 

Wear 

reduction 

1 75 mg.l
-1

  1400 mg.l
-1

  0 340 μm 

2 75 mg.l
-1

  0 650 mg.l
-1

 387 μm 

3 100 mg.l
-1

  0 250 mg.l
-1

 481 μm 

 

Another method to overcome lubricity problems is to blend low amounts of 

biodiesel to the petroleum derived diesels to restore the lost lubricity. Biodiesels 

have naturally high lubricity. A study by Hu et al., (2005) on the lubricating 

properties of biodiesel showed that methyl ester and monoglycerides are the main 

components that determine the lubricity of biodiesels that meet the international 

standards. Free fatty acids have a greater impact on lubricity than diglycerides but 
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both have a relatively small role on lubricity with triglycerides having negligible 

effect. As each type of biodiesels is made up of different components, not all 

biodiesels can be used as additives. Only those free of monoglycerides and with low 

levels of methyl esters can only be used in blends to meet lubricity requirements. 

There appears to be no correlation between fatty acid methyl esters (FAME) chain 

lengths with lubricity enhancing properties but, an increase in un-saturation of 

FAMEs appears to increase lubricity (Geller et al. 2004). In the same paper 

hydroxylated FAMEs are reported to increase lubricity more than their un-

hydroxylated counterparts.  The reason given for this is that the unique structure of 

these FAMEs facilitates the formation of the hydrogen bonds complexes that 

enhance the lubricity mixtures containing these components. 

Either method is viable for regaining lost lubricity but the use of additives is 

preferred to biodiesel blends when retaining the original fuel properties is a priority  

as the weight ratio required between the two choices are vastly different. 

 

2.2.8 Volatility 

The volatility characteristics of a diesel fuel can be expressed in terms of the 

temperature at which successive portions are distilled from a sample of the fuel 

under controlled heating in a standardized apparatus. The distillation method 

recommended by the standard ASTM D86 is one of the more widely used versions. 

Information obtained during the distillation includes boiling point (BP), endpoint 

(EP) or final boiling point (FP).  

Tests by Astarita et al., (2000) on spray penetration in a diesel four stroke optical 

engine for n-heptane, tetradecane and petroleum diesel showed that, from the liquid 

and vapour distribution, the diesel had the greatest penetration due to its higher 

boiling point. This finding can be challenged as many fuels with lower boiling 

points also have lower values of viscosity and density, which both affect spray 

penetration according to Myong et al., (2004) who indicated that fuels show a lower 

penetration when their temperature is increased from 300K to 368K. Whether this is 

due to the effect of boiling point or lower viscosity, due to increased temperature 
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(hence promoting atomization), or both is unclear. Even with this uncertainty on the 

effect of fuel volatility on the spray formation there is evidence to suggest that 

boiling points of fuel do affect the spray formation. Tests carried out in a gasoline 

direct injection spark ignition engine by Romunde et al., (2007) found that at 90
o
C 

the more volatile fuels had the least penetration while at 20
o
C which is below any of 

the fuels boiling points all sprays behaved similarly, the physical fuel properties 

showed to have no effect.  

As diesel is a multicomponent fuel the influence of the different boiling point 

components on each other is an important knowledge to gain. An experiment was 

carried out by An and Daisho (2000) to measure the evaporating processes of fuel 

sprays having different boiling points. The fuels used were iso-octane, n-dodecane 

and a mixture of the two, with boiling points of 372.4K and 489.5K respectively, 

with the mixed fuel having two different boiling points. From the experiment it was 

found that at a temperature of 473K and density of 2.82 kg.m
-3

, the penetration of 

mixed fuel spray was close to that of the n-dodecane spray. This indicates that spray 

penetration is dominated by the higher boiling point fuel under low evaporative 

conditions. At higher temperature of 489.5K and density of 5.96 kg.m
-3

, the spray 

penetration of the mixed fuel became closer to that of the iso-octane spray. In such 

cases, penetration was dependant on the quantities of the lower boiling point fuel. 

Therefore, it is confirmed that the evaporation of the low boiling-point component 

influences other components in the multiple component fuel. These results indicate 

that the lower boiling point component in the mixed fuel evaporates earlier, which 

accelerates the rate of evaporation of the higher boiling point component. These 

findings are supported by another study on multicomponent fuels by Senda and 

Fujimoto (2001) which showed fuels with lower boiling points start to evaporate at 

higher temperatures than their own boiling point, and on the contrary the fuels with 

higher boiling point start to evaporate at a lower temperature. Therefore the boiling 

point of the lower volatility fuel fraction is affected by the more volatile components 

and vice versa. As is expected with higher volatile components, evaporation occurs 

earlier around the nozzle and in the free spray region, while the lower ones 

evaporate slowly near the piston wall surface. 

Volatility influences many other properties, including density, flashpoint, 
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autoignition temperature, viscosity and cetane number. High volatility could cause 

vapour lock and lower the flash point. The vapour lock can cause engine misfiring or 

failure to restart after a brief shutdown in hot conditions. However with higher 

volatility, vaporization of the fuel takes place more rapidly. Consequently, high-

boiling components may not burn completely, forming engine deposit and increasing 

smoke levels. Within the range of 350
o
C to 400

o
C, the effect of low volatility on 

exhaust emissions is relatively small (Blackmore 1998). The mid-volatility of a 

diesel fuel has a marked effect on a fuel’s tendency to smoke. It is emphasized that 

in practise it is the mix of volatilities that is most important, with high volatility 

components resulting in improved cold starting and warm up, while low volatility 

components tend to increase deposits, smoke and wear. 

Finally it was found that increasing the quantity of high boiling fuel fraction 

decreased the carbon particulate emission index at very high engine loads (Bergin 

1989), which is mainly attributable to the reduced rate of reactions. 

2.2.9 Cetane number 

Cetane number (CN) is a measure of a fuel's ignitability and therefore its ignition delay. 

It is the most accepted measure of the ignition quality, and its scale is determined by the 

blends of two pure hydrocarbon fuels; the percent volume of cetane (CN 100) a 

compound with high ignition quality in an isocetane (CN 15) which has a very low 

ignition quality. Generally, diesel engines run well with a cetane number from 40 to 55. 

Fuels with higher ignitability which have shorter ignition delays provide more time for 

the fuel combustion process to be completed. Hence, high speed diesel engines operate 

more effectively with higher CN fuels. If an engine runs at too low a cetane number, 

diesel knock can occur, caused by rapid combustion and is the result of a long ignition 

delay period. The importance of higher cetane numbers is attached to the performance 

benefits provided in terms of improved cold starting, reduced smoke emissions during 

warm-up, less noise vibration and harshness, reduced fuel consumption and exhaust 

emissions.  

Fuels with high ignitability have a short ignition delay, resulting in a small amount of 

heat release at initial combustion stage, and consequently, longer combustion duration. 
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In a warmed up engine, ignition delay increases non-linearly with decrease in the CN of 

the fuel, increasing rapidly at CN below 35 (Wong et al. 1982). Under fully warmed up 

conditions the engine performs well at high torque with low CN. Under low torque and 

partially warmed up conditions the engine misfires and a sluggish performance can 

occur (Wong et al. 1982). 

It has been reported that there is little performance advantage when the CN is raised 

past approximately 55; after this point, the fuel's performance hits a plateau. The 

performance changes are more sensitive to CN between 46 and 54.5. Improvements in 

engine performance by increasing CN may be attributed to improving the combustion 

process. 

Even though the effect of the cetane number on spray formation and atomization is 

negligible the impact it has on emissions is not. The higher ignitability allows 

retardation of injection and was shown to result in a decrease in NOx (Lange et al. 

1993; Li et al. 1997). Tests have shown that at high load, while keeping aromatic 

content the same and decreasing CN, the NOx concentration increases (Kidoguchi et al. 

2000). This is due to low CN fuel having a higher maximum heat release rate and 

shorter combustion duration. These finding were supported by Ladommatos et al., 

(1996) who carried out a study on nine blends of fuel with varying cetane numbers 

ranging from 40 to 62 with fixed density, sulphur content and kinematic viscosity. At 

low load, locally over-lean mixture is produced during a long ignition delay period with 

the low CN fuel, leading to incomplete combustion. At both high and low cetane 

numbers, independent of the aromatic content, as the injection timing is retarded; every 

fuel shows a tendency of NOx decrease but increase in fuel consumption (Kidoguchi et 

al. 2000). In conclusion on the effect of CN on NOx is that by increasing the cetane 

number we have more controlled combustion combined with retarding the injection 

timing allowing lower in-cylinder pressure and temperature resulting in reduced NOx 

emissions. 

The effect of CN on soot emissions is more complicated as the CN can be increased in 

multiple ways, each having their own associated effect on soot production. Changing 

the CN can affect many other properties including aromatics, volatility and viscosity 

with the soot changes being associated to it. Tsurutani et al., (1995) observed in a 2l 

Toyota Corolla at 40% load that particulates decreased when increasing the CN using 
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octyl nitrate. This can be explained by a shorter ignition delay resulting in more time for 

combustion and oxidisation of soot.   

2-ethylhexyl nitrate (2EHN) is an additive used to increase the cetane number, thus 

shortening the autoignition period (Higgins et al. 1998; Higgins et al. 2001). The effect 

of this ignition improver on parameters such as flame lift-off, maximum spray 

penetration, and spray angle were negligible, indicating that neither the high-

temperature combustion chemistry nor the mixing control was affected by the additive. 

Furthermore fuels containing a cetane improver additive were found to give similar 

ignition delay compared to natural diesel fuels of the same CN (Wong et al. 1982; 

Higgins et al. 2001). Additional benefits of increasing the cetane number include 

improved engine cold starting, reduced engine smoke, noise, exhaust emissions and fuel 

consumption (Basshuysen et al. 2007).    

Tsurutani et al., (1995) have shown that the change in particulate emissions is negligible 

when operating at 80% load for CN between 49 and 60 while keeping the same engine 

speed compared to 40% load. It has been observed by Betts et al., (1992) that increasing 

CN above 48 has negligible effect on PM emissions. This finding is further supported 

by Floysand et al., (1993) who reported that changes in cetane quality from 48 to 62 had 

little to no effect on particulates in a non-catalyst car for fuels with densities within the 

calibration range of the engine. In the engine with a catalyst, increasing CN was 

associated with a very small increase in particulates. Whether this trend in the negligible 

influence of CN on particulates is due to the engine conditions or the change in fuel 

composition to obtain the desired cetane rating is unclear. Yet there seems to be a 

dominant trend that current values of CN are more than appropriate to achieve the 

desirable reduction in emissions.  

The contradiction in these findings shows that the effect of cetane number on soot 

emissions is dependent on the procedure taken to change the ignitability of the fuel. 

Fuels with high aromatics produced greater levels of particulates for the same change in 

CN. Therefore improvements in this area should be made to the method of increasing 

the CN rather than the value itself. 

Interesting experiments carried out by Kidoguchi et al., (2000) found that the cetane 

number affects particulates less in the case of higher injection pressure; this is possibly 
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due to an accelerated rate of atomization. This would then mean that the method to 

compensate for the PM and NOx trade-off would be to focus on the atomization of fuel. 

Research on the effect of cetane number on the performance and emission in a diesel 

engine is extensive and there appears to be little potential improvement in this area.  

2.2.10 Oxygen content  

The addition of oxygenated organic compounds to the diesel fuel generally results in 

reduced PM emissions when compared to that of standard petroleum based diesels 

(Tsurutani et al. 1995; Miyamoto et al. 1998; Cheng et al. 2002). Additionally the 

effects on particulate emissions of chemical structures (Tsurutani et al. 1995; Cheng et 

al. 2002), CN and boiling point are observed to be small compared to that of increasing 

the oxygen content (Tsurutani et al. 1995). The reason for this is that the combustion 

was more complete with the increased availability of oxygen therefore reducing the 

brake specific fuel consumption, this was more noticeable for lower cetane numbers 

(Miyamoto et al. 1998). 

To support the findings on PM reduction a study by Musulus and Dietz (2005) observed 

that the jet soot decreased proportionally with increasing oxygen content of paraffinic 

fuel blends. Changes in in-cylinder soot formation for the fuels were primarily 

attributed to chemical effects of oxygen and aromatic content. Overall, most studies 

show that increasing the oxygen content decreases soot formation under many operating 

conditions. Furthermore the molecular structure is shown to affect the soot formation 

therefore it can be concluded that fuels with the same oxygen content with different 

structure have different effects on performance and emissions (Musulus et al. 2005).  

The effect of oxygen content on particulates is almost unavoidably connected to 

temperature, which has an exponential effect on both soot formation and oxidisation 

process (Tree et al. 2007). Unsurprisingly the typical trend for oxygenated fuels is a 

higher in-cylinder temperature which has a noticeable effect on emissions. The extra 

availability of oxygen results in confined areas of soot concentration and high 

equivalence ratio, with enhanced soot oxidisation during the expansion stroke (Zannis et 

al. 2004). Surprisingly, with the rise of in-cylinder temperature it was found that the 

addition of oxygenates in fuels was not accompanied by a sharp increase in NOx 
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(Tsurutani et al. 1995; Miyamoto et al. 1998; Zannis et al. 2004) due to the decrease of 

the local temperature as a result of  the lower heating value of the fuels (Zannis et al. 

2004). This trend is more noticeable for fuels with higher cetane numbers (Miyamoto et 

al. 1998). The effect of oxygenates are influenced slightly by the operating conditions; 

fuel injection timing, engine speed and load. The NOx tends to increase at lighter loads.  

When compared to oxygen enhancement of the intake air, the oxygen enrichment of the 

diesel fuel has a stronger effect on the combustion. This stems from the fact that the 

oxygen is directly available to the entire mass of injected fuel (Zannis et al. 2007). Fuel 

side oxygenation gives higher soot reduction for a given NOx increase compared to air 

side oxygen enhancement. The higher sensitivity of soot reduction and NOx 

deterioration to fuel-side oxygen addition is attributed to higher oxygen availability 

inside each combustion zone. 

In summary of this section firstly, it is clear that there is a reduction in PM emissions 

with increased fuel oxygen due to soot oxidisation. Secondly an intensive review by Tree 

and Svensson (2007) of a large number of articles stated that more than one investigator 

has demonstrated a complete or near complete elimination of soot when fuel oxygen 

content reaches 27–35%. This is supported by exhaust measurements showing that 

smoke decreased linearly with increases in oxygen content and disappeared when the 

oxygen content was 38% weight or higher (Tree et al. 2007). Problems that could arise 

with such high oxygen content are the lack of combustible components resulting in loss 

of power. The potential for such a significant reduction in soot through the addition of 

oxygenates potentially makes this area a vital part of fuel composition to be taken into 

consideration to meet future demands in reduction of particulate emissions. 

2.2.11 Biodiesel 

In the scope of this thesis, biodiesels can be viewed as additives that may promote 

desirable fuel properties. Hence this section will consider the general use of biodiesels 

and in some cases identify specific effects on atomization, combustion, emissions and 

performance. The term ‘biodiesel’ refers to a non-petroleum-based diesel fuel consisting 

of short chain alkyl (methyl or ethyl) esters, typically made from the transesterification 

of vegetable oil or animal fats. The purpose of this process is to lower the viscosity of 
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the oil to fall within the acceptable range to be used in a diesel engine. Biodiesels have 

their own advantages and limitations over petroleum derived diesel. Blends of biodiesel 

are the most commonly used; and a fuel containing a 20% biodiesel and 80% petroleum 

diesel is labelled B20 while neat biodiesel is referred to as B100. There are numerous 

studies concluding that biodiesels can be blended with petroleum diesel in small 

proportions without causing any damage to the engine or injection system (Benjumea et 

al. 2007). Additionally biodiesel components have similar boiling points while diesel 

fuels have wide variety of hydrocarbons with varying volatilities (Szybist et al. 2007), 

this is the reason why biodiesel have a higher density while having a lower final boiling 

point (Benjumea et al. 2007).  

The injection, atomization and combustion characteristics of vegetable oils in diesel 

engines are significantly different from those of diesel fuel. In an analytical paper by 

Faria and Pinto (2005) the spray penetration is shown to decrease as the content of soy 

and castor oils is increased in the blend. The decrease is slight but noticeable. These 

findings are supported by Deshmukh et al., (2010) and Wloka et al., (2010), where the 

latter used nitrogen to obtain realistic ICP conditions up to 12 MPa. The finding is 

unusual as these biodiesels have higher density which would suggest greater momentum 

but as mentioned earlier, this could be attributable to lower injection velocity due to 

greater friction with the nozzle wall. This finding is opposed by Prescher et al., (1999) 

whose experiments showed that the spray tip penetration increased when using rape 

methyl esters (RME) due to its higher viscosity which resists atomization and also due 

to its greater density resulting in an increased droplet velocity. Further support is given 

by No., (2010) whose work on high viscosity oils (rape seed, vegetable and soybean) 

produced longer penetration lengths. The boiling point of the fuels are also expected to 

play a role at realistic engine conditions with the overall less volatile components of 

biodiesels resulting in a longer spray penetration length (Vogel et al. 2010). 

The isolated effects of viscosity on spray structure are still inconclusive but its effects 

on atomization are not. It has been concluded that reducing the viscosity is the most 

effective method for increasing the rate of atomization and this is also the case for 

biodiesels. There have been numerous papers that show an increase in SMD as the 

biodiesel blend is increased (Faria et al. 2005; Ahmed et al. 2006; Ejim et al. 2007) with 

the reason being attributable to the effect of increase in viscosity. Biodiesels that have 
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the lowest viscosity, density and surface tension values produced the smallest mean 

drop size when used as blends with particular interest being shown on coconut biodiesel 

as one of the best biodiesel fuels to use for improved atomization.  

The major concern with biodiesels is to do with engine performance. Due to their 

undesirable physical properties such as high density, viscosity and a lower calorific 

value there are related issues concerning increased fuel consumption to compensate for 

loss of power output (Lapuerta et al. 2007). It is claimed that the decrease in power is 

lower than the reduction in heating value therefore there is a power recovery when using 

biodiesel fuels. There are several reasons behind this power recovery but the main 

contributors are the lower fuel leakages in the injection pumping system and the 

advancement of the combustion process (Hu et al. 2005) due to the increase in cetane 

number of biodiesels which advances the start of combustion resulting in increased 

temperature and pressure peaks. Due to the reduced delay there is an increase in thermal 

efficiency resulting in a higher brake effective power. High lubricity of the biodiesel 

reduces the friction loss increasing the brake effective power, but it is very unlikely that 

lubricity could contribute enough to the torque and power recovery to be considered for 

improving the power output. With respect to engine speeds full load torque curves are 

flatter with a peak at lower engine speeds when using biodiesel, therefore the conclusion 

can be made that biodiesel fuels are most effective at low engine speed at full load 

conditions due to their lower heating value being compensated at low speeds but not at 

the highest engine speeds (Lapuerta et al. 2007). 

A review by Murugesan et al., (2007) reported torque to be up by 1.3% higher than that 

for conventional diesel due to complete combustion of fuel for blends up to B40 using 

karanja biodiesel. But for B60, B80 and B100 there is a 4-23% reduction in torque. The 

reasons for this are not fully substantiated but are possibly due to the higher flash points 

and kinematic viscosity. In the same test the brake specific fuel consumption (BSFC) 

increase was 0.8-7.4% for B20-B40 and 11-48% higher for B60-B100, this is a 

significant loss of power with the reason for this is due to the decrease in calorific value. 

Brake thermal efficiency was 26.79% and 29.19% for B20 and B40 compared to diesel 

(24.64%) and B60, 70 and 100 was 24.26%, 23.96%, and 22.71%. These findings 

indicate that blends should be kept fairly low to achieve maximum potential. Further 

work with karanja oil by Nagarhalli et al., (2010) on a single cylinder diesel engine used 
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for agricultural applications showed that at 20 MPa injection pressure the brake specific 

fuel consumptions was increased by 7% for B20 and 1.9% for B40 at full load 

conditions.  

To meet future emissions legislations to be implemented towards particulate matter 

necessitate the development of a better understanding of the effects of biodiesel so that 

the appropriate role can be ascertained, in light of the technologies that will be deployed 

to meet these standards. In the review by Lapuerta et al. (2007) on biodiesel 

performance and emissions there is a consensus of reports that show a reduction of 

particulate matter emissions with biodiesel blends compared to petroleum diesel. This 

decrease when using biodiesel fuel can be seen as a recurring trend with reduction of 

emissions of close to 50% for neat biodiesels. The reductions in PM emissions have 

been shown to be more efficient with lower biodiesel concentrations in the blend, for 

example with a B20 blend, there was a 20% reduction. Therefore it can be suggested 

that the most soot reduction efficiency is obtained at lower blends. There are a variety of 

reasons for the reduction of PM emissions of biodiesel; the increased oxygen content is 

one, enabling more complete combustion even in the regions of fuel rich mixture and 

the promotion of the oxidisation of the already formed soot. It was found that increasing 

the oxygen content resulted in the sharp decrease of the formation of soot precursors.  

Biodiesel is observed to impart substantial benefits to the characteristics of the soot 

that is formed during combustion. Biodiesel yields soot that is more reactive towards 

oxidation. These differences in chemical structure exhibit distinct impacts on the 

chemical reaction pathways during ignition and combustion, and govern how well 

biodiesel, as an oxygenated diesel fuel, suppresses diesel soot formation (Szybist et 

al. 2007). This is supported by Lapuerta et al., (2008) who indicated that the 

presence of the bonded oxygen and the reduction of aromatics, reduce the 

probability of soot nuclei formation in locally rich zones.  

There is a good agreement on reduction of total hydrocarbon emissions with the use 

of biodiesel. Tests carried out by the EPA (2002) reported that with a 20% soybean-

based biodiesel blend HC emissions were reduced by 21.1% with a reduction of 67% 

when using neat biodiesel. Thus similar to the PM emissions the more efficient 

reductions are observed when using the lower diesel blends. The reason behind the 

reduction in THC is proposed to be due to the increased oxygen content of 
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biodiesels which allows a more complete and cleaner combustion. This is supported 

by observations made by Zannis et al., (2004) that fuel side oxidation is more 

effective in reduction of emissions than increasing the intake of air. Another 

possibility is related to the increase in CN when using biodiesels. The reduction of 

ignition delay allows a more complete combustion.  

As expected with the increase in oxygen composition the CO emissions are reduced. 

The EPA (2002) reported a 11% reduction when using a 20% soybean biodiesel 

blend. This reduction increases to 48% when using the neat biodiesel. With this 

improved combustion the NOx trade-off occurs where emissions are seen to rise 

linearly, 2% increase with B20 blends and 10% when used neat (EPA 2002). 

In summary it appears that biodiesels work more efficiently in improving 

performance and emissions when used at blends of 20% and lower. Using a lower 

percentage blends will also make the lower calorific value to biodiesels less 

noticeable at full load conditions. Furthermore the use of low percentage blends will 

cause less damage to the injector nozzles than neat biodiesels and in many cases can 

even be used to restore the lost lubricity for diesels after that have gone through the 

desulphurization process. 

2.2.12  Conclusions on the influence of fuel properties on spray processes 

Diesel fuels in a direct injection engine require balanced values of viscosity, density and 

surface tension for a given injection system to function properly. Altering one property 

can have adverse effects to other properties resulting in unwanted knock-on effects. In 

order to optimise an engine performance and reduce exhaust emissions, it is necessary 

to investigate both the engine design parameters and the fuel properties; this has been 

carried out in this literature review. 

From the review it is suggested that the focus of this study should be on the spray 

formation and atomization as improvements in this area will affect both combustion 

performance and emissions. Additionally, by improving the atomization process 

nitrogen oxide and particulate emissions can potentially be reduced simultaneously. The 

leaner mixture will reduce soot production and with this improved atomization the 

injection can be retarded further (Han et al. 1996). The fuel properties: surface tension, 
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density, viscosity and volatility should be of particular interest as there is a lack of clear 

and up-to-date information available on the effect of these properties in modern diesel 

engines with many of the outcomes currently available being inconclusive. Research on 

other fuel properties are not suggested as the literature on sulphur content and cetane 

number is extensive. The effect of aromatics and oxygen content on emissions is also 

firmly established. 

There is sparse amount of research available on the influence of surface tension on 

atomization, however, generally it is said that liquids with high surface tension 

disintegrate into larger droplet diameters. Studies in this area show that by reducing the 

surface tension, there is better atomization resulting in increased evaporation rates and 

enhanced mixing, with shorter spray penetration and wider spray angle. Additionally the 

effect of surface tension on fuel atomization appears to be reduced in effectiveness as 

the injection pressure is increased past 60 MPa. Seeing as current diesel engines exceed 

this value this could potentially make surface tension a negligible fuel property when 

used in current diesel engines (Figure 8).  

Viscosity was found to be one of the most influential fuel properties, with reduced 

values resulting in enhanced evaporation rates caused by improved atomization. Spray 

dispersion angle is wider due to improved atomization and mixture, but the effect of 

higher viscosity on spray penetration is unclear. High viscosity fuels tend to produce an 

increase in the breakup length and narrower spray angle with deteriorated atomization 

yet there is evidence to suggest that due to increased friction from the injector nozzle 

the injection velocity is lower resulting in reduced spray penetration. There is a 

consensus between most of the reports that the reduction of viscosity should be one of 

the primary choices in fuel research for improving atomization. The drawback of low 

viscosity fuels is the possibility of damage to the injection system through excessive 

wear, and difficult start when the engine is hot. 

The density of diesel fuel can provide useful indications about its composition and 

performance-related characteristics. Increasing the fuel density was found to increase 

the spray penetration due to momentum, but this is less noticeable for higher injection 

pressures. Some of the research suggests that reducing the density results in a lower 

injection velocity but a recent publication expand onto this to suggest a increased exit 

velocity but as a consequence the jet is slowed down at a faster rate due to aerodynamic 
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instability and reduced momentum.  Overall the literature suggests a better atomization 

with reduced density but the impact is far less than that of fuel viscosity. The effect on 

emissions was found to be limited, with some researchers showing improvements to 

NOx but increased unburnt hydrocarbons due to inferior atomization and incomplete 

combustion. Reducing the density has an overall improvement on emissions but the 

change is very slight. 

It has been identified that the density, viscosity and surface tension play an important 

role in spray evolution into the combustion chamber. And in all three a temperature 

dependence of the fuel properties has been identified and shown to have a noticeable 

impact at realistic injection conditions and at high injection pressures. As a result the 

fuel temperature difference between ambient conditions and that of the fuel being 

sprayed during testing will strongly influence the Reynolds, Weber and Ohnesorge 

number, which govern the breakup and evaporation of a fuel spray. The literature 

suggests that changes in fuel temperature superimposed with variable ambient 

conditions can produce unexpected results. Thus the determination of the effects of fuel 

temperature on each of these properties would be useful in the analysis of flows. Other 

influences of temperatures is the reduction in spray angle as the temperature is increased 

(Zigan et al. 2010). 

High volatility results in more rapid vaporization in the chamber. Low volatility fuels 

can result in incomplete combustion and from engine deposits and increased smoke 

levels. In spray formation, as is expected with higher volatile components, evaporation 

occurs earlier around the nozzle and in the free spray region, while the lower 

components evaporate slowly near the piston wall surface. Therefore fuels with higher 

boiling points have greater fuel penetration. Furthermore the less volatile fuels tested in 

the literature have higher fuel viscosity and density and it is unclear whether it is these 

properties or the boiling points or even both that affect the spray behaviour.  

A start for testing of these fuel properties on atomization is the use of kerosene. With 

fuel density, surface tension and viscosity of about 6.5%, 11% and 75% less than 

conventional diesel fuel respectively, this would be a good start to visualize the effect of 

these fuel properties on spray formation and atomization. Gasoline fuel has even greater 

reduction in these fuel properties so is another alternative to test the effect of fuel 

properties in non combusting conditions, but kerosene is more desirable due to its 
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similar heating properties to diesel.  

Another source of fuels that can be used are biodiesels. The range of fuels available are 

vast with each having its own properties, hence blends with conventional diesel can 

produce a wide variety of different fuel properties. Promising biodiesels for potential 

tests are rape and jatropha methyl ester due to their similar fuel properties to 

conventional diesel and also that of coconut biodiesel due to its low values of viscosity, 

density and surface tension. Biodiesels also have little to no sulphur content allowing 

them to help meet EN590 and Euro 6 standards. The lack of aromatics results in 

reducing PM emissions but can give rise to lubricity problems, but due to its naturally 

high lubricity blend of up to 5% biodiesel are suggested to replace the lost lubricity in 

conventional low sulphur diesels. Soy bean biodiesel has been identified as an excellent 

lubricity enhancer. Furthermore it is suggested that blends remain low, typically below 

20%, to gain desirable fuel properties while not compromising performance or 

increasing engine wear.   

The investigation of fuel properties affecting atomization and spray formation will be 

carried out on a static spray rig and a rapid compression machine with the use of high 

speed photography. Most of the engine operating conditions used in the literature will 

soon be obsolete. Many of the results obtained use relatively low injection pressures, 

most below 50 MPa. New passenger diesel cars are commonly using injection pressures 

that exceed 150 MPa, and it could be inaccurate to use the knowledge gained from these 

papers for the modern car industry. Therefore experiments for this project will be run at 

a range of injection pressures up to 160 MPa and possibly exceeding this, thus coming 

closer to the conditions found in modern passenger diesel cars. 

The use of state-of-the-art optical based equipment is also a pivotal factor in the range 

of tests planned for this project as there is a concern on the accuracy of the equipment 

used in many of these papers due to their age. Even at this time with the advancements 

made in optical measurements, accuracy of results still pose a challenge. Many of the 

papers reviewed published results for unrealistic operating conditions which, when 

superimposed with the imprecise measuring equipment, could be the reason for the 

range of different conclusions obtained. 
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Fuel Properties 

Emissions Spray Formation 

Technical Notes 

Soot NOx Penetration Angle SMD 

 Density    ?  Limited effect on emissions. 

 Surface Tension ? ?  ? ? 

Conflicting conclusions drawn up on the causatum of changes in surface 

tension at high injection pressures at realistic engine conditions mean that 

the effects are still inconclusive.  

 Viscosity   ? ?  

Trade-off between reduced injection velocity and deteriorated 

atomization make the effect of viscosity unclear on spray penetration and 

cone angle. Substantial effect on SMD. 

Sulphur Content      
Additives can be used to compensate for the reduction in fuel lubricity 

but the effect of lubricity enhancers on spray formation, atomization, 

combustion and emissions need to be investigated. An alternative is the 

use of biodiesel blends at low percentages (less than 5%) to restore 

lubricity. 

Aromatic Content 
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Increase Decrease  Both trends noticed  Negligible Trend ? Little evidence found for high injection pressures 

Figure 8. Effect of fuel properties at injection pressures greater than 80 MPa

Fuel Properties Soot NOx Penetration Angle SMD Technical Notes 

Volatility ? ?  ? ? 
If the higher boiling point components behave same as the lower boiling 

point components when both the boiling point temperature is exceeded 

the volatility might have a negligible effect on sprays, this is still unclear. 

Cetane Number 

Depends 

on 

composi-

tion 

    

Higher CN results in a lower peak pressure, lower peak temperature and 

therefore reduced NOx. With the higher CN, the injection timing can be 

retarded thus resulting in a reduction in NOx with increased PM 

emissions. CN past 55 has negligible effect on performance and 

emissions. 

Oxygen Content      

Complete or near elimination of soot when fuel oxygen content reaches 

27-35%. The rise of in-cylinder temperature with increased oxygen is 

negated due to lower heating value of fuels. 

Biodiesel Blend    ?  
Blends with petroleum diesel can provide a wide variety of results due to 

the range of biodiesels available. 
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2.3 Fundamentals of diesel atomisation  

2.3.1 Background 

From the literature review on fuel properties the effects of surface tension, viscosity, 

density and lubricity are expected to play a role either directly (droplet size, ligament 

formation, breakup length) or indirectly (interaction with the nozzle wall, rate of needle 

lift) on the breakup of the diesel spray. The extents to which these properties affect 

atomization of the fuel jet at realistic diesel conditions are unclear due to the 

contradictory results from different authors and the use of large scale models in 

experiments. Tests carried out on real scale diesel injectors have provided little 

information on the initial breakup stage due to the difficulties involved in the 

experimental techniques at these regions. Hence there is almost no available 

experimental data on the effect of fuel properties on the initial breakup of diesel jets and 

as a result the secondary breakup is also inconclusive as the mechanisms behind the 

breakup of the jet are ill understood. As a result, to overcome the challenges involved in 

understanding the effects of fuel properties on the primary and secondary breakup of the 

fuel jet, an experimental technique must be developed to accurately observe the breakup 

process from the nozzle. 

The importance of the problem of spray breakup for various applications is well 

recognized and has been extensively studied experimentally and theoretically (Lefebvre 

1989; Faeth 1995; Heimgärtner et al. 2000; Dumouchel 2008; Eggers et al. 2008; 

Gorokhovski et al. 2008; Hossainpour et al. 2009; Som et al. 2010). A rigorous theory 

of spray breakup would be very complex as it would need to involve modelling of 

nozzle flow, cavitation, instabilities, the initial formation of ligaments and droplets and 

their subsequent breakup, evaporation, the entrainment of air and the effects of 

turbulence (Faeth 1995). Experimental characterization of the initial stage of diesel jet 

formation and primary breakup under realistic engine conditions is challenging due to 

the harsh environment in which they take place. This inherent complexity is 

compounded by the highly transient nature of the processes involved, along with the 

elevated velocities and the microscopic scale at which they occur. Direct visualisation 

techniques are invaluable to improve the fundamental understanding of primary breakup 
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but because of the challenges posed by the conditions under which diesel jets occur, 

simplified experiments are often used to infer breakup characteristics at normal 

operating conditions. In particular, the injection and gas pressures are often reduced, the 

injector geometry simplified, and the fuel replaced by a more convenient fluid. 

Microscopic imaging experiments of diesel sprays have been reported in the literature 

(Sjöberg et al. 1996; Lai et al. 1998; Badock et al. 1999; Heimgärtner et al. 2000; Bae et 

al. 2002), although with varying degrees in the quality of the images produced. 

Satisfactory lighting can be particularly difficult to obtain at microscopic level. High-

power short duration laser pulses may seem appropriate, but speckle patterns caused by 

the combined reflections of such monochromatic light conceal the underlying 

morphology of the spray, thus significantly degrading the quality of the resulting images 

and making their interpretation limited. Such optical artifacts can be observed in images 

recorded by Lai et al. (1998), Badock et al. (1999) and Heimgärtner & Leipertz (2000), 

for example. Speckle patterns can be avoided by using a spark light instead of a laser, 

but the duration of the spark flashes are significantly longer and lead to motion blurring, 

even at low spray velocities, unless the exposure can be accurately controlled by the 

imaging device. The relatively long and random jitter associated with the timing of the 

spark can also lead to a significant proportion of 'missed' acquisitions which, combined 

with the long recharge time of the high-voltage electronics, may significantly lengthen 

the experimental work.  

2.3.2 Breakup of the diesel jet 

The length of spray from the injector nozzle orifice to the tip of the unbroken liquid jet 

is known as the breakup length. The spray breakup length is affected by the geometry of 

the nozzle, density of the fuel, the gas it is being sprayed into and the deformation of the 

jet (Roisman et al. 2007). It is reported by Lacoste (2006) that the breakup length varied 

inversely with ambient pressure, but its reliance on injection velocity is more 

complicated resulting in a non-linear dependence.  

The literature on spray formation shows several recurring models for spray breakup in 

this region. A study by Fath et al., (1997) presents five models based on their literature 

and one new model that has been developed based on a two phase flow from their own 
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experimentation. In Figure 9a, the turbulent nature of the jet with the presence of 

cavitation causes the fuel to breakup inside the nozzle resulting in the formation of 

droplets smaller than the orifice diameter. This process occurs almost the moment the 

fuel leaves the injector. The second model seen in Figure 9b is described as a jet that 

leaves the nozzle as an intact liquid core from which droplets are formed. This model 

shows the boundary between the liquid core and the jet as almost instantaneous, where 

the state exists as either a solid jet or that of droplets. The third model (Figure 9c) is 

based on the dense core described previously except that the jet has a snakelike structure 

around which there are separate clusters of fuel. Around the dense core and clusters of 

fuel droplets are formed as for the previous model. This extended liquid core, in cases 

(b) and (c), are attributed to the constant supply of fuel (Quoc et al. 1994) and is further 

speculated that the core of the jet remains solid until the end of injection as the breakup 

cannot occur within the jet due to the lack of fuel-gas interaction.  

Figure 9d presents a spray structure based on images from a ‘sliced’ spray. In this 

schematic the liquid core breaks into long lived incomplete atomized ligaments and 

sheets around which are distributed chaotically across the spray.   

Taking these models into consideration, Fath et al., (1997) suggested a revised model 

(Figure 9e) using results obtained from Mie scattered experiments based on cavitation 

and aerodynamic interaction playing the major roles on the mechanism for atomization. 

The primary mechanism is attributed to cavitation, the effect of which is the entrainment 

of the surrounding air caused by the implosion of the bubbles at the nozzle exit. This 

‘sucking in’ of air causes bubbles to form in the core of the jet.  These bubble remain in 

the dense core and the clusters of fuel that detach from it as it moves downstream of the 

jet.  

The final model (Figure 9f) described by Smallwood and Guilder, (2000) is based on the 

second model shown by Fath et al., (1997) except in this case the core exists for a 

maximum of a ‘few orifice diameters’ rather than that of over a hundred orifice diameters  

for the previous model. By reviewing the experiments carried out to produce these models 

it can be seen that much of the spray formations described are based heavily on the 

authors’ own interpretation of results. These conclusions are prone to errors due to the 

limitations on the quality of image acquisition possible of dense sprays at the time which 

even now still cause problem with accurate identification of spray structures. 
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Figure 9. Models of spray break-up in the atomization regime based on literature (a-d) 

done by Fath et al., (1997) and (e) the revised model by the same author and (f) a later 

model described by  Smallwood and Guilder (2000). 

 

Ultimately, after disintegration of the liquid column emerging from the nozzle, the 

generated ligaments and large droplets breakup further as they move into the 

surrounding gas. The relative velocity between the droplets and the gas causes a 

surrounding non-uniform pressure to develop forcing the particles to deform, 

development of this deformation leads to breakup into smaller droplets. This process is 

known as secondary atomization (Lefebvre 1989). The forces associated with dynamic 

pressure, surface tension and viscosity are thought to control the breakup of droplets. 

(a) 

(f) 

(d) 

(b) (e) 

(c) 

(Images not to scale) 
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Depending on various engine and fuel parameters, some of the drops may continue to 

breakup even further, and some may coalesce to form larger droplets. With the 

evaporation of some droplets the vapour fuel mixes with air and, if the gas pressure and 

temperature are sufficiently elevated, autoignition will occur.  

2.3.3 Spray dynamics 

There are four main breakup regimes for sprays; the Rayleigh regime, the first wind 

induced regime, the second wind induced regime and the atomization regime (Lin et al. 

1998). The final one being applicable for high velocity sprays is the dominant model in 

diesel jets where the droplets are much less than the nozzle orifice diameter.  As raising 

the injection pressure results in an increase in injection velocity it is important to know 

how this will affect the breakup length, which plays a crucial part in the atomization and 

penetration characteristics of sprays.  

The effect of velocity on breakup length for the Rayleigh and first induced regime is 

relatively agreed upon. In this regime it is stated by Lin and Reitz (1998) that the 

penetration increases linearly at start, reaches a maximum then decreases. This is 

attributed to aerodynamics affects as the Weber number exceeds its maximum. As the 

regime approaches the atomised region there is conflicting and confusing evidence on 

the effect of the velocity increase in the breakup length.  

Three models have been described to explain the effect of velocity at the turbulent and 

atomization regimes. The first trend reports that the jet breakup length continues to 

shorten with the increase in velocity but with an exponential decay trend. The second 

and third model state that the jet breakup length reaches a minimum then starts to 

increase. The difference is that in the third model, the jet abruptly appears atomised at 

the nozzle and thus the penetration for the breakup length is zero. From the analysis of 

the conflicting evidence it would appear that differences in the FIE equipment are the 

contributing factor for the different behaviour patterns. Nozzles that promote cavitation 

have much shorter breakup lengths so it is clear that much of the study carried out on 

diesel jet breakup length are relative to the injector used.  

Continuing the analysis of the global structure of the spray, it was found that the droplet 

velocities in the relatively thin layer near the front edge of the propagating spray are 



46 

 

significantly lower than those in the steady region due to the moving spray at the 

leading edge striking the stagnant high pressure in-cylinder air (Roisman et al. 2007). 

This is supported by Koo and Martin (1990) who stated that the peak velocities are 

reduced as the axial distance from the nozzle is increased. As a result there is an 

increase in mean droplet size with axial location, and drop size distribution for the 

trailing edge section of the sprays is wider and substantially higher than their leading 

edge counterparts (Pitcher et al. 1990). 

An important difference between a steady and unsteady spray, from the point of view of 

atomization, is that larger relative velocities can be generated at the leading edge of the 

unsteady spray that cannot be sustained in a steady spray, and this leads to more 

efficient atomization in the unsteady region (Hardalupas et al. 1992). Similar to the 

leading edge, the droplet velocities on the outer edge away from the central axis of the 

spray are reduced (Koo et al. 1990). This is due to the outer edge of the spray meeting 

the high pressure stagnant ambient air. This is further supported by Roisman et al., 

(2007)  who reported that the inertia of flow in the transversal direction is assumed to be 

small in comparison with the inertia along the axial direction and is therefore generally 

neglected.  

2.3.4 Flow regimes and instabilities  

The dynamics of the spray play a dominant role in determining the stability of the jet 

and the formation of droplets, and this is given by the Reynolds number and Weber 

number, respectively.  

The Reynolds number is a dimensionless number that provides a measure of the 

ratio of inertial forces    
    to viscous forces (μVd) as seen in equation (2).  

     v

Vd
Re                         (2) 

Where, ρ
 
 is the density of the fuel, V is the exit velocity of the fuel, d the orifice 

diameter and ν the kinematic viscosity of the fuel. The Reynolds number is used to 

characterize laminar and turbulent flow regimes. The laminar flow regime occurs at 

low Reynolds numbers, where the viscous forces are dominant and is characterised 
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by a smooth, constant fluid motion. The velocity increase from the periphery of the 

jet to the centre is gradual and therefore the promotion of vortices and other 

instabilities are inhibited. At high Reynolds numbers the flow is turbulent where 

inertial forces are dominant. In turbulent flow the high velocities near the walls 

cause a velocity sink which results in recirculating flow in the pipe on the surface of 

the jet. This recirculating flow is attributed to the promotion of cavitation, 

wavegrowths and internal streamwise vortices at the outer edges of the jet. Although 

the principal motion of the fluid in the channel is downstream, due to the effects of 

turbulence there is a noticeable cross-stream motion. Therefore flows that are 

turbulent in the nozzle orifice will produce sprays that are more chaotic, promoting 

the formation of ligaments.  

The formation of droplets from ligaments is governed by the ratio of inertial and 

surface tension forces and is defined by the Weber number of the flow and the gas it 

is flowing into. This is given in equations (3) & (4).   

                                                                                                     

                                                                                                            (3) & (4) 

 

With    the density of the fuel,    the density of the gas, V the exit velocity of the 

jet, d the orifice diameter and   the surface tension of the fuel. Depending on the jet 

structure, oscillation and breakup of the jet will occur above some critical value of 

We. Below this critical value of the Weber number the surface tension forces are 

large enough to overcome the aerodynamic forces that cause the distortion of the 

diesel jet structure.  Above this value the jet will not be able to keep its shape and 

will start to disintegrate. This is known as atomization.  The result is the formation 

of ligaments or droplets with dimensions smaller than that of the original jet 

diameter. The breakup will continue to occur until the reduction of the characteristic 

length drops below the critical value (Sirignano 1999).  The Reynolds number will 

influence the critical Weber number as viscosity acts in opposition to the inertial 

forces thus will affect the breakup of the jet. This effect of viscosity is defined by 

the Ohnesorge number and is given by the ratio of viscous friction to surface tension 

as shown in equation (5). 
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With    as the dynamic viscosity.  It is stated by Linne (2009) that when the Ohnesorge 

number is high (    ) the viscosity can affect the critical Weber number. By 

determining these factors; the Reynolds number, Weber number, Ohnesorge number 

and the difference in density of the fuel and gas can be semi-empirically correlated to 

calculate the breakup length, spray cone angle and droplet size (Linne et al. 2009).  

Instability of flows and their transition from laminar to turbulent phase are widespread 

phenomenon. To fully appreciate the impact of changes in fuel properties on flow 

coming from the injector nozzle requires a clear understanding of the hydrodynamic 

stability of sprays. Hydrodynamic stability is an important part of fluid mechanics as 

unstable flows often evolve into turbulent flows where there are chaotic velocity 

profiles. For work carried out on liquid jets exiting a nozzle, two forms of instabilities 

are of particular interest: The Kelvin-Helmholtz and the Rayleigh-Taylor instability. 

The Kelvin-Helmholtz instability can occur when a velocity shear is present between 

the interfaces of two fluids. This instability can be visualised in nature such as the 

wind travelling over clouds causing wave like structures to appear. Thus it is  

presumed that the same interactions should occur at the microscopic level when 

working with sprays in a diesel engine. The Kevin Helmholtz instability can be 

represented in a simple model of two fluids, differing in density by 2%, flowing in a 

tilted tank (Figure 10).  As the tank is tilted the heavier fluid moves causing the lighter 

fluid above to move in the opposite direction. This causes a velocity shear at the 

interface of the two fluids. When there is a sufficient velocity difference across the 

interface between two fluids the Kelvin-Helmholtz instability can occur. This 

manifests itself as waves generated at the surface and can be used to predict the onset 

of turbulent flow. This is illustrated in  where the shearing causes instabilities to form. 

In this figure, a model of a wind tunnel with a fluid mixture has been demonstrated 

(Mollo-Christensen 1988). Here it can be seen that air flowing over a glycerine/water 

mixture can cause waves to grow as it travels downstream when a critical velocity is 

reached. Thus a steady flow can become unstable for certain range of flow parameters. 

(5) 
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The instability takes its energy from the mean flow or externally supplied heat. The 

mechanism can be thought of as a frequency amplifier whose characteristics are 

governed by flow parameters.  

 

 

 

 

 

   

 

 

 

 

Figure 10: Helmholtz instability in a tank containing two fluids. Image of shearing at 

liquid surface obtained from Mollo-Christensen (1988) 

 

In diesel jets the Kelvin-Helmholtz instability is expected to take the form of 

wavegrowths at the jet surface. The waves with the highest growth rates are expected 

to be sheared off and form new droplets (Hossainpour et al. 2009). Another method of 

droplet formation is by the effects of surface tension pinching. This is better known as 

the Rayleigh Taylor instability. In the Kelvin Helmholtz Rayleigh-Taylor model  

described by Hossainpour and Binesh (2009) the aerodynamic forces acting on a 

relatively large drop causes it to flatten into the shape of a liquid sheet. The 

decelerating sheet then breaks into large scale fragments by means of the Rayleigh-

Taylor instability after which shorter wavelengths originate at the end of the new 

fragments. The process is then repeated and the fragments breakup into micrometer-

size drops. 

   Original in Colour 
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2.3.5 Vortices and their effect on ligament and droplet formation       

As ligaments are formed due to instabilities it is important to understand the processes 

involved in the build up to this situation and the latter process of the breakup of the 

ligament into droplets. Firstly, soon after the injection of the fuel into the ambient air 

the shearing interaction between the leading edge and the stagnant air causes the lateral 

liquid spread (Figure 11a). As more and more fuel is entrained to the centre of the jet 

the flow is circulated around the leading edge and this causes the fuel to peel back due 

to the initial lateral flattening of the leading edge. This recirculating flow causes 

shearing with the ambient air resulting in the formation of vortices in between the tip 

edge and the liquid core as seen in Figure 11b. Simulations carried out by Shinjo and 

Umemura (2010) show that the inner part of the vortex ring (near the core) is flowing 

faster than the outer part thus the formation of ligaments due to shearing is prominent at 

the liquid core near the location of the vortex. Even though the vortex ring is weaker at 

the tip of the jet it is strong enough to break apart the thin layer into a bag like breakup 

which breaks up further into ligaments and then droplets (Figure 11c). The breakup at 

the tip occurs earlier than that of the liquid core surface. Additionally most of the 

droplets formed from the jet surface have the axial velocity similar to that of the jet 

stream thus it will not propagate upstream. 

 

 

 

 

 

 

                

 

 

Figure 11. Spray formation of the diesel jet including the formation of vortices, 

ligaments and droplets. 

[a] 

[e] 

[d] 
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As the events responsible for the formation of ligament have been identified, the next 

step is to understand how the ligaments breakup into droplets. As the ligament moves 

into the ambient air with the velocity supplied from the jet, the tip strikes the ambient 

gas and wave propagation occur on the surface of the fuel ligaments. This wave 

propagation causes a neck to develop on the ligament which starts to destabilise. As this 

is occurring, fuel is entrained to this newly forming head exacerbating the 

destabilisation until eventually, due to surface tension pinching the neck, the head 

breaks off the ligament. This is the formation of a droplet. Thus it is clear that the radius 

of ligaments govern the main droplet sizes in a diesel jet. These newly formed droplets 

are caught in the vortices which are then dispersed into different directions. The two 

important routes these droplets take are the one sent upstream that have broken up from 

the rear of the cap (Figure 11d) and more importantly the one that collide with the 

surface of the jet (Figure 11e) which can cause the formation of new ligaments (Shinjo 

et al. 2010). It is also important to note that some of the droplets formed from the core 

can collide with the the jet tip which promote atomisation. 

The axisymmetric vortices are also expected to play a major role on the change in 

ambient gas velocity that is in contact with it. Shinjo and Umemura (2010) suggest that 

the velocity is faster than the moving jet as a result the relative velocity of the ambient 

gas to the liquid jet is directed downstream. This claim is extremely difficult to prove 

experimentally while keeping realistic conditions as this region is expected to lie within 

the cap of the jet.  

Finally when this axisymmetric vortex starts to collapse, the velocity field behind the 

leading edge of the jet becomes highly disturbed and as the jet penetrates further this 

region of disturbed air becomes greater but the due to the continual energy supplied 

from the nozzle to the jet the instabilities continue to move further downstream relative 

to the nozzle. Additionally it is important to note that the break up dissipates as it moves 

upstream so the ligament growth becomes shorter at the end of the ligament formation 

zone near the nozzle. Thus it is stated by Shinjo and Umemura (2010) that the ligament 

formation cannot be determined by the convective growth from the nozzle because the 

convective distance is not fixed.  

An experimental test carried out using an ultrafast x-ray imaging technique (Moon et al. 

2010) revealed that the breakup is promoted from the nozzle in the form of helical wave 
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structures due to the existence of rotational flow inside the nozzle. These structures 

appear similar to wave structures of uniform rotating viscous liquid jets formed in a 

rotating tube. This was present in sac-type two-hole injectors but not for a single-hole 

example. Thus the rotational flow has been attributed to vortices caused in the nozzle 

due to the separate flows. As the injection pressure is increased these internal waves 

become turbulent and upon reaching an injection pressure of 100 MPa these swirling 

waves have broken down to finer scale turbulences which starts closer to the nozzle. It 

was found that this transition coincided with a reduced cycle to cycle variation of the 

spray.  

In summary, for multi-hole nozzles there is evidence from the literature that the breakup 

of the jet can occur from both the nozzle through internal turbulence and from the 

leading edge as it strikes the stagnant air. The breakup is promoted as the injection 

pressure is raised and if this is true the jet is expected to breakup from both shearing at 

the surface and through internal turbulences simultaneously, resulting in improved 

atomization. 
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3 DESIGN AND SETUP OF THE EXPERIMENT 

This chapter covers the two test cells employed in the experiments used to analyse the 

diesel fuel sprays. Capabilities and limitations of both are described. Following this the 

long range microscope to be used for this experimental study will be introduced and its 

capabilities and limitations tested through a calibration exercise. 

3.1 Test rigs 

3.1.1 Proteus rapid compression machine 

The Proteus, a reciprocating rapid compression machine (RCM) based around a Ricardo 

Proteus single cylinder engine converted to liner ported, 2 stroke cycle operation can be 

seen in Figure 12. This 2.2L displacement RCM has a bore and stroke of 135 mm and 

150 mm respectively. The removal of the valve train allowed the fitting of an optical 

chamber of 80 mm in height and 50 mm diameter into the cylinder head. The optical 

access to the combustion chamber was provided by three removable sapphire glass 

windows.  

The optical chamber was designed to obtain near quiescent conditions, with a maximum 

predicted air velocity of 1 m.s
-1

. This was validated with the use of Ricardo VECTIS 

CFD code. The software was also used to optimise the airflow to achieve efficient 

scavenging. This means that the effects of the air motion on the spray development 

would be negligible. Thus spray development can be viewed based on the injection 

parameters and fuel properties. 

Due to the increased volume of the combustion chamber the compression ratio was 

reduced to 9:1. To simulate a real diesel engine with a compression ratio of 19:1, the 

intake air was conditioned to give in-cylinder pressures up to 8 MPa. For the test points 

covered, the temperatures at 4, 6 and 8 MPa in-cylinder pressures were measured at 

472K, 482K and 485K, respectively. For the present experiments the peak in-cylinder 

temperature was intentionally kept low in order to inhibit autoignition. Prior to motoring 

the RCM, the cylinder head was heated by a water jacket to 85°C and immersion 

heaters heated the oil to 40°C.  
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Figure 12. CAD model of the Proteus rapid compression machine 

 

The RCM was motored by a dynamometer which operated at 3000 rpm, with a 

reduction of 6:1, corresponding to an engine operating speed of 500 rpm. 

Thermocouples were used to monitor the temperature of the oil, coolant, fuel (in the low 

pressure line) and intake air. Kistler pressure transducers were installed to the high 

pressure fuel line, combustion chamber and the intake and exhaust ports to measure the 

injection pressure, in-cylinder pressure and the boost respectively. The Kistler for the 

high pressure line was designed to monitor up to 300 MPa rail pressure which was 

regularly calibrated. In addition to the improved control of running conditions, this 

ensured the operating conditions remained stable for the duration of the recordings. A 

detailed description of the Proteus including schematics of the test bed can be found in 

the theses by Crua (2002), Demory (2007) and Karimi (2007). 

In addition to the realistic conditions the chamber’s dimensions allow the spray 

travelling in the downwards direction to develop fully in the chamber without any wall 

impingement. CAD drawings of the window and its holder is presented in Figure 13 and 

the assembly of the window onto the optical chamber in Figure 14. The window is 

Window 

Exhaust port 

Air inlet ports   

Piston 

Optical chamber 

Injector 
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sealed to the holder using a silicon based resin. The resin was placed in a vacuum 

chamber prior to application to remove all air bubbles from it. A rubber ‘O’ ring is 

located at the base of the extended part of the holder and an annealed copper gasket is 

placed between the holder and the chamber. This rigorous setup for the sealing of the 

optical chamber performed adequately for all test conditions. The idea behind the design 

is that the windows are easily removable for either cleaning or replacement.  

 

             

Figure 13. Proteus window and holder 

 

Figure 14. Proteus window assembly 

   Original in Colour 



56 

 

One of the place holders for the windows is used as the entry point for a blank with a 

Delphi 1.3 injector adaptor. This places the diesel injector horizontally into the 

combustion chamber as shown in Figure 15. With the geometry of the needle design the 

spray will be coming out of the injector at angle of 13 degrees from the vertical plane. 

 

 

 

 

 

 

 

Figure 15. Delphi 1.3 VCO 7-hole diesel injector fastened into holder which is inserted 

into a window space similary to the proteus window assembly. 

3.1.2 Static spray rig 

The static spray rig is constructed to operate at atmospheric conditions and can be seen 

in Figure 16. The optical chamber is constructed with an aluminium frame which holds 

into place 3 glass panes One of the walls has a fitting for the same optical blank as that 

of the Proteus to house the diesel injector. The fuel is scavenged through an exhaust 

port based at the bottom of the chamber. The air is supplied through the inlet pipe which 

transports the air to the top of the chamber which then blows down onto the windows. 

The test rig is sealed using four bolts that fasten the cast iron cap onto the chamber. The 

injection capabilities are the same as that of the Proteus RCM.  

Experiments carried out for acquiring images of sprays on this test rig is valuable for 

analysis of fuel properties as any differences that are observed at this operating 

condition should also promote the behaviour in more realistic states. Furthermore the 

static rig can be used in developing optical techniques off the rapid compression 

machine which can be easier due to its larger optical chamber size resulting in a lesser 

extent of window fouling. This substantially increases productivity time as window 
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fouling is a considerable concern especially at atmospheric conditions where the spray 

penetration is not restricted due to the lack of high pressure and high density gases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Static spray rig 

 

3.2 Window fouling 

For optical study of spray using Mie or shadowgraph studies as employed in this 

experiment the line of sight of the spray must be unobstructed. Thus the windows must 

remain completely clear. This becomes a greater concern especially when working at a 

microscopic scale as a single drop of fuel on the window in the line of sight of the 

microscope will render an image unusable. To help reduce window fouling in the 

Proteus a skip firing process was applied which improved the scavenging of the 

chamber. A hidden benefit of skip firing is the optimisation of the laser pulse energy 

which is described in detail by Demory (2007).  

Injector holder and 

injector inserted and 

bolted through side. 
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To prevent fouling in the static spray rig a detachable plate was placed inside the 

chamber which would prevent the fuel from sprays 1 and 2 impinging onto the window 

(Figure 17). This reduced window fouling considerably.  

 

 

 

 

  

 

 

 

 

 

Figure 17. Adapter placement for reduction of window fouling 

 

A more complex adapter was originally designed and manufactured to be attached to 

the nozzle to tackle this problem at the source. Due to the small size of the nozzle 

this cap was constructed in two parts as shown in Figure 18. The upper section was 

designed to simply catch the top four sprays. The lower half was more complex as 

this had to deflect the third and fifth spray while allowing an uninterrupted view of 

the primary spray. To match these criteria the lower part followed the profile of the 

nozzle to prevent leakage and the metal was dug to leave the lower nozzle free.  Two 

holes were added to evacuate the fuel sprayed into the cap and to allow air entering 

to keep it at atmospheric pressure. As expected the adaptor allowed only one hole to 

spray in the chamber, which permitted a better visualisation of the spray. It also 

almost completely prevented window fouling but it was observed that the adaptor 

caused a slight leak at the contact with the nozzle which was found to influence the 

primary spray. As such the design was rejected but with a little more work on 
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sealing the leak this adapter will prove to be an effective tool in combating the 

problem of window fouling.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. CAD cross section view of the adapter placed over the injector nozzle 

3.3 Fuel injection equipment 

The fuel was delivered by a Delphi common-rail system, comprising a DFP-3 high-

pressure pump rated at 200 MPa, and a seven-hole DFI-1.3 injector with a VCO type 

nozzle. The high-pressure rail and the delivery pipe were both instrumented with 

pressure transducers. The rail pressure, timing and duration of the injection were 

independently controlled by a custom-built fuel injection controller. The nozzle's 

orifices were cylindrical with a diameter of 135 μm and a length/diameter ratio of 8. 

The nozzle had an equivalent cone angle of 154°, and the injector was mounted 

horizontally relative to the cameras. This injector was extensively characterised on a 

macroscopic scale by high-speed video and laser diagnostics (Karimi 2007). Since all 
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images were captured before the end of the injection event, it wasn’t necessary to 

control the total mass of injected fuel. Instead, an injector trigger pulse with a fixed 

duration of 550 μs was used for all conditions.  

Macroscopic analysis of the ULSD diesel sprays show that the 7-hole Delphi injector 

used in the tests for this thesis has almost no noticeable cycle to cycle variability. This 

point’s towards the inhibition of string cavitation. Evidence of this can be seen in Figure 

19 where all seven sprays have the same penetration which means that the needle lift is 

uniform (for this scale) for all holes. The effect of cavitation in the nozzle cannot be 

observed at the macroscopic scale but as the Delphi Euro 4 injectors are designed to 

improve repeatability and with the narrow spray profile seen here it can be presumed 

that cavitation at the nozzle will not play a significant role on the variability of the 

diesel jet. Furthermore, for comparison of fuel properties, by omitting any noticeable 

fluctuations in the repeatability of the macroscopic scale, any changes on breakup of jets 

due to fuel properties will be easier to determine.   

 

 

 

 

 

 

 

 

 

Figure 19. Macroscopic images from a 7-hole Delphi diesel injector. 

Injection pressure: 40 MPa. Ambient pressure: 0.1 MPa. 

 

Comparing this injector to that of a 6-hole Euro 3 version (Figure 20), cycle to cycle 

variation is immediately identifiable in the form of the fluctuating two opposing wide 
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cone angle sprays and the retarded injection of the north and south-west spray from 

Figure 20a&b respectively. These behaviours are almost visible in every cycle but with 

the trends moving from one orifice to the other. Similar, but less extreme, behaviour is 

observed in tests carried out by Wloka et al., (2010) for a sac-type 6-hole common rail 

injector. Zigan et al. (2010) observed similar fluctuations on a three hole gasoline 

injector and attributed the behaviour to string cavitation leading to vapour patterns 

which are swapping within the nozzle bore from one side to the other. Gavaises et al., 

(2009) described string cavitation as occuring primarily in adjacent holes but this may 

not be the case here. This is possibly attributed to the sac-type injector used. To take 

this into further account Gavaises et al., (2009) stated that a VCO nozzle should inhibit 

string cavitation due to the absence of the sac volume. Thus even though the spray 

formation visually appears to be string cavitation it could equally be due to transversal 

needle motion resulting in restriction of one or several of nozzle holes.  In either case it 

is difficult to prove unless working with realistic scale transparent nozzles.  

 

 

Figure 20. Macroscopic images from a 6-hole, VCO, Euro 3 injector.                  

Injection pressure: 40 MPa, ambient pressure: 0.1 MPa. 

 

More interestingly a microscopic investigation reveals the structure of these jets. As can 

be seen from Figure 21, in the case of a cavitating flow, the jet exiting from the orifice 

has a large dispersion angle with breakup starting within half a millimetre from the 

[a] [b] 
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nozzle. The spray appears to be formed of intertwined ligaments upon exit. From the 

results it is concluded that the 7-hole Delphi Euro 4 injector would be the ideal choice 

for understanding the effect of fuel properties on spray formation due to the consistent 

cycle to cycle behaviour of the sprays.   

 

 

 

 

 

 

 

Figure 21. Microscopic shadowgraph image of diesel jet near the nozzle for the Delphi 

Euro 3 injector 

3.4 K2 infinity lens 

The K2 long distance microscope series, according to its manufacturers, offers the finest 

imagery of all long distance microscopes (Infinity 2009). Its long focal length allowed 

the visualization of diesel sprays without influencing their behaviour. Its internal 

focusing system provides spherical and chromatic correction. Extension tubes were 

placed between the lens and the CCD camera to increase the magnification. A side 

effect of this is a substantial reduction in the depth of field of the images observed.  

A range of different methods of lighting were used in an effort to obtain sharp and 

artefact free images. In addition to observing the diesel spray, images of droplets from a 

pharmaceutical nebuliser were captured. This device is designed to produces a cloud of 

water droplets of diameter ranging from 3 to 6 μm (Lacoste 2006). The reason for this 

was to identify the most effective method of lighting to be applied to the diesel spray for 

droplet sizing as this would save time due to not having to deal with the fouling of the 

windows. Another reason for using the nebuliser was that the images are easier to 

analyse and therefore focusing on choosing the best lighting would be easier.   
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The K2 microscope was placed on a movable beam with three degrees of freedom. 

The lens was positioned adjacent to the optical chamber. This manoeuvrability 

allowed the working range to be found with little trouble when modifying the 

magnification. Tests were carried out at times with and without an image intensifier 

where required due to availability of light. In addition to this a comparator is located 

on the beam so that the distance travelled on the horizontal plane can be controlled 

with respect to the spray. This saved time when obtaining results from different 

locations in the spray.  

3.5 Calibration tests 

The first phase of testing required the determination of the potential of the long range 

microscope in terms of resolution and sharpness of the images that can be taken. To 

achieve this, a stage micrometer and dot calibration target were acquired. These can 

be seen in Figure 22. 

 

Figure 22. Micro line and dot calibration target (left) and the stage micrometer (right) 

 

The stage micrometer used had a hundred step increments at 10 μs intervals. This was 

placed in the focal plane of the microscope as shown in Figure 23 where it is lit up 

and the long range microscope is used to take an image of the micrometer. Once this 

image was obtained the number of pixels was counted. This allowed the determination 

of the image scale factor.  
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Figure 23. Experiment set-up for resolution and sharpness determination 

 

The micrometer was then displaced and refocused at 1 mm intervals. This was achieved 

by mounting a movable clamp that held onto the micrometer.  The fore and aft motion 

was controlled by means of a fine threaded adjustment screw. A dial gauge arrangement 

that allowed measurement of the focal length was also fitted. This was done to 

accurately measure the displacement. This provided information on the effect of image 

distance on the resolution. The results for these tests are presented in Figure 24.  

There is a noticeable difference in resolution with change in working distance of the 

long range microscope. It can be seen that bringing the target 10 mm closer to the LRM 

results in a linear increase in resolution from just under 0.7 μm/pixel at the injector tip 

to just over 0.61 μm/pixel. When measuring droplet sizes or spray velocities this can 

result in an error of over 10% if this factor is not taken into consideration. Therefore 

after testing of fuels the stage micrometer must be placed back into the chamber and 

brought into focus without touching the LRM. This will give an accurate measurement 

analysis of the sprays. Additionally the working distance should be recorded to allow 

repetition for further testing in the future. This change in resolution with working 

distance cannot be exploited further as the LRM has a minimum working range. 

Long range microscope 

CCD camera 

Fibre optic lights 

Sapphire glass window 

Stage micrometer/ 
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Figure 24. Relationship between target distance and resolution 

 

The next experiment carried out was to determine the sharpness of the droplets. For this 

the line and dot calibration target was used. The micro line and dot standard is designed 

to calibrate imaging devices performing critical measurements. The pattern features 

known dot and line sizes between 2µm and 100µm. The tests on the dot calibration 

target involved finding the smallest identifiable dot and then compare the size obtained 

from the image against the actual drop size to determine the diffraction limit. This limit 

is the smallest object an optical system can produce with an angular resolution as good 

as the microscope. This is characterised by the airy disc, which is the best focused spot 

of light that the lens can make. Important factors include the wavelength of the light 

(where shorter wavelengths allow a smaller limit) and the index of refraction (where a 

larger value allows a smaller limit). In the experiment it was found that determining 

dots smaller than 6 μm was not practical as it was difficult to differentiate between the 

dots on the calibration target and dust particles (Figure 25).  It was opted to use the lines 

to determine the sharpness of the CCD camera at 3 µm, 4 µm and 5 µm.  

The results from the dot and line target calibration raised a large issue with droplet size 

determination. From the images of the droplets there was a problem with the sharpness 

of the images rendering dots of 10 μm or smaller hard to identify with accuracy. The 

3 μm line has a thickness of up 20 pixels which presents a drop/line size of 13.6 μm. 

0.60 

0.64 

0.68 

0.72 

0 2 4 6 8 10 

Si
ze

 o
f 

p
ix

el
 (
μ

m
/p

ix
) 

Distance from injector on horizontal face (mm) 

The effect of distance on image resolution 



66 

 

This kind of error is unacceptable where change in droplet sizes could be as little as 

10% between the three fuels. The 4 and 5 μm lines are also 20 pixels wide. With 

estimated droplet sizes of spray at 100 MPa injection pressure of  3-7 μm obtained from 

PDA results by Lacoste (2006) 30 mm down from the injector nozzle drop size 

determination would potentially be inaccurate. This problem was partially solved during 

the post processing of the images where the threshold applied removed much of the 

error by selecting from the gradient image a local minimum value of any pixel. As the 

lower sized droplets are fainter on the edges this returned a smaller value of the drop 

size. 

 

 

 

 

 

 

 

 

Figure 25. Droplet Size Determination Using the Dot and Line Target 

 

The next step was to determine the depth of field of the microscope and thus determine 

the effects of out of focus droplets. This involved taking multiple shots of the same dot 

while displacing the target without adjustments being made to the focus. The dot 

calibration target was originally placed 3 mm in front of the injector tip with step 

increments of 0.05 mm up to 0.60 mm in both the fore and aft direction. The images 

from the test can be seen in Figure 26.  

From the analysis of the out of focus dot with aft and fore motion it can be seen that 

after 0.6 mm displacement the dot almost disappears. With motion directed closer to the 

long range microscope, the dot falls out of focus sooner. This is attributed to both the 

change in resolution and also that the dot is moving close to the limits of the minimum 

 100m  75m    50m    25m    10m      9m  

  8m      7m     6m      5m      4m        3m
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working range of the LRM. The depth of field of an image is calculated to be 500 μm 

and is illustrated in Figure 27. With a depth of field of this scale a dense spray 

containing droplets of 5 μm diameter can at one time possible have up to 100 droplets 

overlapping each other in a single given image. Even with a few droplets overlapping 

the image would be immeasurable or in the worse scenario, the image become 

diffraction limited, and the overlapping of droplets is unnoticed and an error is made in 

the droplet size measurement. Thus it is important for the script used to be able to omit 

results of overlapping droplets. 

From the calibration testing carried out it can be concluded that the determination of 

drop sizes in dense sprays will be difficult due to lack of penetration of light through the 

spray and furthermore the overlapping of droplets will be unavoidable and the lack of 

sharpness will compound the problem of accurate drop sizing. Therefore the work 

carried out on drop sizing is focused on the periphery of the spray where there will be 

more lighting available. 

 

            

            

            

            

Figure 26. Effect of fore and aft motion on the focus of a 25 μm dot. Each image has a 

displacement of 50m. 
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Figure 27. 3D representation of the change in focus with fore and aft motion. 

3.6 Fuels samples 

The three fuels initially tested were an ultra low sulphur diesel (ULSD), high lubricity 

diesel fuel (HLDF) and kerosene. These fuels were selected as the kerosene has 

completely different properties to diesel and such would allow differences to be spotted 

if a correct technique is used while the lubricity additive would push the limits on any 

techniques applied as differences to be noticed are expected to be extremely small. The 

relevant fuel properties can be seen in Table 2. After the development stage of the 

techniques the list was extended to include Swedish class 1 diesel and a biodiesel (Rape 

Methyl Ester).  

 

Table 2: Fuel properties 

Fuel type ID Test  Units ULSD HLDF Kerosene S. Class 1 RME 

Density at 15
o
C Kg.m

-3
 834.4 836.4  803.4 815.3 882.8 

Viscosity at 40
o
C mm

2
.s

-1
 3.26 3.248 1.199 1.926 4.43 

Lubricity microns 500 329 710 262 180 

Surface Tension Dynes.cm
-1

 29.8 29.7 27.7 29.2 33.2 

   

 

  

  

   

    Focal plane  

    Depth of field 

    Unfocused 

   Original in Colour 
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3.7 Validation of optical techniques for microscopic investigation 

3.7.1 Introduction 

Due to the inaccurate representation of the SMD obtained from LIF measurements and 

the slow acquisition rate of PDA, an alternative technique for measuring diesel droplet 

sizes would be beneficial. One of the methods for determining droplet size is to visually 

measure it. This can be achieved by using long range microscopy with a working 

distance greater than that of ordinary microscopes. Sjöberg et al., (1996) used such a 

technique at a distance of 230 mm to visualise a magnified image of diesel sprays. At 

the time of this paper’s publication it was stated that no microscope had been employed 

in similar research further than 20 mm. The setup employed a backlighting method via a 

flash gun with a pulse time of 120 ns. The images obtained were able to resolve a 

minimum of droplet size of 5 μm.  In the same paper it is noted that the factors affecting 

this accuracy of results obtained from the microscope are identified as the light 

economy, magnification limits, droplet velocity (causes elongation) and computer 

induced errors. 

Most papers opt for backlighting over side illumination (Sjöberg et al. 1996; Kashdan et 

al. 2007). This conventional method used for normal microscopy allows the droplets to 

appear sharper in contrast with the background. This is optimal in non-dense sprays 

where the flow of light is undisturbed. As the current Proteus test rig works with both 

side and back-lit illumination and with dense sprays, the type of lighting and its 

arrangement will play a significant part in accurate image analysis. Of particular interest 

is the issue of speckling when using laser lighting. In a paper by Kashdan et al. (2007) 

this has been solved by use of  two opal glass diffusing lenses. The aperture has been 

left fully open in order to compensate for the light transmission losses through the 

diffusing lenses. The only concern is that there is no further information on the type of 

diffusing optics used. Furthermore the experimental conditions are different to that of a 

diesel engine with 1 MPa injection pressure resulting in lower droplet velocities and 

with measurable droplet diameters of 8 – 88 μm the droplets are far larger than that of 

diesel sprays. This experiment used backlighting and it is unclear whether the speckling 

reduction technique used for this experiment would work with side lighting.  
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As the LRM can be used to view droplets and spray development in close detail at high 

magnifications there is a possibility to identify the effects of fuel properties on 

cavitation by observing the spray at the nozle orifice. Fath et al., (1997) showed that 

cavitation has a significant effect on fuel atomization as the implosion of bubbles near 

the nozzle exit increases the interaction between the liquid and the surrounding gas. The 

experiment involved the use of a single-hole injector at 15 MPa injection pressure with 

a side laser sheet illumination and the images being recorded using a long range 

microscope. The location of interest was the area 1 mm down and 0.6 mm across from 

the nozzle exit in the direction of the spray and the images were taken within the first 

1ms after the start of injection. Intensity gradients present a two phase flow with 

bubbles shown inside the nozzle, and bubbles appearing inside the liquid core with 

ligaments broking from the core within which bubbles can be seen. This model 

indicates that both aerodynamics and cavitation have a large influence on the spray 

structure. This finding is supported by Soteriou et al., (1995) whose results showed that 

cavitation is beneficial but only up until hydraulic flip occurs. This occurs when 

cavitation triggers the separation of the liquid spray from the nozzle wall due to 

entrainment of high pressure air from the chamber. When this happens cavitation 

disappears and atomization becomes severely deteriorated.  

The problem associated with observing sprays close to the nozzle is that the spray is 

extremely dense. This causes difficulty in illuminating the inside of jet which has led 

researchers to develop unique techniques to overcome this issue. One such technique 

has been presented by Charalampous et al.,(2007) on an air-blast atomizer. In this 

experiment a laser beam access is placed through the centre of the injector with the 

beam being released inside of the nozzle. Furthermore a laser dye is added to allow the 

laser to propagate through the liquid for around 150 mm thus acting as an ‘optical fibre’ 

that transmits the light until the breakup of the jet. This experiment is not under diesel 

engine conditions but is an interesting method of overcoming the light scattering 

problem. In addition to the non diesel conditions the application of placing a laser beam 

through the injector nozzle in diesel injector would be difficult.  

Finally the amount of light available to the spray will decide whether the image can be 

frozen in a frame. With adequate lighting a shorter exposure time can be used allowing 

for the capturing of high velocity droplets. At 160 MPa injection pressure and 4 MPa in-
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cylinder pressure the axial droplet velocity at the tip of the spray, between 1 and 5 ms 

after start of injection, was measured to be between 20 to 100 m.s
-1

 (Lacoste 2006). 

Thus with a pixel resolution of 1.5 μm the exposure time would have to be 15 ns or less. 

This requirement is covered by the FWHM of the Nd:YAG laser pulse.  

The following sections focus on the different lighting techniques used and how each 

selection evolved onto the next set-up with particular attention paid to the limitations of 

each.  

3.7.2 Hydrargyrum medium-arc iodide (HMI) and fibre optics set-up 

The application of flood lights is a common technique used in high-speed photography 

for capturing a series of macroscopic images of a diesel spray to construct a video 

showing its evolution from the nozzle (Crua 2002; Lacoste 2006; Karimi 2007).  

The set-up for this experiment can be seen in Figure 28. A CCD camera with an image 

intensifier is placed adjacent to the spray and two hydrargyrum medium-arc iodide 

(HMI) flood lights are set 90 degrees to camera. The illumination is increased with the 

use of two fibre optic lights which are directed through the front window. 

 

  

 

 

 

 

 

 

 

 

Figure 28. HMI side lighting and fibre optics front lighting. 
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The first test was carried used the CF1 lens (x2.3 magnification to view the spray 

located 24 mm down from the injector tip at 4 MPa in-cylinder pressure, 50 MPa 

injection pressure with a 550 μs injection duration. The exposure time of the image 

intensifier was set at 2 μs. The purpose was to determine if droplets could be 

observed. It was found that due to the velocity of the spray it was not possible to view 

ligaments or droplets due to the lack of light available to obtain image that was free of 

motion blurring. Furthermore the diffused lighting increased background noise, 

resulting in difficulty with the focusing of the camera. To tackle this problem a 

focusing convex lens was placed in front of the HMI lights so that its focal point 

overlapped the spray. This provided no significant noticeable increase and was thus 

rejected for further testing. As this was the case there was no need to attempt to use 

the higher magnification CF3 lens with the HMI configuration as the problems would 

become exacerbated.  

The next step was to validate the technique on visualisation of the primary breakup of 

the diesel jet. To achieve this, the camera was focused onto the nozzle orifice to view 

the first millimetre of the diesel jet. Using the CF3 objective tests points were selected 

at injection pressures of 40, 100 and 160 MPa at non-evaporative conditions. The 

results can be seen in Figure 29. 

 

 

Figure 29. Diesel sprays at (a) 40 MPa, (b) 100 MPa and (c) 160 MPa.                      

ICP:  0.1 MPa in all cases. Scale: 1.5 μm/pixel. 

 

It can be noticed that even with a camera exposure time far greater than the minimum 

exposure time required to freeze the spray there is not enough light available to clearly 

(a) (b) (c) 
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see the spray. The only observations that can be made is that increasing the injection 

pressure from 40 to 100 MPa results in a narrowing of the cone angle after which 

there is little differences observed. Thus an alternative lighting method will be 

required to utilise the LRM to its maximum potential. 

3.7.3 Nd:YAG laser set-up 

The use of laser based lighting techniques is potentially the most commonly found 

form of lighting for imaging of fast moving diesel sprays. Due to the limitations of the 

frame speed acquisition being based on the frequency of the laser it is regularly used 

only for still imaging or for particle image velocimetry in the case of double pulsed 

lasers. Several different types of lasers have been applied for microscopic 

investigation of sprays. The Nd:YAG (Kashdan et al. 2007), copper-vapour laser (Lai 

et al. 1998) and a helium-neon (Sjöberg et al. 1996) are a few examples of lasers used 

in the literature. For this experiment the Nd:YAG has been selected as it has  two 

major benefits; a high energy pulse over a short exposure time (~8ns FWHM).  

Two different equipment set-up methods for the Nd:YAG laser were implemented. 

The first arrangement, as can be seen in Figure 30, used sheet forming optics to 

produce a laser sheet that illuminated the central plane of the liquid spray. The iris 

was located in front of the sheet forming optics to reduce the back reflection of laser 

light. The second arrangement which can be seen in Figure 31 replaces the sheet 

forming optics with two lenses. The first convex lens focuses the beam to a point 

which goes through a rectangular plano-concave lens to converge the light to the point 

of interest. This produces a shorter sheet with a higher energy density. The laser light 

was then focused to the area of the spray to be investigated. The distance between the 

two lenses and the chamber had to be adjusted so the correct focal length was 

obtained. It was important to ensure that the focal point would not be inside the 

window or any of the lenses as the amount of energy over a small area would result in 

damage to that piece of equipment.  
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Figure 30. Laser lighting using sheet forming optics 

 

 

 

 

 

 

 

 

 

 

 

Figure 31. Laser lighting using a converging lens and a sheet forming lens 
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To carry on with the investigation close to the nozzle, the laser arrangement with a sheet 

forming optics was decided to be the more practical method as there would be too much 

reflection from the nozzle tip to use the focused laser arrangement. Tests points for the 

fuel were at 40, 100 and 160 MPa injection pressure into atmospheric ambient air 

conditions.  The results can be seen in Figure 32 with the image intensifier attached. 

 

                   

Figure 32. Diesel spray at (a) 40 MPa, (b) 100 MPa and (c) 160 MPa. ICP = 0.1 MPa.  

 

As the images still appeared to suffer from noise it was decided to try a set of tests with 

the image intensifier removed. This would result in reduction of noise in the images. 

The laser intensity was kept the same. The results can be seen in Figure 33 and Figure 

34 respectively. 

 

                  

Figure 33. Spray formation of ULSD at (a) 40 MPa, (b) 100 MPa and (c) 160 MPa 

injection pressure. ICP = 0.1 MPa. N.B. Image intensifier removed. 
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Figure 34. Spray formation of kerosene at (a) 40 MPa, (b) 100 MPa and (c) 160 MPa 

injection pressure. ICP: 0.1 MPa. 

The removal of the image intensifier has increased the magnification due to the 

arrangements between the sensor and the lens being altered.  The downside is that 

the images obtained from these tests suffered from a severe case of laser speckling 

but the spray structure could still be made out. The speckle effect occurs as a result of 

the interference of waves with the same frequency at different phases combining, which 

result in a wave with random intensity. As a result, fine details of the sprays become 

difficult to examine. The test was then repeated for the kerosene fuel. Similarly to the 

HMI lighting the main difference that can be picked out is the differences in spray 

cone angle. Kerosene is noted to have a wider spray angle than that of the ULSD up 

to 100 MPa injection pressure with differences being negligible at 160 MPa 

injection pressure.  

The next task was to test the validity of the lighting technique for droplet sizing. To 

do this it decided to test the laser on the nebuliser to find the resolution and correct 

focal length to match with the laser sheet. The images obtained are presented in  

Figure 35.  The droplets (SMD between 3-6 μm (Lacoste 2006))  can be clearly seen 

with the CF1 objective (Figure 35a) a subjective analysis places the majority of 

droplets to be about 7 pixels wide, with a resolution of 3 μm/pixel this would give a 

drop size of 21 μm. As the magnification is increased with the use of the CF3 

objective (Figure 35b) the droplets can be made out more clearly. Figure 35b also 

presents a close up of a single droplet, the false colour scale has been removed for 

ease of viewing individual pixels. The droplet in this image is 10 pixels wide, with a 

resolution of 1.5 μm/pixel.  

(a) (b) (c) 
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Figure 35. Image obtained from nebuliser using the sheet forming optics and (a) CF1 

and (b) CF3 objective with 532nm laser lighting 

 

In summary; the use of laser based illumination provided some positive results due to 

the short pulse duration with an adequate amount of light to visualise the spray. The 

major factor with side based illumination was the problem with speckling artefacts 

restricting accurate analysis of the spray structure or the droplet sizing. Speckling is 

caused as a result of the interference of many waves with different phases due to surface 

reflections. A solution to this is the use of a low coherent light source (consisting of 

many different wavelengths) where the possibility of the appearance of speckles is 

reduced. This is because the individual waves have different properties which will 

normally average out. Therefore the next step was to use a diffused short pulse duration 

light source. 

3.7.4 Argon flash lamp set-up 

To tackle the problem of speckling artefacts a flash lamp was considered as a solution. 

The PalFlash 501 is a short duration light source designed specifically for viewing 

images of rapidly moving objects such as droplets and spray structure formations. The 

double pulse feature in the argon flash lamp allows for valuable study into velocity 

profiles by firing the two lamps sub-sequentially. Furthermore the double pulse can be 

activated at the same time to provide a higher intensity light source. The use of argon is 

essential with double pulsing of the flash lamps as this increases the spatial stability and 

the images will appear 50% brighter as stated in the user manual. 

300μm 300μm 

(a) (b) 
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The manufacturer’s document on the PalFlash 501 states that the FWHM is between 

250 to 750 ns which is dependent on the discharge energies while the recharge time is 

expected to be a minimum of 0.5 sec. This can be seen in Figure 36. During the 

experiment it was found that the value for the recharge time was closer to about 

5 seconds. The jitter of the argon flash lamp is given as 500ns. For double frame 

imaging the minimum time between the peaks of the two pulses is 1 μs. 

 

 

 

 

 

Figure 36. a) Pulse duration and FWHM from the argon flash lamp b) The recharge 

time between pulses 

  

 

 

 

 

 

 

 

 

Figure 37. Argon flash lamp equipment set-up 

 

The first validation test is to observe the evolution of the initial jet formation. The 

apparatus layout can be seen in Figure 37. The argon flash lamp is located 90 degrees to 

the spray and the camera is focused on the orifice that is located at 51degrees (to the right) 
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from the bottom spray which is directed downwards. The test conditions were at 

atmospheric ambient conditions with injection pressures of 40, 100 and 160 MPa. The 

results from the tests can be seen in Figure 38. 

It is clear that there is a vast improvement in image quality compared to the Nd:YAG 

lighting. The speckling has been avoided and for low jet velocities, at 40 MPa and lower, 

the spray profile can be identified. The 750 ns exposure time is still rather long and has 

caused a motion blurring at 40 MPa injection pressure. At 100 and 160 MPa injection 

pressures there is an almost complete blurring of the jet due to the increased jet velocity. 

Observations to be made from this technique are the jet leading edge velocity and the 

injection delay. As the injection pressure is increased from 40 to 100 and 160 MPa the 

start of injection occurs 60s and 100 s earlier, respectively 

To start analysis on the flow of the fuels it is important to obtain the velocity of the jets 

produced from the different fuels. The data was collected on up to 30 images at each of 

the 5 μs time intervals for the ULSD fuel. The average velocity was taken from each of 

the double images and for images where the spray tip cannot be seen the velocity for that 

image was disregarded. The results returned a jet velocity of 36, 86 and 79 m.s
-1

 for 

injection pressures of 40, 100 and 160 MPa respectively. The average velocity increases 

as the pressure is raised from 40 to a 100 MPa, as expected, but the trend appears to stop 

here and as the injection pressure is raised to 160 MPa the velocity appears to be similar 

or even reduced. The measurements presented might not be as accurate as desired due to 

the cycle to cycle variation and the effect of blurring while taking into account the errors 

induced by qualitative judgement of the spray. 

Even with the improvement made the images are still not suitable for visualising the 

mechanisms behind the primary breakup of the jet.  Images taken of the kerosene fuel 

(Figure 39) reveal little difference in spray structure to make a strong comparison. As 

kerosene is one of the fuels with the largest differences in fuel properties this project aims 

to test, this source of lighting will not be adequate for visualising the initial spray 

formation. Furthermore the dense nature of the spray makes visualisation of the internal 

structure of the jet almost impossible and as such it is expected that this problem would 

occur when observing droplets at the core of the spray at a further penetration. 
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Figure 38. Side lit images if the initial spray formation for ULSD at 40, 100 and 160 

MPa injection pressure 
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Figure 39. Spray penetration for Kerosene at 40, 100 and 160 MPa injection pressure. 

ICP: 0.1 MPa. 

 

As it has been concluded that drop size measurements in dense sprays will not be 

possible thus the question is raised whether the drop sizing at the periphery of the spray 

can be measured. The droplets at this region will be more scattered which could 

potentially allow for isolation of droplets without any overlap. The issues associated 

with lack of sharpness will still apply. 

The next step was to visualise the droplets from a nebuliser. The reason for this is that a 

fine mist of spray that is fairly sparse with known droplet size range can be produced. 

After some initial testing with the argon flash lamp under side lighting conditions it was 

opted to switch to back lighting due to lack of available light to the inside of the 

chamber. Photographs of both arrangements can be seen in Figure 40 and Figure 41. 

With the side lighting configuration, two rails were mounted on an adjustable column 

with the flash lamp sitting on top of the two. The adjustable height allowed for the flash 

lamp to be positioned as desired about the chamber. The nebuliser was placed on the 

opposite side with both windows removed to allow the droplets to exit out of the 

chamber. The side where the LRM is located has its windows fixed in place and 

tightened to so that the refraction is taken into account. The switch to back lighting 

meant that the argon flash lamp had to be moved to above the dynamometer on the 

opposite side and the LRM with its own rail system had to be placed where the flash 

lamp was previously.  A clamp was used to hold the nebuliser in the desired position. 

Once again the sides with the nebuliser and argon flash lamp have their windows 
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removed to allow ventilation of the droplets and the side with the LRM has its windows 

fixed. 

  

 

 

 

 

 

 

Figure 40. Photographs of the LRM equipment set-up for side lighting of droplets from 

the nebuliser 

 

 

 

 

 

 

Figure 41. Photographs of the LRM equipment set-up for back lighting of droplets from 

the nebuliser 

The results from the back lighting can be seen in Figure 42. The droplets that are out of 

focus can be clearly identified. With a focal depth of 500 μm the change in resolution is 

negligible thus all droplets that can be clearly identified will use the value of 

0.68 μm/pixel. The second part shows a magnified image of the highlighted droplet 

which is about 19 pixels wide.  
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Figure 42. Image obtained using the argon flash lamp of droplets from a nebuliser with 

back lighting (top image). 800% zoom of the highlighted droplet from the nebuliser 

(bottom image). The resolution is 0.68 μm/pixel. 

 

The diameter is calculated to be about 12.9 μm but there is a lack of sharpness and as 

the flash lamp has a FWHM of 700ns with the spray velocity from the injector at 

160 MPa is in the area of 20 to 100 m.s
-1

 (Lacoste 2006) the accurate determination of 

droplet sizes is unlikely. Under these conditions the maximum displacement of a single 

pixel would be 109 pixels making the argon flash lamp an unacceptable lighting 

technique for measuring droplet diameter or velocities. The motion blurring can be 

evaluated using equation (6) where     is the pixel displacement,    is the velocity of 

19 pixels 
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the droplet (m.s
-1

),    is the resolution (m/pixel) and    is the exposure time (μs). 

 

         (6) 

                                                                             

Due to the dense nature of the sprays from a diesel injector with the associated lack of 

sharpness and long exposure time of the argon flash lamp, droplet sizing will not be 

possible. For this reason an alternative technique needs to be identified that can show 

difference between the three fuels with a good degree of accuracy.  

 

3.7.5 High efficiency diffuser side lighting set-up 

A new optical arrangement has been implemented to tackle the problem of laser 

speckling. A high efficiency diffuser has been added to the laser arrangement. This 

works by the use of a dye plate, that absorbs the 532 nm wavelength laser which then 

emits a laser light at a lower coherence (made of a range of wavelengths) between 550 

and 570 nm. This reduced/removed the speckle patterns as the individual wavelength 

lasers average each other out. Therefore, combined with ultra-short high intensity laser 

pulses, highly detailed images of diesel jets can be captured. The diffuser pulse profile 

is presented in Figure 43 and the experimental setup is shown in Figure 44. 

 

 

 

 

 

 

 

 

Figure 43. High efficiency diffusing lens temporal profile 
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Figure 44. Laser lighting using a high efficiency diffusing lens 

 

The fuels tested are a reference diesel with and without a lubricity additive and a 

kerosene fuel. Injection pressures of 31.5, 40, 100 and 160 MPa with an in-cylinder 

pressure of 4 MPa were the selected test points. The recordings were also repeated with 

injection pressures of 31.5 and 40 MPa into atmospheric conditions. The objective of 

these preliminary tests was to evaluate the viability of the LRM technique for 

identifying the effect of fuel properties on the spray’s structure. Initial tests of the LRM 

with laser lighting and a high efficiency diffusing lens show that the motion blurring of 

droplets is practically eliminated for injection pressures up to 100 MPa. At 160 MPa 

injection pressure the sprays still show slight motion blurring. A sample of the results at 

4 MPa ICP is presented in Figure 45. 

From these images it can be seen that the diffused light source has proved to be a major 

advancement in microscopic image acquisition. The sharp speckle free images look 

promising in allowing the characterisation of the effects of fuels properties on spray 

formation.  

A new test point of 31.5 MPa injection pressure was added as this provided a laminar 

flow for the reference fuel. The tests for 31.5 and 40 MPa injection pressures were 

Laser blocker  

Window 

LRM 

CCD camera 

Spray 

High efficiency diffusing lens 

Diffused laser beam 

Laser beam 

   Original in Colour 



86 

 

repeated with the Proteus at non-running condition. The plenum pressure was raised to 

0.05 MPa gauge to allow airflow through the chamber. The tests carried out at 

atmospheric condition reduced the peripheral atomisation of the spray, thus allowing a 

clearer observation of the liquid core and its transition between laminar and turbulent 

flow. The 100 and 160 MPa injection pressure could not be observed at atmospheric 

condition due to excessive fouling of the windows 

 

 

 

     

     

     

     

Figure 45. 40, 100 and 160 MPa injection pressure into 4 MPa in-cylinder pressure for 

ULSD. 
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An injection duration of 550 s was kept constant for each of the test points as results 

show that at a duration lower than 450s the flow becomes restricted (Figure 46). 

Furthermore it has been ensured that the engine conditions were monitored and 

recorded to keep all test conditions the same in both set of tests. The only parameter 

that varied was the fuel temperature. For injection pressures of 31.5 and 40 MPa the 

fuel temperature was stable, but for 100 and 160 MPa the temperature ranged from 

30
°
C to 50

°
C. This could have a small effect on both the dynamic viscosity and 

density of the fuel. The results of the experiment will be covered in Chapter 5 and 6. 

The application of this technique for droplet size determination is expected to 

encounter problems as the side lighting technique would produce a false droplet size 

due to internal reflections. As such the technique had to be developed a stage further 

to incorporate this feature.  

 

 

     

     

Figure 46. Effect of injection duration on the SOI at 31.5 MPa injection pressure, 

0.1 MPa in-cylinder pressure. Engine speed is simulated at 500 rpm, with trigger and 

injection 3
o
 BTDC. 
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3.7.6 High efficiency diffusing lens shadowgraph tests 

The next phase of testing close to the nozzle was to use a backlighting laser 

arrangement. The experiment was implemented on a static spray rig so that a thorough 

investigation of the sprays over a range of distances from the nozzle could be carried 

out. In addition to the greater numbers of test points the back lighting should be able 

to provide additional information on the jet that could not be seen with the side 

lighting technique. The apparatus set-up can be seen in Figure 47. Of particular 

interest in the set-up is the addition of the oscilloscope and photo diode, which were 

used to monitor the jitter in the acquisition systems. These were found to be 

negligible.  

The reference fuel was tested at 40, 60, 80 and 100 MPa injection pressures. This 

should provide more detailed information on the effect of increasing the injection 

pressure on spray formation. The other fuels were tested with a reduced number of 

conditions (40 MPa and 100 MPa). The high lubricity diesel fuel (HLDF) and 

kerosene fuels had further reduction in their test points due to time constraints on the 

loan of the LRM lens.  

It was evident early in the testing that the pressure demand of the high pressure pump 

was not the same as that obtained. A pressure transducer was used to monitor the 

pressure in the fuel line and to change the input requirements so that the software 

could be calibrated to deliver the correct injection pressure. While monitoring the high 

pressure rail it was observed that the pressure fluctuated by approximately 5 MPa at 

the time of injection for 40 MPa which gradually dropped to a negligible amount as 

the rail pressure approached 100 MPa.  

The shadowgraph images showed improvements when compared to the side lighting 

as the light refraction issues have been solved while providing a greater depth of field 

inherent to the shadowgraph technique (Figure 48). In summary this technique is 

capable of determining breakup length, visualising jet instability, observing surface 

growth and ligament formation.  
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Figure 47. Shadowgraph with diffusing lens set-up 

 

                                      

 

Figure 48. Shadowgraph images of the initial spray formation of ultra low sulphur 

diesel, lubricity enhanced diesel, kerosene and rape methyl ester. 

IP: 40 MPa, ICP: 0.1 MPa. 
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In addition to the qualitative analysis of the sprays the shadowgraph images allow the 

determination of droplet sizes. Figure 49 shows the raw and processed image of a diesel 

spray at the periphery. The post processing script has isolated the droplets after which it 

can produce a histogram of the size distribution.  This will allow the quantitative 

analysis of the sprays produced form the different fuels and shed further light on the 

influences of fuel properties on the secondary breakup of sprays.  

 

 

Figure 49. (a) Raw image of the side of the jet between 4.6 and 5.2 mm downstream of 

the jet. (b) Processed image revealing the tracked droplet. The image is taken at roughly 

575 μs aSOI. 

In summary; detailed shadowgraphic photographs of diesel sprays were obtained by 

spectrally diffusing a high-power laser pulse. These still images provided high 

resolution blur-free observations of the injection process at a microscopic scale. 

However, the value of these images can be limited due to the nature of still imaging and 

technical limitations of the injector. An additional issue associated with still imaging is 

the inherent lack of information on the spatiotemporal evolution of the transient jet and 

droplets observed. Specifically, there is no information on the velocity field, a quantity 

which is of particular significance for the investigation of breakup and essential for the 

approximation of relevant parameters such as the Weber and Reynolds numbers.  

In comparison to the high quality microscopic investigation carried out by other authors 

(Bae et al. 2002; Bae et al. 2005; Menard et al. 2010) the technique employed here 

produced the sharpest and highest magnification images. The equipment needed is also 

substantially cheaper than the ballistic imaging technique. 

a b 
100μm 100μm  
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3.7.7 Microscopic ultra-high-speed video    

In order to complement the fine spatial information derived from the still images, an 

ultra high speed camera was used to accurately record the temporal evolution of diesel 

sprays at microscopic scales, with a second high speed camera simultaneously recording 

the macroscopic evolution of the complete spray. This allowed a precise tracking of the 

temporal evolution of diesel jets from the actual start of fuel delivery, thus eliminating 

the timing uncertainty associated with single images. This is particularly relevant when 

the transient jets being observed evolve over a shorter timescale than the mechanical 

and hydraulic jitters associated with solenoid-actuated servo-valve diesel injectors (i.e. 

approx. 40 μs (Karimi 2007)). 

The optical setup used for the high-speed video recordings is similar to the setup of the 

Shadowgraph with diffusing lens experiment. The differences being that the CCD 

camera was replaced with a ultra high speed video camera and the light sourse was 

changed from laser to a flash lamp. The intensified ultra high speed camera was capable 

of recording 16 images with an equivalent acquisition rate of up to 200 million frames 

per second, at a fixed resolution of 1280x960 pixels with 12 bit dynamic range. It was 

fitted with the long range microscope, resulting in an effective viewing region of 

995x746 µm. This ultra high speed camera faced the light source, a flash lamp with a 

pulse duration of 2 ms, hence producing shadowgraphic images of the diesel sprays. 

The exposure time was set between 20 ns and 200 ns in order to minimise motion 

blurring. Some blurring still occasionally occurred as a result of the shallow depth of 

field (approx. 500 µm) combined with the relative movement between the ultra high 

speed camera and the RCM. 

A second high-speed camera was located orthogonally to the light source and recorded 

the full evolution of the spray on a macroscopic scale simultaneously to the ultra high 

speed camera. Its acquisition speed was set to 94,500 images per second, with a 

resolution of 24x192 pixels and a viewing region of 5x35 mm.  

For the video recordings, the illumination of the sprays was achieved by a high intensity 

flashgun which delivered a 2 ms light pulse. This duration was sufficiently long to allow 

the recording of the complete injection event by the macroscopic camera, and bright 

enough to achieve exposures of 20 ns with the microscopic camera. 
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The technique employed here covers the remaining criteria discussed in the objective; 

the jet velocity and its time resolved evolution. An example is shown in Figure 50. The 

leading edge velocities were manually measured due to the complexity of the jets 

making any scripted analysis of its evolution to be inaccurate. Measurements were taken 

at penetration lengths up to 19.8 mm at 40, 100 and 160 MPa into ambient gas pressures 

of 0.1, 4.0, 6.0 and 8.0 MPa. This provided detailed information on the mechanisms 

involved in the primary and secondary breakup of the diesel jet. Furthermore the images 

allowed a further in-depth understanding of the still images obtained from the static rig 

while expanding the analysis to include a range of realistic operating conditions. 

 

  

         0         4         8           12      16   

       Time after start of sequence [s] 

Figure 50. Shadowgraph images providing spatiotemporal evolution of the ULSD jet in 

the near nozzle region at the start of injection obtained using the ultra high speed video 

technique. IP:  40 MPa, ICP: 0.1 MPa. 

3.7.8 Conclusion 

A step-by-step validation process of the optical techniques for microscopic analysis of 

diesel spray formation has been implemented. The limitations of each method have been 

identified and a solution found. This rigorous procedure identified that the use of 

diffused laser lighting prevented laser speckling and thus provided sharp almost blur 

free images. The application of an ultra high speed video camera with a minimum 

controllable sensor exposure and inter-frame time of 5ns used simultaneously with a 

2ms duration flash lamp provided spatiotemporal images of the evolution of the diesel 

jet. The combined use of the ultra high speed spatiotemporal and high quality still 

images allowed an in-depth analysis of the fundamentals of the breakup of the diesel jet 

formation.  

100μm 100μm 100μm 100μm 100μm 
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4 MICROSCOPIC ANALYSIS OF DIESEL SPRAYS 

4.1 Introduction 

An in-depth experimental analysis of the transient and steady state spray is required 

to achieve an accurate description of the diesel combustion process. Tests to 

determine the spray formation at the primary atomization stage have often been 

avoided due to the difficulties associated with this dense region such as the 

requirements for high resolution and short exposure time images. As a result many 

papers use the cone angle, spray penetration rate, jet velocity and observation at the 

secondary breakup region (mean drop size) to postulate on the characteristics of the 

initial breakup of the jet. Furthermore, optical diagnostic techniques need to be able 

to tackle the problems of visualising a dense jet and for measurement at realistic 

scales. Due to these difficulties there is a lack of experimental work describing the 

internal structure of a diesel spray. As a result the many hypothesis made on the 

mechanisms involved in the break-up of diesel jets have led to several varying 

models. Furthermore the design and geometry of the nozzle and the operating 

conditions that the spray is injected into influence the breakup of the jet. As such it 

is logical to conclude that using the models currently available as a generic 

explanation for spray breakup could be inaccurate. Thus it is the aim of this work to 

describe in detail the mechanisms behind the breakup of fuel jets during the initial 

jet formation and its effects on the secondary atomization for a 7-hole VCO type 

injector. 

The aim of this chapter is to improve the understanding of modern diesel spray 

formation, and the effects of injection pressure and in-cylinder pressure. This will be 

achieved by observing the jet formation from the start of injection till the 

atomization of the spray. The test conditions are summarised in Table 3 including 

the in-cylinder motored peak pressure, estimated gas temperature and injection 

pressure. For each condition, microscopic images were recorded at a range of 

locations within the spray. 
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Table 3: Test conditions 

ICP (MPa) Gas T (K) Inj P (MPa) 

0.1 (atm) 300 40; 100 

4 540 40; 100; 160 

8 540 40; 100; 160 

 

During the setup of the ultra high-speed microscopic experiment a high speed video for 

simultaneous macroscopic images was added. The results of the spray penetration and 

the image of a post processed spray can be seen in Figure 51. Visual inspection of the 

jet reveal a spray that widens as it penetrates deeper into the chamber with aerodynamic 

shear at the periphery causing the spray to atomize.  

 

       

Figure 51. Macroscopic analysis of spray penetration for ULSD (left). Processed image 

of a single diesel jet (right). IP: 40 MPa, ICP: 0.1 MPa. 
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which results in a fast penetration rate. This suggests that the maximum spray 

penetration becomes dependant on the injection duration. Furthermore the leading edge 

is found to be accelerating up until the 6 mm spray penetration (Figure 52) for the 

macroscopic results (velocity based on the average penetration of 17 seperate sprays). 

The microscopic results at the same conditions show the leading edge to be travelling 

faster than reported by the macroscopic images at penetrations further than 5 mm, where 

the two trends are opposite. The microscopic measurements were based on 3 different 

sprays per locations, where each spray included ~8 velocity measurements in the set. 

The standard deviation of 9 m.s
-1

 near the nozzle revealed the greatest variation while 

further down stream a standard deviation between 1 to 6 ms
-1

 at each other locations 

(most tending between 1 and 2 ms
-1

) revealed a repeatable spray. The reason for this is 

that the microscopic velocity measurements are picking up the local velocity, relative to 

the last position, which does not take into account the global, transverse motion of the 

leading edge. The resolution of the microscopic and macroscopic cameras were 

0.77 μm/pixel and 0.198 mm/pixel, respectively, With a minimum possible exposure 

time of 5ns for the ultra high speed video and 1 μs for the high speed macro video. Thus 

the maximum spray velocity detectable with no motion blurring is 155 m.s
-1

 for the 

microscopic video and 198 m.s
-1

 for the macroscopic. 

 

 

Figure 52. Spray velocity of 40 MPa diesel jet into 0.1 MPa ambient pressure. 
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Thus for determining the shearing forces at the surface the microscopic velocity 

measurements would be more accurate. In addition to the new knowledge acquired at 

the leading edge at far field penetration, the near nozzle measurements have also been 

improved. The lack of high resolution results in the macroscopic high speed results at 

near nozzle conditions is due to difficulty in accurately lighting small volumes of fuel 

which is exacerbated with the surface light interaction of the nozzle. Thus, microscopic 

measurements reveal that there is little or no acceleration of the spray tip within the first 

4 mm of the spray penetration which is contrary to the observations of a strong 

acceleration at the early stages of spray penetration as suggested by the macroscopic 

results and those obtained by Gulder et al.,(1994). Furthermore the microscopic velocity 

profile reveals a sharp acceleration after the 4.6 mm spray penetration which indicates a 

transition from an intact liquid core to an atomized spray. The only time the 

macroscopic and microscopic results agree is between the 3 and 6 mm penetration, after 

which the atomization of the jet and any lateral motion of the fuel causes disagreement 

between micro and macroscopic velocity results. 

A general observation of the spray produced from the diesel injector reveal that the 

main areas of interest can be split into three main stages; the initial injection of the fuel 

jet, the primary breakup and the secondary breakup. The initial jet formation upon 

exiting the injector nozzle will be defined by the fuel properties and its effect on the 

Reynolds number. Determining whether the flow is laminar or turbulent will give a 

good insight onto predicting the rate of atomization during the other two stages. As 

much of the literature is carried out at macroscopic scales the current understanding of 

fuel jets are limited and as such a detailed microscopic investigation of sprays from a 

diesel injector will prove useful in developing accurate models.    

4.2 Initial jet formation 

4.2.1 Spheroid cap 

The analysis of the fuel at near-nozzle location is an important portion of the fuel spray 

process as it should reflect the behaviour of the flow inside the injector nozzle. 

Observation of the fluid dynamic instabilities reveals information on the internal flow of 

the fuel jets and the presence of cavitation. Furthermore the use of high resolution 
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images coupled with a high magnification factor provided detailed images capable of 

subjectively analysing the turbulence of the flow and visualising the formation of 

surface waves, ligaments and droplets. As such it was found that the development of the 

fuel at near-nozzle location is dominated by the internal flow and related fluid-dynamic 

instabilities and ultimately governs the primary break-up process.  

Tests were carried out at atmospheric conditions as well as high pressure conditions. 

This allowed the development of experiments off the more challenging and time 

consuming high in-cylinder pressure conditions. Furthermore the work on the static rig 

is relevant as it is able to characterise the effects of fuel properties on spray formation. 

Photographs obtained of the initial jet exiting the nozzle is shown in Figure 53. The 

images were rotated so that the nozzle orifice being observed lies horizontally. In Figure 

53a, the emerging liquid fuel takes the shape of an undisrupted oblate spheroid.  

The transverse expansion of the jet is quite noticeable and explanations for this 

behaviour which were considered, but discarded, included the presence of cavitation 

bubbles within the jet, the aerodynamic interaction with the gas, and the slight 

compressibility of diesel fuel. The effect of gravity on the shape of the jet is intuitively 

ruled out, and this can easily be confirmed by calculating the capillary length, defined as 

   . At the temperatures and pressures used in this investigation, capillary length 

for diesel fuel is between 1 and 1.9 mm. Since the characteristic lengths for this 

experiment are well below this value, it is safe to assume that gravitational forces have 

no influence on the shape of the initial fuel jet.  

The possible presence of cavitation bubbles within the jet was rebutted by the fact that 

cavitation is unlikely to be established at such an early stage of the injection process, 

and that no signs of gaseous bubbles were detected in the subsequent images and 

videos. For example in Figure 53b the head of the mushroom-like jet, as observed and 

described by Badock et al., (1999) is evidently free of gas as any internal impurities 

would be clearly observed there. The aerodynamic interaction with the gas, potentially 

inducing a deceleration of the tip of the liquid fuel and a transverse expansion can be 

ruled out due to the low density of the surrounding gas at ambient conditions, giving a 

liquid-gas density ratio of 695. The compressibility of diesel fuel is rather small and can 

be neglected as the volumetric expansion associated with a 40 MPa pressure drop at the 
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nozzle exit is less than 2%. The transverse expansion of the jet can be explained by the 

initial acceleration of the injected fuel during the needle lift, and the laminar flow 

condition observed at the nozzle exit. In that respect, the transverse expansion is an 

indication of the spheroidal drop being inflated by the upstream fuel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 53. Initial spray formation at 40 MPa injection pressure into atmospheric 

conditions for ULSD.  
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In effect, the transverse expansion of the jet was often sufficient in magnitude for the 

oblate spheroid to stick to the nozzle surface with a large contact angle, similarly to a 

sessile drop resting on a hydrophobic surface. It should be noted that the inertial forces 

are small but not negligible, and can be assumed to be responsible for the apparent large 

contact angle between the liquid fuel and the nozzle surface. As the injection velocity 

increases, the inertial forces become sufficient to detach the fuel droplet from the nozzle 

surface. This can be seen in Figure 53b where the tip of the fuel jet takes the shape of a 

spheroidal cap, with its base still parallel to the nozzle surface. Tests conducted on the 

RCM at in-cylinder pressures (ICP) of 0.1, 4, 6 and 8 MPa showed that these structures 

are much more recurrent as the ICP was increased, indicating that the increased density 

of the surrounding gas slows down the penetration of the jet, thus further promoting a 

transverse expansion. Similar images were obtained by Badock et al.,(1999) with a 

single-hole injector, for an injection pressure of 25 MPa and gas pressure of 1.5 MPa, 

and described as stochastic mushroom-like structures. It is now evident that the 

spheroidal caps observed by Badock et al. (1999) and in Figure 53 are formed by the 

combination of transverse jet expansion and are function of the physical properties of 

the fuel.  

To determine the origin of this spheroid cap analysis of the spray at all conditions had to 

be covered. The spheroid cap was observed at 40 MPa at all ambient pressures, and for 

100 MPa and 160 MPa injection pressure the spheroid cap only existed at elevated 

ambient pressures. This would intuitively rule out needle oscillation at the start of 

injection as there is no feasible reason to why increasing the ICP would cause the needle 

to fluctuate more at high injection pressures. Thus by taking into account the 

circumstantial evidence, it seems that the spheroid cap is formed due to fuel trapped in 

the nozzle from the previous injection. As the needle closes a vacuum is created behind 

the fuel. This traps a body of the fuel in the nozzle which can only escape if the surface 

tension of the fuel can be overcome or due to cavitation that can release the pressure 

behind the fuel.  

For this explanation to be true the volume of the spheroid cap must not exceed the 

volume inside the nozzle orifice. The volume for a hole can be calculated as 

0.0143 mm
3
, using the equation:  

                  (7) 
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Where L (1 mm) is the length of the nozzle and d is the orifice diameter (0.135 mm). 

Calculating the volume of the trapped fuel requires the calculation of the cylindrical 

base (where necessary) volume (πd
2
L/4) and a half oblate spheroid volume given by 

equation (8).

 

3

2 2ca
Vab


  

 

Where a is the sliced radius along the horizontal plane and c is the maximum height 

from the centre of the spheroid as shown in Figure 54.  

 

 

Figure 54. Oblate spheroid with Cartesian dimensions a and c.  

 

Using the equations for the half spheroid, spheroid and cylinder, the cap formed with 

the trapped fuel (shown in Figure 55) was calculated as 0.007103 mm
3
 for the 40 MPa 

injection into 0.1 MPa ambient pressure. For the 40 MPa into 4 MPa ambient pressure 

the volume of the spheroid cap was 0.009973 mm
3
. The volume of the cap at 100 MPa 

injection into 4 MPa ambient pressure was 0.008695 mm
3
 with the 160 MPa injection 

pressure jet into 4 MPa ambient pressure producing a spheroid cap volume of 

0.011828 mm
3
. Thus the spheroid caps shown in account for 50%, 70%, 61% and 83% 

of the volume of 1 nozzle hole, respectively. 

This proves that the volume of fuel that makes up the spheroid cap can exist as trapped 

c 

a 

(8) 
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fuel in the nozzle. At combustion temperatures the fuel evaporates between injections 

and this is supported by the translucent appearance of the spheroid cap at elevated in-

cylinder conditions. The evaporated fuel is pushed out of the nozzle ahead of the 

pressurised fuel. As the simultaneous macroscopic recordings do not identify this 

spheroid cap it can be assumed that it is possible for much of the literature to have 

missed this phenomenon. 

     

 

 

 

 

 

 

        

 

 

 

 

 

 

Figure 55. Spheroid cap dimensions. 

 

4.2.2 Vortices 

Continuing the analysis of the initial stage of jet formation, a stagnation point can be 

seen on the tip of this spheroidal cap (Figure 53b), where the liquid boundary meets the 

horizontal axis of symmetry of the nozzle orifice. Ripples can be observed surrounding 
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the stagnation point on the interface of the cap, which are possibly caused by shearing 

instabilities at the boundary between the liquid and gas interface. The wavelength 

associated with these surface ripples ranged between 3 and 8 μm and are proposed to be 

the result of a short-lived Kelvin-Helmholtz type instability. The occurrence of these 

interfacial disturbances indicates that a shear layer on the liquid side of the interface is 

also likely to exist. This, in turn, would suggest the presence of a toroidal internal 

motion within the spheroidal cap. The outer surface of the cap rapidly becomes unstable 

and disintegrates (Figure 53d), leading to the formation of ligaments which rapidly 

break up into large droplets through hydrodynamic and capillary instabilities. The 

disintegration of the cap does not result from the aforementioned Kelvin-Helmholtz 

ripples, but from the presence of a faster internal jet within the spheroidal cap. The 

evidence leading to this conclusion will be discussed next.  

Figure 56 shows a series of images selected from a sixteen frame video where the 

interaction between the spheroidal cap and the jet that follows can be observed. 

Intermediate frames are not displayed, and the time step between these four frames is 

4.04 μs. The translucent appearance of the spheroid is granted by the differences in the 

refreactive index of the cap, formed of evaporated fuel, and the ambient air. The 

assumption made previously that the initial spheroidal cap does not contain cavitation 

bubbles is reinforced by observing that the cap in Figure 53a appears homogenously 

translucent and shows no signs of internal disturbances. The jet that forces the cap to 

detach from the nozzle surface in Figure 56b-d is opaque, indicating that it is most 

likely turbulent. A thin ligament is formed in Figure 56c on the tip of the turbulent jet, 

within the spheroidal cap. This central ligament stretches ahead of the main jet and can 

be seen to perforate the cap in Figure 56d. The formation of this thin ligament indicates 

that the velocity ahead of the tip of the jet, on the axis of symmetry, is significantly 

higher than on the periphery of the jet. This leads to the conclusion that the internal 

motion of the spheroidal cap must be toroidal in nature, thus corroborating the 

hypothesis made previously based on the observation of ripples on the surface of the 

cap.  
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Figure 56. Perforation of the spheroidal cap by a turbulent jet, indicating the presence of 

a vortex ring structure inside the cap. A central ligament is formed and propelled ahead 

of the main jet. IP: 40 MPa; ICP: 4 MPa; Fuel: ULSD 

   

Figure 57a shows the same process recorded by high-resolution still imaging, with a 

central ligament visibly propelled ahead of the jet as a result of the vortex ring motion 

in the spheroidal cap. The diameter of the ligament was measured to be 23 μm in this 

instance. It can also be observed that the turbulent jet seen in Figure 56d at the base of 

the ligament is also visible in Figure 57a with a diameter of 127 μm, and appears to 

have just perforated the tip of the spheroidal cap. This vortex ring motion is believed to 

justify previously unexplained observations made by Badock et al., (1999) and Roisman 

et al., (2007). 

 

 

 

 

   

Figure 57. (a) 23 μm central ligament propelled ahead of the jet by the vortex ring 

motion in the spheroid cap at 40 MPa injection pressure. (b) Ligament propelled ahead 

of a 60 MPa injection pressure jet by the vortex ring motion in the spheroid cap. 

ICP: 0.1 MPa. 

a b 
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The appearance of the spheroidal cap and the acceleration of ligaments due to vortex 

rings are also seen at elevated injection pressures of 60 MPa into atmospheric 

ambient conditions (Figure 57b). The nature of the violent exit suggests that the 

vortex rings are faster for the high injection pressure conditions yet this could just be 

due to a faster core velocity. Additionally it could be the case of both which 

exacerbate the propulsion of fast moving ligaments ahead of the jet.  

Other reasons that have been entertained for the existence of these accelerated 

ligaments are the effect of neck destabilisation, the region between the spheroid cap 

and the jet. This occurs due to the surface tension of the fuel trying to develop and 

detach this head of the jet due to wave propagation. This results in the pinching of 

the jet at the neck (reduces its circumferential radius). When this occurs the fuel is 

left with a small channel to travel through. This idea is developed from the long 

wave and short wave method described by Shinjo and Umemura (2010) for the 

formation of ligaments and droplets. As this tip grows the pressure inside is reduced 

and therefore causes fuel to be sucked in through this neck. This causes compression 

waves to emanate from the tip which grows as it moves away. Even though much of 

these behaviours are observed in the results for the microscopic images it is 

suspected that the ligaments produced ahead of the jet is not attributed to this. The 

reasoning behind this is firstly that the spheroid cap remains in a sense a completely 

different flow to the liquid core and there appears to be no evidence of extreme neck 

pinching or the head detaching from the main body in the images where these 

ligaments are seen.  

Due to the low pressure and low density ambient air the propelled ligament 

continues to stay ahead of the jet till at least the 3 mm penetration length. Thus the 

effect of the left over fuel in the diesel jet is substantial on the creation of vortices 

and the effect of the wake behind this spheroid cap jet resulting in the promotion of 

ligament formation. The frequency of the propelled ligaments are not very common 

but reveal vital information on the mechanisms involved in the initial injection of 

the spray. The next section will delve into the dynamics of the spray as it develops 

into the chamber and how the structure affects the leading edge velocities. 
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4.3 Spray formation 

From the literature, a spray is defined as a flow of individual liquid droplets that 

originate from the disintegration of a cylindrical jet as it travels through a gaseous 

medium.  There are many hypotheses for the atomization process responsible for this 

transformation. With the high resolution images obtained it is possible to identify which 

of the representation accurately define the structure of a fuel spray and the mechanisms 

behind the breakup. For this task the important spray characteristics are the spray 

penetration, cone angle, droplet size distribution, droplet velocity, the spray density, jet 

surface stability and the rate of ligament formation. The formation of the spray can be 

split into two stages; the primary and secondary break-up and as such this section has 

been split to focus on each section individually. 

4.3.1 Primary breakup 

The primary breakup is potentially the most important process in the formation of the 

spray as it initiates the atomization process and controls the breakup length. 

Unfortunately, the experimental characterization of the primary breakup of dense diesel 

sprays is difficult as the shadowgraphic images found in the literature do not provide 

adequate detail of the mechanisms involved (Badock et al. 1999; Bae et al. 2002; Bae et 

al. 2005). Due to this, images obtained during the secondary breakup have been used to 

predict the mechanisms involved in the primary breakup. This being done by placing 

the spray in the different regime of breakup; Rayleigh, first and second wind induced 

and the atomization regime (Lin et al. 1998). As the diesel sprays involve the use of 

high pressure and velocity sprays through small diameter orifices the jets are expected 

to fall in the atomization regime where the jet is expected to exit as a disintegrated core. 

As such the undisturbed column of fuel that is observed reveals that the description is 

inaccurate. The investigation of the formation of the column of unbroken fuel to a spray 

is vital in improving the current understanding of the spray formation in diesel engines 

and subsequently improves the knowledge of the combustion process. 

As previously observed at the beginning of injection, the trapped fuel is squeezed out of 

the nozzle as a spheroid cap. This structure is then lifted from the surface of the nozzle 

and followed by the turbulent jet from the injection of the fuel. Due to the initial 
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transverse expansion of the trapped fuel the leading edge velocity is slower than when 

the spheroid cap lifts off the nozzle. Due to the light interacting with the reflective 

nozzle surface it is difficult in many images to accurately identify the edge of the 

transparent spheroid cap just as it is exiting the nozzle therefore, there are few 

measurements of the spheroid leading edge as it is forming. The ultra high speed video 

in Figure 58 and its counterpart graph in Figure 59 indicated that for these conditions 

the spheroid cap lifts off the nozzle surface with a velocity of 16 m.s
-1

. This relatively 

low initial velocity implies that the surface tension forces at the nozzle exit may not be 

insignificant compared to the inertial forces, at least at the early stage of injection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 58. ULSD jet in the near nozzle region at the start of injection with shadowgraph 

ultra high speed video technique. IP:  40 MPa. ICP: 0.1 MPa. 
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The balance of inertial and surface tension forces is defined by the gas and liquid Weber 

number and has been calculated in the present case to be 1.4 and 961 respectively. 

Values of 820.3 kg.m
-3

 was used as the density of the fuel, 1.2 kg.m
-3     the gas 

density, a surface tension value of 29.8 m.Nm
-1

,with a exit velocity of 16 m.s
-1 

and an 

orifice diameter of 135 µm. Using the kinematic viscosity (3.26 mm.s
-1

), the Reynolds 

number can be calculated for these conditions as 662. These values support the 

assumption that the initial jets seen in Figure 53 are laminar and not inclined to breakup. 

The spheroid cap exists only for a short period of time, in this case 16 μs before being 

pierced by a faster moving unstable core as seen from Figure 58e.  In this set of images 

the liquid core is travelling at a velocity of 39 ms
-1

 producing a Reynolds number of 

1615,     of 8.2 and     of 5770. In this case the jet is coming to the transitional 

phase which is identified by the opaque appearance of the jet while the surface is 

relatively undisturbed.  

 

 

Figure 59. Spheroid cap and liquid core velocity of diesel jet at the start of injection. 

IP= 40 MPa. ICP=0.1 MPa. 

 

A model to explain this process, based on the results observed, is presented in Figure 

60. From the single shot image taken at 0.5mm downstream of the spray, the jet surface 
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resembles the characteristic flow of a stable jet. This is supported by its Reynolds 

number of 1863 placing it in the laminar regime. At the top of the leading edge the 

vortices present behind the spheroid cap are suspected to cause the surface of the jet to 

form ripples. The number of ripples increases with jet penetration due to wave growth 

and stronger vortices. This is illustrated in the drawing of the two jet structures in 

Figure 60, with the evidence found back in Figure 58 where at the periphery of the jet, 

at earlier time, reveals an undisturbed surface (where disturbances from a fluctuating 

nozzle should reveal itself). Furthermore, after piercing the spheroid cap these waves 

stop growing.  

 

    0.5 mm penetration length       1.1 mm penetration length 

        

 

 

 

 

 

 

 

 

 

 

Figure 60. Spray evolution of the diesel jet. IP: 40 MPa. ICP: 0.1 MPa 

 

Following the leading edge of the spray 0.5 mm-1.1 mm downstream of the jet in Figure 

60, the spheroid cap slows down due to the interaction with the stagnant air and the 

opaque jet pierces it. The cap then goes through a bag like break up, forming ligaments, 
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which through instabilities break up into droplets. The ligament formation is due to 

local shear caused by a disrupted flow field behind the spheroid cap. This is attributed 

to axisymmetric vortices created by the lateral flattening and curling back of the jet 

leading edge, in this case the spheroid cap. These ligaments and droplets can then travel 

downstream or collide back into the jet, promoting breakup. Evidence of droplets 

appearing close to the nozzle before the formation of droplets at the periphery suggest 

that droplets are caught in the vortex rings and sent upstream of the jet. 

Moving down to the jet tip penetration at 1 mm-1.6 mm; it can be seen that the spheroid 

cap has already been pierced (Figure 61). The leading edge does show small signs of 

lateral flattening due to the interaction of the opaque jet with the stagnant air after it 

pierces the spheroid cap. The evidence from the high speed videos points to an almost 

negligible effect of shearing at the leading edge on spray breakup due to the undisturbed 

jet tip. A review by Dumouchel (2008) on the literature of the breakup of cylindrical jets 

concluded that at low ambient pressures, when the ratio of liquid to gas density is 

greater than 500 the effect of aerodynamic forces are unimportant on atomization. As 

such the primary breakup must be attributed to the jet instability or by vortices created 

by jet turbulence.  

Thus for atmospheric ambient pressures, in the region before the onset of primary 

breakup, the turbulence of the jet and fuel properties are the key factors that influence 

initial stages of breakup. The shearing forces at the leading edge appear to be negligible 

on the breakup of the jet till the atomization of the jet core. Measurements taken from 

three sprays at 1 mm-1.8 mm penetration produce an average velocity of 42 ms
-1

 with a 

standard deviation of 2.7 ms
-1

 over 13 measurements. Compared to the SOI velocity 

through the spheroid cap the leading edge velocity of the core has remained relatively 

unchanged. 

The structure behind the tip of the 1.6 mm spray penetration is fairly complex. Directly 

behind the leading edge the surface of the jet is showing signs of surface disturbances. It 

appears that the disturbances start to grow as the distance from the leading edge is 

increased. Yet as the jet approaches the nozzle the waves are smaller.  

Several conclusions can be drawn from these observations. The first is that the wave 

growths are being formed at the leading edge due to the impact with the stagnant air, 
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which then grows until it reaches the nozzle where it is dampened by the entrained fuel. 

This contradicts the statement on the lack of influence of aerodynamic forces on the jet 

breakup at low ambient pressure conditions. The reason behind this is possibly due to 

limitations with the optical acquisition techniques used in the literature being unable to 

identify such small instabilities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 61. Spray tip between 1.0 - 1.6 mm spray penetration. IP: 40 MPa, ICP: 0.1 MPa.  

 

A second explanation is that the waves are formed at the nozzle due to the turbulent 

nature of the jet, which then grows as it moves downstream. Due to the effect of 

slipstream behaviour it is understood that the periphery of a given jet will be slower 

than the core and leading edge. If this is the case then ligaments that can be seen that are 

larger, further back of the jet, are those that initially formed near the leading edge but 

due to the difference in jet speed it has moved upstream relative to the leading edge of 
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the jet. If this is the case the primary breakup in ambient conditions appears to be 

governed by jet turbulence and wave growth due to interaction with the leading edge. 

Any axisymmetric vortices present will further promote the formation of the ligaments 

and their formation to droplets. 

A third explanation is that these ligaments are created from the vortex rings present near 

the leading edge which grow stronger as they penetrate further. During the steady state 

injection the ligaments and waves formed are attributed to the wake left behind by the 

collapse of these vortices, which grow weaker as they get closer to the nozzle. It is 

expected in all these cases, that in the unstable region of the jet, ligaments will form on 

the jet surface that undergoes the most shearing. This shearing of the jet is only one of 

several mechanisms of ligament formation.  

There is evidence of ligaments forming just directly behind the leading edge, which 

then dampen out and then waves start to grow, if this is the case the vortex rings are still 

present after the collapse of the spheroid cap, Furthermore it is fairly clear that any 

vortices that are created will be defined by the faster moving flow and will therefore 

produce stronger axisymmetric vortices and evidence of this is noticeable in the 

increased rate of ligament formation on the surface behind the leading edge (Figure 

61b). Another interesting observation on this subject is that the ligament formations 

directly behind the leading edge are present but small and as such suggest that the 

axisymmetric vortices are weak. It is assumed that the vortices increase in strength as 

the ambient pressure is raised. 

Observation of a solid jet at the nozzle continues till the 1.6 mm spray tip penetration 

(Figure 61a), where wave growths start to form at the surface of the jet. These waves 

then grow to form ligaments roughly 69 μs aSOI (after opaque jet is seen exiting the 

nozzle) which matches with the spray tip penetration of 2.7 mm. The jet near the nozzle 

then starts to resemble a fully developed jet (Figure 62a). This is due to a higher needle 

lift resulting in an increased exit velocity. In addition to this the formation of 

axisymmetric vortices at the leading edge could be influencing the shearing forces at 

this region.  
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Figure 62. Spray formation between 2.1-2.7 mm spray tip penetration. (a) SOI to 

0.5 mm downstream of jet. (b) 1.0-1.6 mm downstream of jet, 45µs after leading edge 

passes. (c) 1.5-2.1 mm downstream of jet. (d) 2.1-2.7 mm spray tip penetration.  

IP: 40 MPa, ICP: 0.1 MPa.  

 

Moving down to the observation of the 2.7 mm leading edge penetration, it is clear from 

the images that the spheroid cap is no longer present. Additionally, similar to the jet 
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described earlier, the shape is not that of a traditional spray. The formation of ligaments 

is closer to the leading edge, possibly related to the growing axisymmetric vortices, but 

due to the spear like appearance of the jet tip it is difficult to support the theory of 

vortices, as lateral flattening profile should be evident. Interestingly it is important to 

note that long ligaments can be seen to form at the leading edge due to the shear 

stresses. Directly behind this region the jet is relatively laminar but then the jet starts to 

form ligaments rapidly. Moving upstream of the jet between 1.0 and 1.6 mm 

downstream of the jet relative to the nozzle, very small gaps can be seen through the 

centre of the jet with matching time of ~70 µs aSOI of that of the leading edge at  

2.7 mm penetration.  It appears that through turbulence, the jet is starting to show signs 

of breakup formed of interlocking ligaments from within the jet as well as from the 

shearing at the surface. The jet is observed to be more unstable moving closer to the 

nozzle which again then starts to dampen due to the newly injected fuel. 

The spray tip velocity at this location was measured to be 42 ms
-1

 with a standard 

deviation of 1.5 ms
-1 

based on 19 measurements. Thus the Reynolds and Weber 

numbers at the spray tip is expected to remain relatively unchanged compared to the 

spray penetration up till 1.6 mm and this is supported by the generally similar laminar 

appearance of the leading edge and the lack of rapid transverse growth. It is clear that 

the jet is still in the primary breakup at this location where aerodynamic forces and the 

resultant surface waves and ligaments dominate the atomization process. The jet appears 

to be relatively undisturbed at its core. The injected fuel has yet to enter into the stages 

where it can be called a fuel spray and as such it is clear that the models that suggest the 

formation of a spray the instant the fuel exits the injector nozzle are inaccurate. 

Before moving to analysis of the spray structure at a longer penetration, an interesting 

observation can be seen from the ultrahigh speed video at the 2.1-2.9 mm.  

Figure 63 shows the formation of a strip of fuel attached to the periphery of the leading 

edge of the jet that splits into two ligaments. This is attributed to a bag like breakup of 

the strip of fuel. It is further speculated for this type of breakup the structure of the strip 

of fuel becomes sheet like thorough shearing forces, and as the sheet of fuel splits, it 

sucks in the fuel through viscous effects to form the ligaments. It can be immediately 

seen that surface tension is starting to pinch the ligament at the tip and the formation of 

droplets is expected from this instability. 
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Figure 63. Development of ligaments from the ultra high speed video. Injection 

pressure: 40 MPa, ambient pressure = 0.1 MPa. 

 

Moving to the next spray structure at 3.9 mm spray tip penetration, the leading edge 

shows a similar structure to that as the previous developing jet. The interesting results 

can be seen when observing the core of the jets between 2.1 and 2.9 mm (Figure 64a). 

Unlike the morphology of the jet between 2.1-2.7 mm spray tip penetration (Figure 62), 

where there were only few spots in the core of the jet that showed evidence of breakup 

it is evident that this is not the case at this penetration, where the structure of the jet is 

made up of several large size distorted and intertwined ligaments of fuel. As the leading 

edge of the jet is solid the trailing jet must be in its slipstream, thus there should be little 

to no shear forces acting in the core of the jet. Therefore the breakup of the diesel jet in 

the core come from turbulent induced instabilities supplied from the nozzle. The other 

conclusion is that the surface instabilities have propagated to the core but this seems 

unlikely as the jet collapse seem erratic across its width. It appears that the jet is 

collapsing from within as well as that from the shearing at the outer surface of the spray. 

From the literature on the x-ray of two hole sprays Moon et al., (2010) this behaviour  is 
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explained by helical instabilities in the jet core, supplied form the nozzle and is 

expected to be a characteristic of multi-hole injectors. 

 

 

 

  

 

Figure 64. Spray morphology at the core of the jet between (a) 2.1 -2.9 mm and at (b) 

3.9 mm spenetration. IP: 40 MPa, ICP: 0.1 MPa, ~120 μs aSOI. 

 

Observation at the leading edge reveals a relatively undisturbed jet. Observation made 

of the jet passing this location reveals that the leading edge is wider upstream of the jet 

which then converges back into what resembles a unstable cylindrical jet. This could be 

the potential start of the formation of the wide spray leading edge observed in the 

macroscopic images. This lateral flattening of the jet is expected to be caused due to the 

turbulent breakup of the jet core. The undisturbed leading edge is linked to the fuel 

piercing through the dense leading edge causing the lateral movement of the fuel that 

forms the prolific ‘wide’ leading edge. With this transverse expansion of the leading 

edge it is a possibility that the axisymmetric vortices are now becoming stronger and 

that the wake that is created behind the jet is now being formed that have lead to the 

disturbances noticed downstream of the jet.   

Measurements of the spray tip velocity between 3.1-3.9 mm penetrations reveal an 

average velocity of 44 ms
-1

 with a standard deviation of 5.6 ms
-1

. The only difference 

now is that the shearing is visible at the leading edge with the formation of ligaments on 

the periphery of the jet directly behind it. Thus it seems that throughout the primary 

breakup of the jet the spray tip remains unchanged. This suggests that the leading edge 

velocity is dependent on the atomized state of the jet. 

Moving down when the spray penetration is between 4.6-5.4 mm, the mechanisms 

involved in the primary breakup of the diesel jet leading to the secondary breakup 
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becomes far clearer. Firstly the spray tip takes the form of an agglomerated leading edge 

where the region directly behind this structure consists of interconnected and entwined 

ligaments (Figure 65a-b, Figure 66a-b). Observations made upstream of the jet show 

that the ligaments are formed directly from the breakup of the liquid core. This breakup 

of the diesel jet is attributed to the shear aerodynamic forces due to the axisymmetric 

vortices at the leading edge (from the newly formed leading edge) and the turbulent 

nature of the jet (inertia supplied from the high pressure injection) in the form of helical 

type instability. The agglomerated leading edge takes the shape of a cap where 

ligaments are entrained into it that continually sustain the existence of this structure as it 

continues to penetrate further. The region directly behind the leading edge, based on the 

definition of the secondary breakup, is still in the primary breakup stages due to the 

absence of a droplet dominated structure. Measurements at the leading edge reveal the 

average velocity to be 54 ms
-1

 from 24 measurements with a standard deviation of 

5.5 ms
-1

. Thus it appears that the leading edge is accelerating. This is attributed to the 

slipstream effect created by the atomization of the solid core behind the leading edge. 

To further support this case of droplets and ligaments travelling in slipstream, 

measurements have been taken of a fuel ligament at 200 μs after the leading edge has 

passed. The velocity of the ligament was found to be 121 ms
-1

. As the spray tip gains its 

momentum from entrained fuel it is logical to expect that as the spray starts to form the 

agglomerated leading edge the jet velocity at the tip will increase.  

The increased rate of breakup of the injected fuel is further supported when analysing 

the jet structure between 3.1-3.9 mm downstream of the jet at a similar timing to the 

spray penetration at roughly 3.4 mm (Figure 65c). The jet at this location still contains 

the central column of fuel but it is thin and unstable with ligaments and droplets 

surrounding it. The prior observation of the increase in surface wave growth near the 

nozzle with the increase in injection time seems to answer the question raised on the 

increased rate of spray breakup.  Starting at the nozzle the jet starts to expand the 

moment it leaves the injector nozzle where waves can be seen to form. The waves then 

create ligaments at about 1 mm downstream of the jet. At this point it appears that the 

shearing instabilities at the periphery are responsible for the breakup of the jet in this 

region. The ligaments appear to grow exponentially from the nozzle until the 3 mm 

penetration where the jet then starts to show sign of primary breakup where the structure 
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of the jet starts to be erratic across its width. This indiscriminate atomization suggests 

that the breakup is also being promoted from the centre of the sprays. It appears that the 

helical instabilities have now evolved into fine scale turbulences which result in the 

breakup of the jet. 

   

     

Figure 65. Spray morphology between 4.6-5.4 mm downstream of spray at the 

(a) leading edge (~155 µs aSOI). (b) Behind leading edge (~165 µs aSOI). (c) Between 

3.1 to 3.9 mm downstream of jet (~160 µs aSOI). IP: 40 MPa, ICP: 0.1 MPa.  

 

  

Figure 66. Single shot image between 4.6-5.2 mm downstream of spray. (a) Directly 

behind leading edge. (b) Behind leading edge. IP: 40 MPa, ICP: 0.1 MPa. 

 

As the jet continues to penetrate further into the combustion chamber the breakup of the 

cylindrical jet behind the agglomerated tip becomes more advanced. Analysis of the 

spray between 6.7-7.3 mm spray penetration show that leading edge has become wider 

and the ligaments of fuel directly behind the agglomerated tip are thinner (Figure 67a). 

There were no ultra-high-speed recordings taken at this location but by using the data 

obtained at other locations the trend line from the microscopic results suggests a jet 

speed in the region of 68 ms
-1

. If this holds true the spray tip velocity increases at later 

stages of the spray atomization. This is attributed to the greater travel time of fuel 
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ligaments in a longer area of the spray being in the atomized region while remaining in 

the slipstream created by the agglomerated leading edge. 

The spray formation behind the leading edge suggests that the jet is still in the primary 

stages of atomization as the ligaments still appear to be connected between the leading 

edge and the main jet. An observation of the spray on a global scale at this stage of 

spray formation reveal the small scale distortions in the form of eddies near the nozzle 

have grown into large scale distortions which leads to the disintegration of the 

cylindrical jet. 

 

 

 

 

Figure 67. Spray formation between 6.7-7.3 mm downstream from nozzle orifice. 

(a) Directly behind the agglomerated tip. (b) Upstream of the leading edge. 

  IP: 40 MPa, ICP: 0.1 MPa. 

4.3.2 Secondary breakup 

From the characterization of the primary atomization, the criteria for constituting the 

secondary breakup of the spray will be when the region directly behind the 

agglomerated leading edge becomes detached from the main jet and consist primarily of 

independent droplets and ligaments. Observations made during the primary breakup of 

the jet reveal that the formation of the spray is a rate process, where the development 

from the undisturbed column to droplets will not be instantaneous. Furthermore the 

existence of an agglomerated leading edge would suggest that the ligaments that form 

are free of aerodynamic forces due to slipstream effects that would be present and the 

suggestion that the velocity of droplets at the end of breakup being 30-40% lower than 

the initial relative velocity (Faeth 1995) would really only be possible in the event of the 

disintegration of the agglomerated leading edge. Based on this the investigation to be 

carried out on the secondary breakup will focus on the region directly behind the spray 

tip, the stability of the agglomerated leading edge, and the tip velocity which will be 
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evidence of the velocity of fuel droplets and ligaments that will be entrained into it. 

Observing the leading edge of the diesel spray between 10.8 and 11.4 mm penetration, 

the cap that was observed to be formed during the primary atomization has widened and 

the volumetric density is reduced as seen in the image of the leading edge shown in 

Figure 68a-b. This leading edge of the spray is located ahead of the breakup length and 

this is revealed when recording the spray as it passes the viewing area. In this region the 

spray is formed of many thin intertwined strips of fuels (Figure 68c-d) behind which the 

region is formed of large strips of fuel surrounded by ligaments and droplets (Figure 

68e-f). Interestingly the fuel in the more steady state region produces a jet that 

resembles the core. Thus it is evident that the atomization directly behind the leading 

edge is greater than that of the jet upstream which matches simulations made by Shinjo 

and Umemura (2010) where the axisymmetric vortices were modelled to be the 

dominant mechanism for the breakup of the jet. 

 

   

   

Figure 68.  Spray morphology between 10.8 – 11.4 mm downstream of spray. (a) Tip of 

leading edge (~260 µs aSOI), (b) Spray Leading edge (c-f) Spray structure behind 

leading edge and progressively further back as it passes the viewing area. 

 

Continuing this study at the leading edge, the spray tip velocity on the microscopic scale 

reveals that the velocity has increased to 104 ms
-1

. This would appear to suggest that the 

droplets entrained into the agglomerated leading edge are travelling faster than those at 
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shorter spray penetrations. This would imply that as the breakup becomes more 

advanced. the distance the droplets travel in the slipstream is increased and with the 

inertia supplied from the axisymmetric vortices present in this region the droplets could 

have a longer time to accelerate before being impeded. Furthermore as the leading edge 

is wider it is possible that the vortices are stronger which would further increase the 

velocity of the droplets. The other alternative is that there are no axisymmetric vortices 

and that the fast moving droplets are due to momentum supplied by the inertia in the 

liquid as it breaks away from the main jet. A third alternative is that both these events 

working together to superimpose and result in a faster leading edge. Finally it could just 

be possible that a faster body of fuel is being observed due to increased inertia as a 

result of a higher needle lift during the injection.  

The observation of the spray structure at a penetration length between 10.8 and 

11.4 mm reveal it has many characteristics of a spray undergoing secondary atomization 

which occurs directly behind an agglomerated leading edge. Moving down to the region 

near the leading edge at spray penetrations between 19.0-19.4 mm and 31.3-31.9 mm 

reveal that the both the agglomerated leading edge and the region behind this structure 

is less dense (Figure 69a, Figure 70a) and more atomized (Figure 69b&c, Figure 70b) 

respectively. Thus it is concluded that the leading edge becomes thinner as it travels 

further downstream of the jet. This possibly results in the fuel within the core and 

droplets previously in slip stream interacting with the air promoting atomization. As can 

be seen from Figure 70b just behind the leading edge, the spray consists primarily of 

ligaments and finely atomized droplets. It is expected that at the limits of the maximum 

spray penetration the agglomerated region will eventually collapse completely causing 

the leading edge to consist solely of atomised droplets and ligaments. This is possibly 

one reason for the reduced rate of acceleration of the spray tip at later spray penetrations 

where the jet speed, based on microscopic measurements between 19.0-19.8 mm, is 

measured at 120 ms
-1

. It is speculated that at the later penetrations the leading edge 

velocity would become slower as the density becomes reduced resulting in the collapse 

of the friction free region where slipstream freely takes place and furthermore the lack 

of a prominent agglomerated leading edge would result in the collapse or weakening of 

any axisymmetric vortices behind the leading edge. which would contribute towards the 

reduction in droplet and ligament speed in the region of secondary atomization. 
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Figure 69. Spray formation between 19.0-19.4 mm downstream of the jet spray 

penetration length. (a) At the leading edge. (b) Directly behind the leading edge. 

(c) After the spray has passed.  IP: 40 MPa, ICP: 0.1 MPa. 

 

 

 

 

Figure 70. Spray formation between 31.3-31.9 mm downstream from nozzle orifice. 

(a) At the leading edge. (b) Behind the leading edge. IP: 40MPa, ICP: 0.1 MPa 

 

In addition to the reduced density of the leading edge it has been observed that the 

breakup length at steady state conditions were greater than during the transient state as 

observed when viewing the core of the jet between 4.6-5.2 mm (Figure 71a) and 6.7-

7.3 mm (Figure 71b) downstream of the jet at ~360 and ~380µs aSOI respectively. The 

image of a central core connected to the undisturbed cylindrical jet that exits from the 

orifice can be observed between images taken at 4.6-5.2 mm which reveal that not only 

do the ligaments and droplets form through a rate process but also that the breakup 

length increases based on the transient spray penetration. The structure of the diesel 

spray is formed of a central thin core with interconnected ligaments surrounding it. 

These ligaments are rapidly forming droplets through Rayleigh Taylor instability. 

Observation of the jet structure between 6.7 and 7.3 mm upstream of the jet reveal a 

similar story of a cylindrical core and give further evidence to the extension of the 

primary breakup length with the increase in spray penetration. There does appear to be a 

a b

b

a 

c 

a

a 

b 

100μm 100μm 100μm 

100μm 100μm 



122 

 

maximum breakup length possible, as the spray turbulence would eventually cause the 

jet to break-up and this is observed viewing the spray structure between 10.8-11.4 mm 

downstream (Figure 71c) of the spray, roughly 440 µs aSOI, that the region is primarily 

made of independent clumps of fuel and ligaments and is in its secondary stages of 

atomization. This continues till it approaches directly behind the leading edge where the 

spray structure is formed primarily of thin ligaments and droplets. 

 

    

Figure 71. Spray formation at steady state conditions (a) 4.6 - 5.2 mm downstream from 

nozzle orifice, ~360 µs aSOI. (b) 6.7 - 7.3 mm downstream from nozzle orifice, ~380 µs 

aSOI. (c) 10.8-11.4 mm downstream at ~440 µs aSOI. IP: 40 MPa, ICP: 0.1 MPa. 

 

Approaching the nozzle, the fine scale disturbances originate as surface waves which 

through either aerodynamic shear or internal turbulence result in the formation of 

ligaments and droplets. This can be seen in Figure 72, where four images have been 

stitched together to reveal the first 2 mm of the jet upon exit when the needle has fully 

lifted. This appears to prove the formation of droplets and ligaments within the primary 

atomization zone and the breakup suggests far greater shear forces acting at this stage 

than at the timings near the transient state. The reason for this is a greater jet velocity 

attributed to a higher needle lift.    

  

     

Figure 72. Spray formation at steady state conditions for the first 2 mm downstream of 

jet. IP: 40 MPa, ICP: 0.1 MPa. 
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4.3.3 Drop sizing 

Detailed information on the distribution of droplet size in a spray is a crucial parameter 

for the fundamental analysis of spray systems. Due to the spray density micro-

photography for the purpose of droplet sizing can only be implemented on the 

circumference of the diesel spray (Quoc et al. 1994). This problem is amplified when 

working with multi-hole sprays where the remaining jets obstruct the viewing area and 

the lighting path. 

To achieve this goal a marker-controlled watershed segmentation technique (2004) was 

applied. This technique involves getting the original image (Figure 73a) and obtaining 

the regional minima which shows all pixels that are above the designated threshold in 

the images showing it as white and the background as black (Figure 73b), for this image 

the threshold was set at 50. It is important to note that after this procedure the image is 

now binary. As can be seen from the image the resulting tracked pixels do a reasonable 

job of detecting and marking the objects to segment. 

The next step is to find the external markers (pixels) that belong to the background. This 

is done by finding the midway point between the internal markers. This is done by 

carrying out a watershed transform of a distance transform.  The transform is simply the 

distance from every pixel to the nearest nonzero valued pixel in a binary image. The 

watershed technique segments the image by viewing the photo as a topological surface 

and locating the peaks (Figure 73c).  

Now that both internal and external markers have been obtained they can now be used 

to modify a gradient image of the raw image using a procedure called minima 

imposition. This technique modifies a grey-scale image so that the regional minima can 

only occur in marked locations. Other pixel values are increased as necessary to remove 

all other regional minima. This step modifies the gradient image by imposing regional 

minima at the locations of both the internal and external markers. This is shown in 

Figure 73d. The new image is now further processed using the watershed transform 

technique (Figure 73e). 
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Figure 73. (a) Raw image (b) Regional minima of gradient image (c) Ridge lines 

(external markers) (d) Ridgelines (internal markers) (e) Watershed transform (f) 

Segmentation result 

 

The segmentation is now complete and as can be seen the process has been successful in 

identifying the ligaments and droplets in the image. The next stage will require the 

filtering away of the ligaments. This is accomplished by using a circularity limit filter 
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that will omit all segments that do not meet this limit of circularity (~0.7). This should 

effectively remove all the ligaments and noise picked up. To view the success of the 

data a canny edge detection process is used to place a border on all detected segments as 

shown in Figure 73f. The image shows that the script developed has a good success rate 

at identifying droplets and measuring their sizes. 

The script is then adapted to run on a set of images (~60) and the stored data on the 

maximum and minimum length (giving the aspect ratio) and the equivalent drop size is 

exported onto an excel spreadsheet from which the data can be presented.  Figure 74 

shows the droplet size distribution at the periphery of the jet at a set of downstream 

lengths at 200 s from the time the leading edge passes that particular location. The 

delay was chosen so that droplets would be recorded when the jet is in steady state.  

 

 

Figure 74. Droplet size distribution at 4.6, 10.8 and 19.0 mm downstream of the jet 

 

Results show that the most common droplet size at 5.2 mm is 5 m. This increases to 

7 m at the 11.4 mm downstream of the jet which then reduce down to 5 m when 

moving further downstream to the 19.6  mm spray length. The total number of droplets 

is highest at the 5.2 mm penetration due to the reduced width of the spray. With a 

recorded field depth of 500 m this makes nearly all the droplets produced at that 
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location within this limitation. Moving down to 11.4 mm the jet will be producing a 

greater number of droplets but the problem lies in the fact that due to the width of the 

spray the depth of field will not be able to cover the entire depth of the spray thus 

missing large portions of the droplets produced. Finally at the 19.6 mm penetration the 

jet as identified earlier in the section will be in its secondary break-up period and as a 

result even though the region is a small fraction of the spray the number of droplets 

recorded is higher and smaller.  

Even with these problems the droplet sizing techniques is viable in comparing droplet 

distribution in different sprays. If the aperture is fixed and the location observed is the 

same there can be confidence that the droplet count and size distribution of the different 

fuels can be determined and compared. The results of this will be covered in the next 

chapter. 

4.3.4 Summary and end of injection 

Based on the findings from the primary and secondary breakup, the structure of the 

diesel spray can be split into three stages, the initial, unbroken jet where its inertia is 

supplied from the pressurised injection of the fuel. This phase exists within the first 

3.9 mm of the transient spray penetration and the narrow undisturbed column of fuel 

can be seen in the single-shot high resolution macroscopic image in Figure 75a when 

observing the spray located directly to the south. The onset of the next stage occurs at 

penetration length of 4.6 mm at which point the jet enters the transition between the 

primary and secondary stages of atomization. At this location as seen from Figure 75b 

the leading edge widens and the microscopic images reveal the formation of the 

agglomerated leading edge. This breakup has been attributed to a combination of forces; 

flow turbulence, fine scale surface waves growing to large scale deformation and shear 

forces at the leading edge causing transverse expansion leading to axisymmetric 

vortices. 

 As the spray develops the agglomerated leading edge widens as more fuel is entrained 

into it and the region behind the cap enters the stages of secondary atomization. This 

widening of the spray tip can be seen in Figure 75c&d. The reasons behind the 

increased atomization are attributed to the flow turbulence and the increase in strength 
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of the vortices present behind the leading edge. The spray tip was found to be 

accelerating. As its existence is attributed to the continual transfer of mass and 

momentum from the droplets in the secondary breakup regime the high velocities of the 

droplets were attributed to the existence of slip stream and vortices accelerating the fuel 

detaching from the initial column of fuel. It was speculated that at near maximum spray 

penetration the leading edge would become thinner and eventually disintegrate 

compromising the slip stream effects and the eventual halting of the spray tip 

penetration. This thinning of the spray tip can be seen in Figure 75e. Due to the 

influence of the agglomerated leading edge on the atomization of the fuel that travels in 

its slipstream, the break-up length appear to increase in the transient jet with the spray 

penetration reaching a maximum breakup length between 7.3-10.8 mm. 

 

 

 

Figure 75. Single-shot macroscopic images at spray penetration length (a) 1.6 mm (b) 

4.6 mm (c) 10.8 mm (d) 19 mm (e) steady state (f) EOI. IP: 40 MPa, ICP: 0.1 MPa. 
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 The final stage is the end of injection, where the closure of the injector needle results in 

the gradual restriction of the fuel flow until all that remains are slugs of fuel and 

droplets (Figure 75f). Results show that the jet disintegrates almost homogenously 

across the length of the diesel spray except at the nozzle orifice where the momentum of 

the fuel transports it away from that location. Microscopic investigation carried out 

between 2.1-2.9 mm downstream of the jet (Figure 76) from the nozzle orifice for the 

reference diesel show that the destabilisation of the jet at the end of injection occurs 

over only 20 s from when the jet appears as a fully formed dense core to that of a 

sparse thin structure.  

Figure 76b&c show that the spray gets restricted as the needle closes. At later timings 

all that remains are slugs of fuel and droplets coupled with the images obtained from the 

high speed macroscopic recording it can be seen that the spray starts to disintegrate 

sporadically throughout the jet due to the lack of entrained fuel. The near nozzle region 

will be relatively empty as the momentum of the fuel will transport it away from this 

location. 

 

 

 

 

 

Figure 76. Spray breakup at the end of injection between 2.1-2.9 mm downstream of the 

nozzle orifice at (a) 400 s,  (b) 420 s and (c) 460 s aSOI.  
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4.4 Effect of injection pressure 

4.4.1 Background 

There is a consensus in the literature that with an increase in the injection pressure there 

is a greater rate of atomization with one of the products being finer droplets. This results 

in an improved air-fuel ratio and a more homogeneous mixture (Lacoste 2006). Due to 

these benefits injector companies are continuously raising the operating pressures of 

their injectors. Thus it is important to find out if the mechanisms behind the breakup of 

the spray at 40 MPa injection pressure remain the same at higher injection pressures. 

Similarly to the prior investigation the characteristics of the fuel spray that will be 

observed are the spray tip penetration and velocity, structure of the spray, spray density, 

rate of ligament and droplet formation (subjectively). The droplet sizing is not presented 

due to the excessive window fouling resulting in poorer image quality and as such 

rendering the post processing techniques inaccurate.   

4.4.2 Initial jet formation and primary atomization 

Observations of the diesel jet at 60 and 80 MPa injection pressure (Figure 77) into 

atmospheric ambient conditions reveal the gradual transformation of the laminar jet 

structure to that of the turbulent jet. It can be identified that as the injection pressure is 

increased the laminar spheroid cap starts to destabilise. Ligaments appear to be formed 

by the time the turbulent jet has exited the nozzle even in the presence of the spheroid 

cap. This suggests that the instabilities caused by the turbulent nature of the jet plays a 

big part in the break up process of the diesel jet. By isolating the importance of the 

turbulent flow on ligament formation it can be concluded that the two dominant forces 

in spray break up are the jet internal stress and the surrounding gas inertia (Smallwood 

et al. 2000).  
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Figure 77. ULSD jet at (a) 60 MPa  and (b) 80 MPa injection pressure into 0.1 MPa 

ambient air. 

 

The average tip velocity at a 100 MPa injection pressure was measured at 121 m.s
-1

. 

This produced a Reynolds number of approximately 5010 which indicate that the flow 

is turbulent. The correspondingly higher WeG (~79) and WeL (~54043) compared from 

that of the 40 MPa spray points towards a more atomized jet. These findings are 

supported by the appearance of the jets produced at these conditions (Figure 78). 

  

 

 

 

 

 

 

 

 

Figure 78. Microscopic images of ULSD at 100 MPa IP, 0.1 MPa ICP 
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Ligament formation can be observed at the leading edge of the jet. There are a few 

possible reasons for the ligament formation ahead of the jet. Intuitive analysis of the 

images can be made which would suggest that the spheroid cap at the leading edge 

previously noticed for 40 MPa injection pressure has been pierced by the turbulent core 

inside the nozzle which forms these ligaments. The second theory is that at this elevated 

injection pressure at atmospheric ambient conditions the fuel at the end of injection has 

enough kinetic energy to overcome the forces that allow the fuel to remain trapped in 

the nozzle. If this is the case there will still be thin films of fuel stuck to the nozzle 

surface which gets stripped off and carried with the high pressure jet producing 

ligaments to appear at the leading edge ahead of the jet. This conclusion is similar to 

that drawn up by Bae and Kang (2005) following recorded images at 112 MPa injection 

pressures using a 5-hole, 144 μm diameter VCO nozzle.  Bae and Kang (2005) 

attributed the ligament and droplet formation ahead of the jet to a gas jet with a head 

vortex caused by trapped air at the head of the VCO nozzle which travels ahead of the 

main jet and strips the fuel left in the inside lining of the nozzle.   

Increasing the injection pressure to 160 MPa produced a variety of sprays with a large 

degree of cycle to cycle variation. It is important to note that at this test point there were 

no single shot recordings carried out; as such there is less statistical surety behind the 

subjectively chosen images. From the images taken there were two types of jets 

observed. The first is an unstable jet (Figure 79) and based on the images taken from the 

100 MPa injection pressure conditions is expected to be the statistical majority where it 

takes the form of a fast moving jet which had ligaments propelled ahead of the leading 

edge and a rapid transversal expansion at the exit of the nozzle when the main body of 

fuel can be seen. Of particular interest is the ligament propelled at the head of the jet 

which travels at 99 ms
-1

. Whether this is due to vortices is inconclusive. The subsequent 

jet that follows the ligament is travelling at 149 ms
-1

. This returns a Reynolds number of 

~6170, liquid and gas Weber number of 81949 and 120 respectively. If these 

measurements accurately resemble the jet produced at the 160 MPa injection pressure 

condition then it is clear that the increase in pressure has resulted in both a faster and 

more turbulent jet with a higher rate of ligament and droplet formation compared to its 

lower injection pressure counterparts.  
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         0    1   2 

    Time after start of sequence [s] 

Figure 79. ULSD jet in the near nozzle region at the start of injection with shadowgraph 

ultra high speed video technique. IP: 160 MPa.  ICP: 0.1 MPa. 

 

As mentioned previously, the cycle to cycle variation produced a second type of jet 

which was slower moving and more stable as it was free of ligaments and droplets 

(Figure 80).  The cause of this jet behaviour is attributed to two possible events. The 

first being trapped fuel pushed out of the nozzle ahead of the main jet with the opaque 

nature of the leading edge attributed to surface ripples and internal instabilities caused 

by the turbulent nature of the trailing jet. The other cause of this peeling back of the jet 

and slow velocity is due to the difference in jet velocity of the exiting fuel as the needle 

is lifting. This produces a slower initial jet which is then overtaken by the faster moving 

jet. This causes the curling back of the jet at the leading edge due to a slower moving 

body of fuel being pushed to the side by a faster moving subsequent jet. The velocity of 

the leading edge at this point increases to approximately 80 ms
-1 

revealing that the flow 

has a Reynolds number of ~3313 and a liquid and gas Weber number of 23623 and 35 

respectively. Thus in the second scenario the jet is less stable with a reduced possibility 

of ligament and droplet formation and the structure of the spray agrees with this. 

As suspected, the change in injection pressure is expected to affect the injection timing 

and this has been measured to be true as seen in Figure 81. The increase in pressure has 

resulted in the advancement of the start of injection. This is attributed to the increased 

exit velocity and the suspected increase rate of needle lift. 
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       0             1   2 

    Time after start of sequence [s] 

Figure 80. ULSD jet in the near nozzle region at the start of injection with shadowgraph 

ultra high speed video technique. IP: 160 MPa.  ICP: 0.1 MPa. 

 

Figure 81. The effect of injection pressure on the observed start of injection at 

atmospheric ambient condition. 

 

In summary, it can be concluded that the increase in injection pressure when working at 

atmospheric conditions results in a higher jet velocity. The consequent larger values of 

Reynolds and Weber numbers produce more turbulent jets with greater ligament and 

droplet formation. Ligaments ahead of the jet are attributed to either residual fuel being 

sheared of the inner surface off the nozzle and carried ahead of the jet, flow turbulence 

or the shearing of the trapped fuel in the nozzle orifice being sheared by a fast moving 

jet due to the high injection pressures. 
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4.4.3 Spray formation: primary and secondary breakup 

The determination of the breakup length is of particular importance in the 

characterization of the atomization process. The jet stability curve based on the 

literature reveals that during the second wind-induced regime the increase in injection 

velocity results in a longer breakup length. As the velocity is increased further the jet 

enters the atomization regime where the trend reverses. As many of the injectors used 

for developing jet stability models suffered from cavitation, the description of the sprays 

behaviours are different when working with injectors currently in the market that are 

designed to cavitate less and produce more stable sprays. Dumouchel (2008) stated  that 

in the case of non-cavitating flows the fuel upon exit was always a continuous jet 

regardless of operating conditions. Thus from the investigation of the initial jet 

formation at the nozzle this injector is free of cavitation. It is still inconclusive whether 

the flow is in the atomization regime or the influence of the increase in jet velocity on 

the breakup length. In addition to this the dilemma on the structural stability in non-

cavitating jets can be determined.  

Comparing the spray formation from the macroscopic view, seen in Figure 82, reveal 

that the increase in injection pressure results in not only the advancement of the start of 

injection but a faster rate of spray penetration. There does appear to be signs of a sudden 

change in the rate of spray tip penetration near the SOI for the 100 and 160 MPa 

injection pressure conditions but this could be attributed to the errors in the sensitivity 

of measurements taken at the nozzle thus the tip velocities were calculated over a range 

of locations at the microscopic scale. The results reveal a sharp increase in spray tip 

velocity for the 100 MPa injection pressure conditions (Figure 83) between 3.9 and 

4.6 mm spray penetration. Raising the pressure to 160 MPa (Figure 84) reveals that this 

trend occurs even earlier between 1.0 and 2.1 mm spray tip penetration. This suggests a 

shorter breakup length and the earlier transition of the jet to a spray when increasing the 

injection pressure. 
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Figure 82. Macroscopic profile of spray penetration. Fuel: ULSD, IP: 100 MPa, 

ICP: 0.1 MPa 

 

 

Figure 83. Spray velocity of 100 MPa diesel jet into 0.1 MPa ambient pressure. 
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Figure 84. Spray tip velocity of a diesel jet. IP: 160 MPa.  ICP: 0.1 MPa. 

 

For these findings to be accurate the images of the spray structure at the early spray 

formation for the 100 MPa must reveal an increased rate of breakup and this is verified. 

Firstly the increased rate of turbulence in the jet is observed from the initial jet 

formation as previously covered. Still images of the leading edge between 0.5 to 

2.1 mm penetration lengths show a far greater level of instability when compared to the 

same location for the 40 MPa injection pressure condition (Figure 85). This is attributed 

to the increased shear stresses and the higher Reynolds number. There is potentially still 

evidence of trapped fuel due to the bag like break-up of the leading edge but this is 

unsubstantiated and could just be coincidental. 

   

 

 

 

 

Figure 85. Jet leading edge at penetration lengths between (a) 0.5-1.1 mm, (b) 1.0-

1.6 mm and (c) 1.5-2.1 mm.  
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Measurements taken between 1.0-1.8 mm spray penetration lengths produce an average 

velocity of 91.8 ms
-1

 with a standard deviation of 7.8 ms
-1

. Compared to the SOI 

velocity through the spheroid cap it seems that the leading edge velocity of the core is 

reduced. This is attributed to the initial boost in acceleration provided by the motion 

through the trapped fuel in the injector nozzle. It was found that in the experiments with 

the SIM 16 ultrahigh speed video there was evidence of images with and without the 

formation of the spheroid cap. In the event of the existence of the cap the structure was 

unstable and collapsed directly after leaving the nozzle. Tests on the static rig revealed 

jets that were consistently formed of an opaque turbulent jet. As tests carried out on the 

spray formation on the static rig were more detailed the jet will be described as a 

turbulent jet without a spheroid cap at the leading edge.  

The velocity appears to remain similar for the first three millimetres with the possibility 

of a slight reduction due to the impingement with the ambient air. An average velocity 

of 87.5 ms
-1

 is recorded between 2.1-2.9 mm penetration. Images taken between 2.1-

3.2 mm reveal the widening at the leading edge (Figure 86a and Figure 87a). Observing 

the spray passing by these locations show the structure of the jet behind these at a 

slightly later penetration.  Figure 86b and Figure 87b reveals the evolution of transverse 

motion at the spray tip which will eventually produce the agglomerated leading edge 

and the main jet can be identified being fed through the centre. 

It seems possible for axisymmetric vortices to start developing and the advanced 

breakup can be identified when observing the jet stability a short while after the jet has 

passed (Figure 86c and Figure 87c) where the breakup is far more atomized than its 

comparative position for the 40 MPa injection pressure location.  

Observations of the widening of the spray could also be related to an increase in mass 

flow rate due to the higher velocity, thus providing more fuel for the transverse motion 

of the spray. By taking all these pieces of observations and calculations the conclusion 

is drawn that the breakup length is reduced as the injection pressure is raised due to the 

increase in turbulence and aerodynamic shear at the leading edge as a product of the 

higher jet velocity. This is in agreement with the observation of a flow in an atomization 

regime and observations of a relatively similar solid jet upon exit also signify that the 

flow for the 40 MPa injection pressure falls in the same category. 
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Figure 86. Comparison of jet leading edge at penetration lengths between 2.1-2.7 mm at 

100 MPa (a-c) and 40 MPa (d-f) injection pressure.  (a,d) Leading edge. (b-c, e-f) after 

spray passes. ICP: 0.1 MPa.  

 

   

   

Figure 87. Comparison of jet leading edge at penetration lengths between 2.6-3.2 mm at 

100 MPa (a-c) and 40 MPa (d-f) injection pressure.  (a,d) Leading edge. (b-c, e-f) after 

spray passes. ICP: 0.1 MPa. 
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after this, the jet is found to accelerate up to ~164 ms
-1

 between 4.6-5.4 mm which fits 

in with the observations made of the changing spray structure to accommodate the early 

formation of the spray. 

At the 5.2 mm spray penetration length the structure at the leading edge is still dense but 

is wider. The region directly behind it still appears to be formed of a solid jet (Figure 

88) but this could be attributed to an increase in flow rate or due to the size of the 

agglomerated leading edge obstructing the viewing location. Measurements taken 

during the steady state reveal the structure (Figure 88c) of the jet to be formed entirely 

of interconnected ligaments, where during the same location and similar timing at the 

40 MPa the jet was relatively solid consisting of a central core. This further corroborates 

the claim of a reduced breakup length for the increase in injection pressure when 

working at atmospheric conditions. This is in agreement with X-ray images recorded by 

(Moon et al. 2010) reveals that the helical instabilities observed at lower injection 

pressures form directly into fine scale turbulences at a 100 MPa injection pressure 

which advances the breakup of the jet. 

 

 

 

 

 

Figure 88.  (a) Jet leading edge at penetration lengths between 4.6 and 5.2mm. (b) at the 

same location but just directly after the leading edge passes the frame. (c) 200 s after 

the leading edge passes. 

 

The correlation of the increase in jet velocity in relation to the jet breakup is further 

supported by observation of the leading edge between 10.8-11.6 mm spray tip 

penetrations. Measurements at this location returned a tip velocity of 283 ms
-1

. This 

substantial increase as expected is attributed to the slipstream effect due to the region of 

droplets and ligaments travelling directly behind the agglomerated tip. 

a b c 
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Figure 89. Jet leading edge at penetration lengths between 10.8 and 11.6 mm. 

 

The collapse of the agglomerated tip results in the deceleration of the jet. The onset of 

the breakup of the agglomerated tip appears to occur between 11.6 and 19.0 mm spray 

length where the jet velocity has dropped to 212 ms
-1

. As seen in Figure 90 the 

agglomerated tip density is reduced as the penetration length increases which results in 

an increased drag on the spray behind the leading edge. Slip streaming is reduced and 

the jet velocity drops. The spray tip at 23.1 mm penetration appears to be formed mainly 

of a web of interconnected ligaments. The jet velocity is expected to continue falling till 

the eventual complete disintegration of the spray tip which will be formed of slow 

moving droplets and ligaments.  

 

              

Figure 90. Jet leading edge at penetration lengths at (a) 14.9 to 15.5 mm, 

(b)19.0 to 19.6 mm and (c) 23.1 to 23.6 mm. 

 

Of particular interest in the microscopic results is the discrepancy compared to the 

macroscopic results for the leading edge velocity (Figure 83). It can be seen that the 

macroscopic results is greatly underestimating the local tip velocity at the start of 

injection and also after the formation of the agglomerated tip. This is similar to the 

b a c 

b c a 100μm 100μm 

100μm 100μm 100μm 

100μm 



141 

 

observations made at the 40 MPa injection pressure conditions but the differences 

observed are greater at these higher velocities which are logical. 

4.5 Effect of in-cylinder pressure on spray formation 

4.5.1 Background 

Tests carried out at atmospheric conditions are useful for characterizing the mechanisms 

behind the atomization of the diesel jet yet it is possible that this might lead to 

inaccurate conclusions and representation of the breakup occurring in a real diesel 

engine. Therefore tests have to be carried out at elevated pressures to modify the 

conclusions to fit in with processes behind the atomization of a diesel jet at realistic 

operating conditions.  

The main important characteristics to take into account with the rising in-cylinder 

pressure is the increase in gas density as this will reduce the spray penetration, tip 

velocity and the formation of vortex-ring-like structures near the leading edge (Roisman 

et al. 2007). The higher gas temperature will cause the fuel to evaporate which is 

expected to reduce the droplet size (Lacoste 2006) but Roisman (2007) assumes the 

influence on the total momentum of the spray is small enough to be neglected. Reports 

on contradictory findings place the reason on the coalescence of droplets.  

The following section will investigate the formation of the diesel spray at elevated in-

cylinder pressures with particular attention paid to the leading edge velocity and 

penetration. As the single shot high quality images obtained were only carried out on 

the static test rig (except for a few examples) the results obtained are purely from the 

Proteus high pressure rig with use of the ultra high speed video and simultaneous macro 

images.  

4.5.2 Initial jet formation 

Figure 91 shows the differences in the morphology of the jet based on the injection 

pressure at 4 MPa in-cylinder pressure pressure. In comparison to the atmospheric 

pressure conditions, when observing the 40 MPa jet the higher air density results in 

greater aerodynamic forces causing the leading edge to flatten. Waves can be seen to 



142 

 

form at the jet periphery which is more prominent than those visualised during ambient 

pressure conditions.  

These waves could be formed from in two ways. The first being that these are capillary 

waves caused by the interaction at the jet tip. The reduction of the wave size as the jet 

approaches the nozzle is attributed to the dampening caused by the freshly entrained 

fuel. The other alternative is that the waves are growing from the nozzle. which is 

attributed to  the fluctuations in fuel mass flow caused by needle oscillation. In both 

cases the phenomena will make a contribution to the jet break up in diesel sprays in 

both the formation of ligaments and droplets being sheared off the tips of these 

waves/ligaments. 

Velocity measurements taken for this spray tip reveal two interesting findings. Firstly 

the average tip velocity is slowed as the ambient pressure is raised (Table 4)  but the 

differences become negligible when comparing the 4 and 8 MPa ambient conditions. 

The lack of variation is due to the relative difference between the atmospheric and 

4 MPa being far larger. The second and more interesting finding was the effect on 

velocity of the pressurised jet in the presence and absence of the spheroid cap.  

 

40 MPa injection pressure 100 MPa injection pressure 160 MPa injection pressure 

   

   

Figure 91 Effect of increasing injection and in-cylinder pressure on the initial jet tip 

morphology for ULSD. ICP: 4 MPa. 

100μm 100μm 100μm 

100μm 100μm 100μm 
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Table 4. Effect of increasing injection and in-cylinder pressure on the initial jet tip 

velocity for the ULSD (not the velocity of the spheroid cap/residual fuel). 

Injection Pressure Jet Velocity at nozzle (m.s-1) 

  0.1 MPa 4.0 MPa 8.0 MPa 

40 MPa 44 31 31 

100 MPa 121 79 78 

160 MPa 82 87 67 

 

 

The spheroid cap isolates the fuel flow from the ambient air and the influence it would 

have on the spray formation. This can be observed in Figure 92; in this example, with 

the absence of the spheroid cap the jet is directly exposed to the high pressure ambient 

air and the leading edge is slowed drastically to 20 ms
-1

. This is compared to the jet 

speed of 44 ms
-1

 in the presence of the cap. This will influence the shearing at the 

boundary of the leading edge before and for a period after breaking through the gaseous 

medium.  In addition to this the results suggest that the injection timing is advanced in 

the absence of trapped fuel. This is possibly due to the direct interaction between the 

high pressure ambient air and the nozzle wall and the extra push resulting in less energy 

required to overcome the initial lifting of the needle, the advancement in injection 

timing with increased ICP is discussed later in this section.  

The formation of the spheroid cap is clearly evident. It was noticed that this phenomena 

was occurring more regularly at elevated in-cylinder pressures.  It is clear from the 

images that the refractive index of this structure and the one produced at atmospheric 

conditions are different. An initial assumption was that the flash gun used was 

responsible for the new appearance but as the images acquired at ambient pressures 

produced a cap that look similar to the laser based images this was rejected. The 

spheroid cap is suspected to be evaporated fuel that is being forced out of the nozzle 

ahead of the fuel jet at the start of injection.  
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Figure 92. ULSD jet tip velocity in the near nozzle region at the start of injection with 

shadowgraph ultra high speed video. IP: 40 MPa. ICP: 4 MPa. 

 

 

 

 

 

          Time after start of sequence [s] 

Figure 93. ULSD jet in the near nozzle region at the start of injection with shadowgraph 

ultra high speed video technique. IP: 40 MPa.  ICP: 4 MPa. 
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To further the understanding of the effects of in-cylinder pressure on spray formation 

tests were carried out at 8 MPa in-cylinder pressure. Figure 94 shows the jet 

morphology where in this particular case the velocity measurements taken reveal the 

oblate spheroid and trailing jet leading edge velocity to be 8 ms
-1

 and 41 ms
-1 

respectively. This gives a Reynolds number of 331 and 1697. The slow movement of 

the spheroid cap is due to the increased aerodynamic drag.  This results in the exit of the 

unstable jet while the oblate spheroid is still relatively close to the nozzle orifice. 

Furthermore the jet velocity is similar to the atmospheric ambient air conditions. This 

shows that the presence of the spheroid cap results in the main jet being isolated from 

the high density gas during the jet formation directly at the nozzle. What does appear 

interesting is that the jet appears to come out in a more unstable state with a wider cone 

angle. This could be the attributed to vortex rings in the spheroid cap which are stronger 

at the higher in-cylinder conditions causing the surface to become more unstable and 

have a greater transverse expansion upon exit.  

 

 

 

 

 

Time after start of sequence [s] 

Figure 94. ULSD jet in the near nozzle region at the start of injection with shadowgraph 

ultra high speed video technique. IP: 40 MPa, ICP: 8 MPa. 
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The next stage was to determine the effects of increasing the injection pressure at 

realistic ambient conditions. When the pressure is raised to 100 and 160 MPa the 

average jet velocities were measured at 79 ms
-1

 and 87 ms
-1

. This was attributed to the 

greater inertia supplied from the injection. The increase in velocity is matches the visual 

appearance of the jets shown in Figure 91, where for the two higher injection pressure 

tests they appear unstable with droplets scattered around the jet. Ligaments forming on 

the periphery are finer and more frequent. Both are attributed to the increased shear at 

the boundary of the jet. The spheroid cap is not visible from the side lit perspective as 

the gaseous region is not clearly illuminated. The cone angle also widens which is 

attributed to an increased rate of jet breakup.  

When compared to the ambient pressure conditions the average jet velocity was found 

to be reduced for the 100 MPa condition (Table 4), this is attributed to the increased 

aerodynamic drag at the leading edge while for the 160 MPa injections pressure the 

same trend was not observed. Observing the image samples for the 160 MPa injection 

pressure sprays into 4 MPa ICP, it was found that for the atmospheric tests the 

morphology of the jets were very random in appearance and in many cases there was no 

transparent spheroid cap. This would mean that the jet is directly interacting with the 

gas causing it to slow down slightly. In the case for the injections into 4 MPa ambient 

pressure the trapped fuel was found to appear in nearly every injection, delaying the 

direct boundary interaction with the high pressure gas. Due to both these cases the jets 

returned similar velocities.  

When increasing the ambient pressures to 8 MPa, the jet speed remained relatively 

unchanged for the 100 MPa injection but the same was not observed for the 160 MPa 

injection. This trend was attributed to the unstable and unpredictable jets produced for 

the atmospheric tests at the highest injection pressure. The reduced jet speed for the 

8 MPa ambient pressure tests was attributed to a much higher levels of aerodynamic 

drag and shear at the leading edge resulting in a faster atomization and as such a slower 

perceived tip velocity. 
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4.5.3 Effect on injection timing 

The increase in the gas pressure and density is expected to play a role in influencing the 

injection timing. Figure 95 - Figure 97 show the effect of increasing the ambient 

pressure on the timing of the SOI at 40, 100 and 160 MPa injection pressure. Combined 

analysis of the three graphs clearly show a consensus that increasing the injection 

pressure results in an advancement of the SOI over all ambient pressures tested. This is 

attributed to the faster rate of needle lift due to the higher pressured fluid acting on the 

needle. Whether this possibly has a noticeable effect on the start of needle lift timing is 

unknown. Furthermore the idea of an earlier start of needle lift time due to the 

compressibility of the fuel is also rejected as this is reported to play a small role in 

common rail injector systems. 

Figure 95 shows the SOI of the main jet following the spheroid cap at 40 MPa injection 

pressure into 0.1, 4.0 and 8.0 MPa in-cylinder pressure. The most obvious detail 

noticeable is that the advancement in injection timing from the injection at atmospheric 

conditions to the two elevated in-cylinder pressures. It would seem that the timing of the 

injector seems be dependent on the relative increase in pressure where the ratio of 

pressure difference is fourty times greater between atmospheric (0.1 MPa) pressure to 

the 4.0 MPa in-cylinder pressure than from the two elevated pressure conditions. 

Another possibility is that there is a critical ambient pressure where the injection timing 

will drastically change but this would be difficult to identify or substantiate without 

having smaller intervals in the ambient pressure test points. One other effect responsible 

could be, when comparing the 4 and 8 MPa ICP tests, the advancement in timing for the 

higher ICP being cancelled out by a slower jet velocity in the nozzle. 

Moving on to measurements at higher injection pressures of 100 and 160 MPa supports 

the findings above and to add to the conclusions drawn, there are noticeable differences 

between the two higher ambient pressure conditions with an advancement in the 

injection timing observed when raising the ambient pressure from 4.0 to 8.0 MPa. The 

spread in timings suggest a gradual change in injection timing with the rise in injection 

pressure. It appears that the faster moving jet in the nozzle allows for the differentiation 

between the 4 and 8 MPa test conditions. 
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Figure 95. Effect of in-cylinder pressure on injection timing at 40 MPa injection 

pressure. 

 

 

 

Figure 96. Effect of in-cylinder pressure on injection timing at 100 MPa injection 

pressure. 
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Figure 97. Effect of in-cylinder pressures on injection timing at 160 MPa injection 

pressure. 

4.5.4 Spray formation 

The period of time during the transformation of a diesel jet into a spray was found to 

coincide with an increase in the jet velocity at ambient conditions. The following 

section will investigate the influence of changing the injection pressure at different 

ambient pressures on the jet velocity and spray penetration. 

The first step is to identify the differences in spray formations when raising the in-

cylinder pressure. Tests carried out at 40 MPa injection pressure (Figure 98) reveal that 

the increase in ambient pressure results in a decrease in spray tip penetration and 

leading edge velocity throughout the injection process due to the increased aerodynamic 

and shear forces at the leading edge. This leads to a widening of the spray cone angle 

(Figure 99) and is expected to increase the strength of vortex rings present near the 

leading edge. The wider transverse motion of the spray is attributed to the higher 

aerodynamic forces at the spray tip resulting in an increased rate of breakup, due to the 

dominance of the mechanism of breakup via axisymmetrical vortices (Shinjo et al. 

2010). The turbulence induced breakup will be unaffected directly by the higher in-

cylinder pressures due to the lack of aerodynamic and fluid to air shearing. Thus it is 

expected that the fuel, upstream of the leading edge and at the centre of the jet, is 
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unaffected by the higher ambient pressures but due to the increased disturbances caused 

by the vortices present at the leading edge the breakup length is expected to be 

influenced during the initial transient spray formation. Simulation by Shinjo and 

Umemura (2010) reveal that the wake left in the collapse of the vortices will influence 

the formation of surface instabilities but how this influence the breakup length is 

unknown.  

 

 

Figure 98. Effect of in-cylinder pressure on spray formation.  Injection 

pressure: 40 MPa. 

 

          40 MPa injection into 0.1 MPa ICP       40 MPa injection into 4.0 MPa ICP  

 

 

 

 

 

Figure 99. Spray penetration based on time at 0.1 and 4.0 MPa ambient pressures. 

Injection pressure is fixed at 40 MPa. 53 μs interframe time. 
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Assuming that the flow is in a transitional or turbulent phase, it has been stated in the 

literature that the breakup length shortens and approaches a constant value as the 

injection pressure is raised with the same effect being observed for the increased 

ambient pressure (Hiroyasu 1985; Roisman et al. 2007). The results obtained here are in 

agreement with these findings where there is a large difference between atmospheric 

conditions compared to the 4 and 8 MPa ambient pressure tests. As seen in Figure 100 

the leading edge velocity can be seen to accelerate after 5 mm spray penetration for the 

atmospheric conditions while a decelerating profile is observed for the 4 and 8 MPa ICP 

conditions. A similar behaviour was observed by (Roisman et al. 2007) where at 

ambient pressures greater than or equal to 1 MPa the jet tip velocity reduces 

immediately after injection while the jet velocity is seen to accelerate for ambient 

pressures less than 1 MPa. This behaviour was seen to occur over a range of injection 

pressures tested (30 – 135 MPa).  General analysis reveals that as the ambient pressure 

is raised the maximum velocity is reduced. The results from the microscopic and 

macroscopic work support these finding. The reason for this behaviour is that the 

portion of the spray that is caught in the slipstream does not generate enough velocity 

and energy to overcome the deceleration caused by the aerodynamic shear with the high 

pressured ambient air.  

 

Figure 100. Spray tip velocity at 40 MPa injection pressure into 0.1, 4 and 8 MPa 

ambient gas pressure. 
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As mentioned earlier in the chapter; if the density ratio between the fuel and gas at the 

boundary layer is greater than 500 the influence of aerodynamic forces is negligible on 

atomization (Dumouchel 2008). Based on the ideal gas law (9) where the density of air 

is dependent on the pressure ‘P’ (4 MPa), specific heat of dry air ‘R’ 

(287.058 J.kg
-1 

K
-1

) and temperature ‘T’ (540K) the density of the air is calculated to be 

26.015 kg.m
-3

. Thus the ratio of density of the fuel (820.3 kg.m
-3

), assuming no change 

in density due to the pressure and temperature, with that of the high pressure air is equal 

to 31.5. Thus the aerodynamic forces play a role in the atomization of the jet. For the 

case of 1 MPa ambient conditions, the density of the air would be 6.5 kg.m
-3

. This 

produces a density ratio of 125. It can be seen that as the ambient pressure is reduced 

the value quickly starts to approach conditions where aerodynamic forces are expected 

to be negligible. 

 

  
 

            
    (9) 

 

Continuing the understanding of the behaviour of the diesel sprays at the higher 

injection pressure conditions, the effect on spray tip velocity and penetration have been 

determined. The results obtained at 100 (Figure 101) and 160 MPa (Figure 102) 

injection pressure are in agreement that at the range of injection pressures tested there is 

a reduction in tip velocity as the ambient pressure is increased. The relatively large 

increase in leading edge velocities is only apparent for the atmospheric conditions. 

When increasing the ambient pressures the aerodynamic forces at the leading edge are 

greater and the shearing at the boundary layer results in an increased rate of atomization 

and as such, slows down the jet. It can be seen that there is little difference in the spray 

tip velocity as the injection pressure is raised from 100 to 160 MPa at 4 and 8 MPa 

ambient pressure. The loss in rate of penetration with the increased atomization is 

compensated by the increased velocity. As a result the maximum spray penetration 

lengths at both conditions are similar (Figure 103). The initial data for the spray 

penetration for the 100 MPa injection is unavailable as the simultaneous recording was 

introduced late in the testing at locations far downstream of the nozzle where the flash 

lamps lighting start was delayed and hence the start of injection was not captured. The 
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40 MPa was condition was repeated to allow data for this location while the 160 MPa 

injections had a faster spray tip which allowed nearly entire spray evolution to be 

captured. 

 

 

Figure 101 Leading edge velocity at 100 MPa injection pressure for various in-cylinder 

pressures. 

 

Figure 102. Leading edge velocity at 160 MPa injection pressure for various in-cylinder 

pressures. 
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Figure 103. Effect of injection pressure on spray penetration at 4 MPa ICP. 

 

4.6 Comparison to theoretical analysis 

Penetration curves from the experimental data have been compared with the theoretical 

model provided by the Sibers correlation (Naber et al. 1996). The experimental 

equipment used in the correlation was a common rail VCO injector, making it 

comparable with this project. The correlation between the time (t) and penetration (S) is 

given in a nondimensional form as shown in equation (10).  
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In this equation, the time (t) and penetration (S), are normalised with respect to the time 

scales (t+) and penetration scales (S+) as shown in equation (11) and (12) respectively. 
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  (12) 

 

These scales are given by: 

 

    
     

      
 

 
 
   (13) 

 

    
     

       
 

 
    

  (14) 

 

Where    is the effective diameter and    is the density ratio given by equation (15) and 

(16),   is a constant (0.8) used to best fit the experimental data to the correlation.   is 

the dispersion angle (13
o
) obtained from the macro spray videos and    is the fuel 

velocity at the orifice as shown in equation (17). The discharge coefficient (    of the 

injector calculated from data by Karimi (2007) was 0.49. The area contraction 

coefficient (    was based on the results from a VCO type, multi-hole nozzle taken 

from Siebers (1996) given as 0.82. The velocity coefficient (    is calculated based on 

the other coefficients as shown in equation (18). 

 

             (15) 
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            (18) 

 

The experimental conditions to be compared with the Siebers model were at 160 MPa 

injection pressure sprayed into an in-cylinder pressure of 4 MPa. The comparison was 

carried out at this in-cylinder pressure to most closely match the experiments carried by 

Siebers. The results are presented in Figure 104.  

 

Figure 104. Comparison of normalised spray penetration versus time from the 

experimental data and the Siebers model. IP: 160 MPa, ICP: 4 MPa, TDC temp: 471K.  

 

The Siebers correlation is characterised by two limits. The first is a short time limit 

(STL) which is represented by a linear dependence of the penetration on time, the 

second being the long time limit (LTL) which is the dependence of the penetration on 

the square root of time. As seen in Figure 104, this is defined by either sides of the 

dashed line. During the short time limit the  penetration is determined by the injected 

liquid while in the second part is due to entrained gas effects (Naber et al. 1996; 

Mancaruso et al. 2011). The limit corresponds to the time  =1 (Siebers et al. 1996).   

There is some agreement with the experimental result as many parameters have been 

taken into account including the fuel properties, operating conditions and nozzle 

geometry. The main difference is a slower rate of penetration at both the early stage of 
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injection and later during the long time limit region. The reduced penetration during the 

short term limit is explained by a lower jet velocity near the nozzle (87 m.s
-1

) compared 

to the spray at 5mm where the tip velocity increased to 168 m.s
-1

 (Figure 102). This is 

opposite to the siebers model where the jet is fastest near the nozzle. The reduced rate of 

penetration away form the nozzle is due to evaporation of the spray tip as the Siebers 

model does not take into account evaporative effects. As the tip velocities generally 

follow the same trend at other conditions the differences for the other test will produce 

similar results as observed here. 

4.7 Summary 

The evolution of a diesel spray in a pressurised chamber has been investigated 

experimentally at different injection and ambient pressures. The penetration and spray 

tip velocity have been measured using both microscopic and macroscopic methods. 

Images have been obtained at relatively high detail at a range of locations throughout 

the jet to identify unique structures that provide evidence for the existence of several 

phenomena that are known to influence the mechanisms behind the atomization of the 

diesel spray. 

The existence of vortex rings present in the spheroid cap and at the periphery was 

identified. Propelled ligaments ahead of the jet were observed while Kelvin Helmholtz 

instabilities were spotted at the boundary at the periphery between the residual fuel and 

the ambient air behind the cap. The vortices present are expected to be responsible or 

contributing to these phenomena especially for the case of the propelled ligaments 

where no other explanations are available. 

As the jet penetrates further into the chamber the transverse expansion of the leading 

edge creates a cap that is suspected to result in the formation of strong large-scale 

vortex rings. These vortices alongside the turbulence of the flow determine the breakup 

length. Upon reaching the breakup length, in atmospheric ambient conditions, the 

agglomerated leading edge detaches from the main jet. This creates a slipstream in the 

region of the spray directly behind this structure producing a zone of high speed 

droplets and ligaments. These then collide into the agglomerated leading edge which 

sustains its existence. It has been observed that the increase in ambient pressure results 
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in a widening of the leading edge which will increase the strength of vortices created. 

This alongside the assumption that the flow behind the dense spray tip is isolated from 

the high pressure ambient air should result in the reduction of the breakup length. 

At atmospheric ambient conditions, velocity measurements alongside images taken of 

the spray evolution reveal that upon transition form a jet to a spray the leading edge was 

found to quickly accelerate. This has been attributed to the presence of axisymmetric 

vortices and the slipstreaming phenomena present behind the leading edge. When 

increasing the injection pressure it was found that this point of acceleration was 

occurring at a shorter spray length and images taken confirm a wider leading edge. Thus 

it was concluded that the increase in injection pressure results in the reduction of the 

breakup length which is in agreement of stability models in the atomization regime.  

When increasing the ambient pressure, at the speculated point of transition from the jet 

to a spray, the leading edge velocity was found to decelerate. This is attributed to the 

aerodynamic forces playing an important role in the atomization of the diesel jet 

resulting in an increased surface area of the spray impinging with the higher density air. 

The formation of the diesel spray tends to fit the description of the atomization regime 

except at the near nozzle where the fuel is an undisturbed column. Dumouchel (2008) 

found in his review of cavitation free jets that irrespective of ambient pressure or 

injection pressure there would always be a cylindrical undisturbed column of fuel upon 

exiting the nozzle. This is supported from the results obtained over all injection 

pressures and ambient pressures tested. 
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5 FUEL PROPERTIES: EFFECT ON SPRAY FORMATION  

5.1 Background 

From the literature review presented in chapter 2, it can be observed that the use of 

biodiesel as a method of identifying the effects of fuel properties on spray formation is 

common practice. This method is relatively coarse and as these fuels simultaneously 

change a range of properties it is difficult to isolate the effects each have on the 

mechanisms involved in the breakup of the diesel jet. The characteristics of the fuels are 

interconnected where changes made to one property may affect another; therefore to 

meet the research targets, making the correct choice of fuels is critical.  

Presented in Table 5 are the differences in the properties of the fuels tested relative to 

the reference diesel (ULSD). The fuels have been selectively chosen to allow the 

characterization of individual properties. The lubricity enhanced diesel can attribute any 

changes observed directly to it increased lubricity in relation to the reference diesel. For 

the Swedish Class 1 diesel, the effect of viscosity can be identified after the 

characterisation of the high lubricity diesel fuel. The next fuel to be tested is the 

kerosene; the viscosity is reduced and the lubricity is decreased substantially, thus the 

dominant fuel property on spray breakup between lubricity and viscosity can be 

determined. Finally the RME is tested which has the opposite properties compared to 

kerosene, and will confirm any observations made for the characterization of the three 

fuel properties. The effect of surface tension will be discussed on the 19% difference 

between RME and kerosene based on the understanding form the literature that 

increasing the surface tension results in resistance to the formation of new surface area. 

Furthermore the important role the Weber number plays will be useful in determining 

differences in droplet formation and size. 

The chapter will simultaneously compare the fuel properties at a range of operating 

conditions. Specific attention will be paid to the mechanisms behind the breakup of the 

early jet and the velocity of the leading edge of the spray. This can be used for 

determining the Reynolds and Weber numbers and provide an indication of the jet 

breakup. From the analysis carried out on the reference diesel a strong link has been 

made between the leading edge velocity and the slip stream effects as a result of the 
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agglomeration of the leading edge. As a result the spray tip velocity will reveal much on 

the internal breakup of the jets. 

 

Table 5. Variation in fuel properties (percentage) in relation to ULSD. 

Fuel type ID Test  Units ULSD HLDF SC1 Kerosene RME 

Density at 15
o
C kg/m

3
 834.4 0% -2% -4% 6% 

Viscosity at 40
o
C mm

2
/s 3.26 1% -41% -63% 36% 

Lubricity (WSD) microns 500 -34% -48% 53% -64% 

Surface Tension Dynes/cm 30 -1% -3% -8% 11% 

 

5.2 Initial jet formation and injection timing 

5.2.1 Introduction 

Figure 105 shows a collection of microscopic backlit images of all five fuels at the start 

of injection at 40 MPa injection pressure sprayed into atmospheric ambient conditions. 

The images have been rotated so that the nozzle orifice being observed lies horizontally. 

The photos show signs of break-up with the fuel properties playing a major role in the 

morphology of the jet at the start of injection.  

The Reynolds and Weber numbers of the liquid and gas at the SOI for each fuel is 

presented in Table 6 and were calculated using the average exit velocity within the first 

0.8 mm of the nozzle as the tip velocity was found to remain relatively unchanged 

throughout this range. Thus the measurements obtained are those of the liquid and no 

momentum is being transferred to it from the surrounding gas.  

As described in chapter 4 the emerging jet for the reference diesel takes the shape of an 

undisturbed oblate spheroid (Figure 105a&b), which has been identified as trapped fuel 

left over from the previous injection. After this is squeezed out of the nozzle the high 
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pressure jet travels through this cap pushing the newly formed structure further into the 

chamber and eventually piercing it which results in its collapse. The initial flow is 

laminar and there are no ligaments or droplet forming at this stage.  

 

Table 6. Analysis of the fuels tested at the start of injection at 40 MPa injection pressure 

sprayed into 0.1 MPa ambient air. Fuel properties listed at 40
o
C. 

Fuel Property Units ULSD HLDF Kerosene RME 

Viscosity mm2s-1 3.26 3.24 1.19 4.43 

Density Kg.m-3 820.3 822.8 789.3 868.7 

S. Tension mN.m-1 29.8 29.7 27.5 38 

Velocity m.s-1 43.7 55.1 43.4 28.3 

Re  1810 2296 4924 862 

WeL  7049 11354 7298 2471 

Weg  10.3 16.6 11.1 3.4 

Ohnesorge  0.046 0.058 0.017 0.046 
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Figure 105. Initial jet formation at 40 MPa injection pressure injected into 0.1 MPa ambient gas pressure. 
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5.2.2 Effect of fuel lubricity 

To determine the effect of fuel lubricity on spray formation the lubricity enhanced 

diesel is compared to the reference diesel (ULSD) where the only difference in 

properties is a 34% change in lubricity (based on the wear scar diameter) and a 1% 

change in surface tension.  

The lubricity enhanced diesel upon exiting the injector nozzle is shown in Figure 

105c&d. For comparison with the ULSD, the spheroid cap sticks to the nozzle surface 

with a large contact angle yet it is clearly evident that the structure is less stable. 

Ligaments can be seen to form at the rear of the spheroid cap where Rayleigh Taylor 

instabilities start to form droplets. Additionally the periphery of the pressurised jet 

appears less stable where surface waves are forming that more closely match the 

Swedish Class 1 jet than that of the reference diesel. The increased opacity of the 

spheroid cap is speculated to be caused by a greater level of disturbance from the 

increased velocity of the jet that pierces it. These observations are supported by the 

higher Reynolds (~2296) and Weber number (~11354) compared to the reference diesel 

based on a faster average velocity of the pressurised core. The reason for the increase in 

jet speed compared to the reference diesel is attributed to reduced friction with the inner 

surface of the injector nozzle because of the fuel’s higher lubricity. These measurements 

reveal that the increase in fuel lubricity promotes the formation of ligaments and 

droplets at the early stages of jet formation compared to the reference diesel. 

To emphasise the effect of fuel lubricity on the initial jet formation, velocity 

measurements from a single jet that resembles the statistical majority of images viewed 

in the single shot experiment; found the pressurised jet travelling at 68 m.s
-1

. The ultra 

high speed video images used are presented in Figure 106. It is important to note that 

the velocity value is different from the average velocity of all the jets measured at this 

location given in Table 6. Thus the unstable nature is attributed to both a higher 

Reynolds number (~2833) and increased shearing due to the increased jet velocity. The 

Weber numbers of the jet and gas have increased to 17293 and 25.2 respectively and are 

expected to further increase the formation of droplets. 
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Figure 106. HLDF jet in the near nozzle region at the start of injection with 

shadowgraph ultra high speed video technique. IP: 40 MPa, ICP: 0.1 MPa 

 

Taking these factors into account, the inclusion of the lubricity additive is suspected to 

promote the breakup of the diesel jet. Interestingly, there is no reference found in the 

literature that would suggest a noticeable effect on spray formation with the increase of 

fuel lubricity. In addition to the influence on primary breakup, the increase in lubricity 

was found to affect injection timing. Macroscopic analysis (Figure 107) shed little light 

on this due to the relatively inaccurate observation of data obtained within the earliest 

moments of fuel injection but the microscopic results show an earlier SOI for the 

lubricity enhanced diesel (Figure 108). When comparing the simultaneously recorded 

image, it is clear that the macro images return a SOI later than its actual event. The 

earliest moment the spray is observed for the macro images is 60 μs later than that of 

the average observed time of the microscopic SOI. This discrepancy is attributed to the 

lack of detail near the nozzle. Thus, the microscopic images should be considered a 

more accurate representation of the real start of injection. The advancement of the 

injection is attributed to reduced friction in the nozzle due to the fuels higher lubricity. 

This, coupled with an increased breakup rate of the jet, may result in advanced start of 

combustion.  
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Figure 107. Macroscopic fuel spray penetration at 40 MPa injection pressure into 

atmospheric ambient conditions. 

 

 

Figure 108. Injection timing of ULSD and HLDF from microscopic videos. IP: 40 MPa, 

ICP: 0.1 MPa 
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5.2.3 Effect of fuel viscosity and surface tension 

To determine the effect of fuel viscosity on spray formation the Swedish Class 1 diesel is 

compared to the lubricity enhanced diesel which shows that the difference in properties is 

a 20% reduction in lubricity (wear scar diameter), 41% reduction in fuel viscosity and a 

2% reduction in surface tension, which can be considered negligible. 

The Swedish Class 1 diesel produced a turbulent jet at the initial phase of spray formation 

(Figure 105e&f). This was expected as the reduction in viscosity should promote 

atomization due to the inability of the jet to retain its shape. Ultra high speed recordings 

are unavailable for this fuel thus there are no velocity measurements for the Swedish 

Class 1 diesel. Yet information gathered from the other fuels tested, based on the fuel 

properties and visual appearance of the jet, should allow informed speculation on the jet 

velocity. Hence with the increased lubricity and reduced viscosity (Zigan et al. 2010) the 

fuel velocity is expected to be high. Alongside the increase in jet speed, the Swedish Class 

1 diesel will aid the growth of surface waves and thus ligaments due to a higher Reynolds 

number based on the reduced viscosity. The Weber number is expected to remain the 

same but due to the increased rate of ligament formation (due to the increased jet velocity) 

and the appearance of a higher rate of atomization, the number of droplets produced is 

expected to rise. In addition to the unstable nature of the jet attributed to the proposed 

increase in Reynolds number there is a wider transverse growth of the spheroid cap. This 

is due to the reduced stabilising force provided by the fuel viscosity in retaining the shape 

of the jet.  

To further understand the effect of fuel viscosity the next phase was the testing of 

Kerosene. In comparison to the Swedish diesel, the viscosity was reduced by an 

additional 38% and the surface tension by 6%. Another noticeable difference is the 

increase in the fuel lubricity by 192% respective to the Swedish diesel. These differences 

will emphasise the effects of fuel viscosity on the mechanisms of spray formation as the 

reduction in lubricity and the reduction in viscosity have an opposite effect on break-up. 

In comparison to the reference diesel the kinematic viscosity, lubricity and surface tension 

is reduced by 63%, 55% and 8% respectively. 

From the high resolution images in Figure 105g&h; it is clear that the flow for kerosene is 

more unstable than the previous three fuels described thus far. The oblate spheroid exists 
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for a short period of time as the low viscosity and surface tension of the fuel does not 

allow it to hold a stable shape. From the high speed video in Figure 109, the trapped fuel 

does not form an oblate spheroid cap as the reduced viscosity is preventing the fuel from 

sticking to the nozzle, and combined with the reduced surface tension the trapped fuel 

gives little resistance to the trailing jet. Furthermore in the still images, the cap is forming 

ligaments and droplets already at this early stage of injection. It is proposed that the high 

speed video for the kerosene is not picking up the small droplets due to the noise from the 

gain imposed on the camera’s intensifier. In addition to the higher rate of atomization 

with kerosene at the early stage of injection, the reduced viscosity with the increase in 

velocity results in greater fluctuation in cycle to cycle variation based on the ultra high 

speed videos. 

 

 

 

 

 

Time after start of sequence [s] 

Figure 109. Kerosene fuel jet in the near nozzle region at the start of injection with 

shadowgraph ultra high speed video technique. IP: 40 MPa, ICP: 0.1 MPa. 

 

Data from the ultra high speed images reveal that the core of the jet is travelling at ~63 m.s
-1

 

in the presence of a spheroid cap, giving a Reynolds number of 7147 and a WeL of 15653 

respectively. In the case of the average jet speed of all the jets acquired, the velocity was 

                 0               4                     8               

              12           16                     20              

100μm 100μm 100μm 

100μm 100μm 100μm 



168 

 

measured at an average of 43.4 m.s
-1 

which gives a Re of 4294 and a WeL 7298. Thus it is 

clear that the flow is turbulent in all cases. The images reveal a rapid rate of ligament 

formation. From the average Weber number it is expected that there will be greater number 

of droplets than that for the reference diesel at this early stage of injection. Based on the jet 

velocity in the presence of the spheroid cap (63 ms
-1

) the kerosene should produce a similar 

number of droplets to the lubricity additised fuel due to the almost matching Weber 

numbers yet this would not be the case as the droplet formation is proportional to the rate of 

ligament formation (based on droplets forming from the ends of ligaments (Shinjo et al. 

2010) which is increased for the kerosene fuel. Thus with its higher Reynolds number, 

resulting in greater rate of ligament formation (Dumouchel 2008), kerosene would be 

expected to produce more droplets. These conclusions support the findings in literature 

where a reduced viscosity results in an increase in jet velocity (Zigan et al. 2010). Even with 

the large reduction in lubricity the kerosene fuel has maintained a high jet speed upon exit 

of the nozzle suggesting that it plays a more dominant role on the exit velocity than any 

other fuel properties in the presence of trapped fuel ahead of the main jet. 

The strong influence of the reduced viscosity is also found to be a dominant property on 

the optimal injection timing. Results from the ultra high-speed microscopic video reveal 

an advancement of the start of injection (Figure 110). This is attributed to a faster travel 

time in the nozzle due to a lack of nozzle surface adhesion. Thus, similar to the jet 

velocity, the viscosity of the fuel appears to play a more important role on injection 

timing than the fuel lubricity.  

These findings are supported when observing the results for RME (Figure 110), where the 

large increase in viscosity and lubricity has resulted in the delay of the observed start of 

injection. This shows that the adhesion of the fuel to the nozzle surface increases friction 

while slowing the flow, resulting in a slower jet and a delayed SOI. 

Other ideas entertained for the reason behind these changes in injection timings was the 

fuels bulk modulus and the speed of sound through it. The notion that the responses of the 

needle lift due to speed of the pressure waves travelling through the fuel had to be 

covered and the effects determined. This was omitted as a cause of the delays as the data 

suggests an opposite trend as an increase in bulk modulus and thus the speed of sound 

through the fuel when using biodiesels (Tat et al. 2000; Tat et al. 2003; Kegl 2006). In the 

literature the influence of bulk modulus is observable for mechanical unit injectors. The 
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same effect is expected to be negligible for the common rail solenoid actuated system as 

the fuel is pre-pressured before the nozzle is opened. This appears to be the case based on 

the results from the experiments for this project.  

The structure of the jet reveals much about the reasons behind the delayed injection, as 

seen in Figure 105i-j. The initial emerging jet appears to resist deformation, attributed to 

its higher viscosity. The same behaviour is expected in the nozzle and should result in a 

reduction in flow speed. This is exacerbated with the friction to the inner nozzle wall. 

 

 

Figure 110. Effect of increasing viscosity on injection timing 

 

The increased surface tension and viscosity prevent transversal expansion, which result in 

the droplet formed at the orifice lifting off the surface of the injector prematurely. In 

addition to this, the jet that follows behind the newly shaped cap fails to push through at 

the early stage of penetration as seen for the other fuels. Instead the cap is pushed further 

into the chamber ahead of the leading edge (Figure 111). This does eventually peel back 

but occurs at a longer penetration length. Additionally the premature lifting of the trapped 

fuel would reduce the possibility and strength of the vortex rings forming at the leading 

edge and thus ligaments being propelled ahead of the jet are more unlikely to happen than 

for the reference and lubricity enhanced diesel. 
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The velocity of the leading edge of the jet at the orifice at the start of injection has been 

measured at 28.3 m.s
-1

. The Reynolds number can be calculated at these conditions as 862 

with a WeG of 3.41 and WeL of 2471. These measurements support the appearance of a 

laminar flow at the early stages of injection with a deteriorated rate of ligament formation 

(Dumouchel 2008) as seen in Figure 112. With this reduced turbulence and rate of 

ligament formation superimposed with lower Weber numbers there should be a reduced 

rate of droplet formation compared to that of the ULSD, but the literature suggests the 

difference to be small (Park et al. 2009). Reasons for the lower velocity is due to the 

measured velocity being that of the trapped fuel pushed ahead of the jet and this is 

exacerbated by weaker or lack of vortex rings forming at the leading edge due to the 

premature detachment of the trapped fuel from the nozzle surface. 

 

 

 

 

 

 

 

 

 

 

Figure 111. RME jet at the start of injection acquired on the ultra high speed video 

technique. IP: 40 MPa, ICP: 0.1 MPa.  

 

The effect of the deteriorated rate of breakup does not appear to influence the rate of spray 

penetration as identified from the macroscopic measurements presented in Figure 107, 

thus differences are expected to be seen in the formation of droplets, ligaments and 

possibly the sphericity of droplets. It appears that for the 40 MPa injection pressure into 
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atmospheric conditions the effect of decreasing the fuel viscosity with respect to the 

reference fuel appears to have a more drastic influence on the spray formation than when 

the fuel viscosity is increased. 

5.2.4 Transient jet formation  

The difference in the transient jet formation was found to be as dynamically different as 

observed at the initial jet formation. Figure 112 shows the morphology of the jet 

formation directly behind the leading edge at a range of locations from the nozzle orifice 

down till between 1.5 and 2.1 mm. This reason for the choice of comparison is that it 

clearly demonstrates the influence of the properties on the stability of the jet based on the 

formation of surface waves, ligaments and droplets.  

At the nozzle, the reference diesel produced waves with a long period and small 

amplitude while the lubricity enhanced diesel showed that at similar injection timing, 

based on the penetration of the rear jet, the waves are larger and more unstable. As a 

result the jet is observed to be wider. It is possible that cavitation bubbles in the jet 

breaking to the surface are playing a part in this transverse growth. Yet this is difficult to 

determine without x-ray imaging being carried out on the jet. Furthermore there appears 

to be ligaments forming off these large waves potentially through shearing which would 

tie in with the observed increase in jet speed due to reduced friction in the nozzle.  

A large reduction in viscosity, as for the Swedish diesel, revealed an even wider spray 

angle due to the more unstable nature of the jet reflected in the increased formation of 

ligaments at the periphery with the presence of droplets visible surrounding the jet. These 

droplets are speculated to be formed from the leading edge where droplets that are 

sheared from the rear of the spheroid cap are sent upstream by the presence of vortices. A 

similar observation is made for the kerosene fuel, where there is a reduction in viscosity, 

38% in comparison to the Swedish diesel, surface tension by 6% and lubricity by 192%. 

This revealed a similar primary atomization regime to the Swedish diesel and gives 

further evidence for the dominant role of fuel viscosity and surface tension on primary 

breakup. 

Finally the primary atomization regime for RME with a high fuel viscosity, surface 

tension and lubricity, opposite properties to kerosene, produced a spray structure that 
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reflected these alterations. The jet angle is narrower while the surface is more stable 

resulting in amplitude of the waves being small.  

In addition to the physical interaction of the fuel and the nozzle, the flow rate of RME is 

reported to be lower than that of diesel fuel (Park et al. 2009; Som et al. 2010) which 

could reduce the flow rate. This is attributed to the higher dynamic viscosity and density 

of the fuel (Som et al. 2010) which could be a contributing factor to both the reduction in 

dispersion angle and more importantly the slower jet velocity. The breakup rate is 

suspected to be further deteriorated by the absence or reduction of cavitation as reported 

by Som et al.,(2010) due to a low vapour pressure of biodiesels. This reduced rate of 

atomization is observed throughout the early stages of spray formation.  

The differences observed at the nozzle have a similar effect on the jet breakup at longer 

penetration as observed downstream of the jet directly behind the leading edge between 

0.5 mm to 2.1 mm. In comparison to the reference diesel, the increase in fuel lubricity has 

resulted in a greater rate of ligament formation, this is suspected to be due to an increased 

shear at the periphery. The rate of droplet formation appears to be unaffected at these 

stages of jet formation. This suggests that the increase in lubricity should promote 

atomization and the breakup length should be reduced. When compared to the Swedish 

diesel the same regions are dominated with ligaments and droplets.  

At the same locations, when decreasing the fuel viscosity and surface tension it is clearly 

evident that there is an increased rate of ligament and droplet formation compared to both 

the ULSD and HLDF. In the case for the Swedish diesel and kerosene there is an 

abundance of ligaments and droplets which are speculated to be formed from both the 

shearing at the periphery and also due to the collapse of the spheroid cap at the leading 

edge. The effect of fuel viscosity is even more profound when observing the jet produced 

by the RME biodiesel. The stabilising force applied by the high viscosity value resists the 

formation of ligaments and therefore also the formation of droplets. The development of 

the surface waves are slow and between 1.0 and 2.1 mm downstream of the jet the 

mechanism of breakup appears to be the stripping of layers from the periphery forming a 

membrane sheet. This is a dynamically different type of type of atomization than that 

observed for the other fuels which leads to a different morphology of the jet during 

primary atomization especially when reaching the breakup length. This will be discussed 

later in the spray formation section. 
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Figure 112. Spray formation directly behind the leading edge. Injection pressure: 40 MPa. ICP: 0.1 MPa

ULSD HLDF Swedish Class 1 Kerosene RME  
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5.2.5 Steady state jet formation 

Figure 113 and Figure 114 show the stability of the jet periphery at steady state 

conditions (0.2ms after the visualised SOI) for the four fuels tested using the ultra high 

speed technique. From top to bottom the images have been cropped and merged for ease 

of comparison and left to right the same process has been carried out at the SOI and at 

0.5 to reveal the breakup within the first millimetre of the jets upon exit of the nozzle. 

The images reveal a greater rate of ligament formation for the high lubricity diesel fuel 

which was attributed to a faster exit velocity. This was proved using the ultra high speed 

videos to locate and follow a ligament from both fuels. The results show that the ULSD 

(Figure 115) was indeed slower, travelling at 99 m.s
-1

 compared to the lubricity at 

143 m.s
-1 

(Figure 116). In addition to comparison of jet speeds, it is clear that the fuel 

velocity at the leading edge during the SOI is slower than that of the jet periphery at 

steady state condition due to the higher needle lift increasing the flow rate. Figure 117 

reveals the velocity at the jet periphery up to the first 3mm of spray formation during 

steady state conditions where the values were obtained employing the same method of 

ligament tracking. 

 

 

 

 

 

 

Figure 113. Jet stability near the nozzle at steady state conditions for ULSD (upper) and 

HLDF (lower). Timing is recorded at 0.2 ms aSOI. IP: 40MPa, ICP: 0.1 MPa. 
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Figure 114. Jet stability near the nozzle at steady state conditions for kerosene (upper) 

and RME (lower). Timing is recorded at 0.2 ms aSOI. IP: 4.0 MPa, ICP: 0.1 MPa. 

 

  

Figure 115. ULSD diesel jet at steady state conditions. Three frames with a ligament 

being tracked. Interframe time between these images are 0.96 ms returning an average 

jet speed (based on 9 images) of 99 m.s
-1

 with a standard deviation of 15 m.s
-1

. 

IP: 40 MPa, ICP: 0.1 MPa 

 

 

Figure 116. HLDF jet at steady state conditions. Interframe time between these images 

are 0.2 µs returning an average jet speed (based on 4 images) of 139 m.s
-1

 with a 

standard deviation of 16 m.s
-1

. IP: 4.0 MPa, ICP: 0.1 MPa. 
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Figure 117. Velocity of the jet periphery during steady state injection. 

IP: 40 MPa, ICP: 0.1 MPa 

 

Comparing the visual appearance of the spray formation from the kerosene and the 

biodiesel RME, the importance of viscosity and surface tension on the formation of 

waves, ligaments and droplets are seen to have a similar effect as that observed during 

the transient state. For the kerosene jet, ligaments form within the first 0.1 mm 

downstream from the nozzle that becomes larger as the distance from the nozzle is 

increased. Droplets are identifiable within the first 0.2 mm downstream of the jet which 

are speculated to be formed from the end of the ligaments. As the distance from the 

nozzle is increased the ligaments appear longer and the numbers of droplets are larger. 

This coincides with an increase in jet speed to 163 m.s
-1

 which is attributed to the fuels 

lower viscosity resulting in a reduced friction and resistance to flow in the nozzle. The 

reduction in viscosity produces a faster velocity throughout the early spray formation. 

These observations are in partial agreement with the observation of the RME jet where 

ligaments are visible, albeit thicker, but the stabilising force applied by the fuels high 

viscosity resist the formation of droplets. The velocity, measured at 136 m.s
-1

 is 

attributed to the fuel’s higher lubricity and density reducing the friction and increasing 

the momentum. 
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Analysis of the jets further downstream at 1.5 mm downstream of the jet (Figure 118) 

revealed that the stabilising force of viscosity continues to play a dominant role in the 

breakup of the jet. In these images the jet periphery for RME is dominated by large 

ligaments and a few droplets while the opposite is observed for kerosene. Due to the 

relatively small difference in fuel properties, differences between the reference and 

lubricity enhanced diesel are difficult to identify. Thus it is concluded that the influence 

of the fuel properties observed on the breakup of the transient jet plays a similar role on 

the steady state jet morphology. 

 

 

 

 

 

 

 

 

 

Figure 118. Jet structure at 1.5 mm – 2.1 mm from the nozzle. 

IP: 4.0 MPa, ICP: 0.1 MPa.  

 

Figure 119 shows the spray structure at the core between 1 and 3.2 mm downstream of 

the jet. The sprays from the other orifices block the light which partially restricts the 

view of the steady state jet formation, particularly near the nozzle where the jets are 

dense. Thus, the contrast was increased which allowed for detail to be picked up at the 

jet centre while at the same time removing detail at the periphery.   

From the images, the continuous jet exists at all stages for the first 3.2 mm of the jet 

exiting the nozzle. The ULSD, HLDF and Swedish diesel appear relatively similar. The 

first sign of disturbances that appears to threaten the existence of the continuous jet 

100μm 100μm 

ULSD HLDF Kerosene RME 

   Original in Colour 



178 

 

occurs after 2.5 mm downstream from the nozzle for the kerosene and RME jets. In 

these images near the bottom of the frame the strands of fuel connecting the sprays are 

thin. This behaviour for the kerosene is as expected where the reduced viscosity is 

expected to assist in the breakup of the jet. In the case of the RME the high viscosity 

appears to resist breakup due to the wide undisturbed core and lack of droplets but the 

stabilising forces appear to separate sections of the jet which is suspected to produce 

shorter breakup lengths in special conditions. In these cases the atomization is not 

increased but the definition of the lack of a continuous jet is met. 

Observations of a continuous jet at steady state conditions further downstream show 

that the breakup length does not lay within this region. Even if this is the case the 

images do reveal the evolution of the jet which widens and destabilises from all areas of 

the jet (not just at the periphery) which supports the claims that jet turbulence is one of 

the main breakup mechanisms. 
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Figure 119. Steady state spray formation during the first 3.2 mm downstream of jet. IP: 40 MPa, ICP: 0.1 MPa. 
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5.2.6 Side light results 

Figure 120 shows the side lit images of jets produced from the reference diesel, high 

lubricity diesel fuel and kerosene. The images are taken at the earliest instants the 

camera was able to capture the jet leaving the nozzle. The liquid jet for both diesel fuels 

show evidence for the existence of a translucent spheroid cap. The differences between 

these two fuels are difficult to identify which are potentially negligible. Interestingly 

there is clear evidence for the existence of vortex rings in the spheroid cap. The jets 

show further evidence for the existence of vortices in the spheroid cap region. Figure 

120f&g reveal that the tip of the caps are deformed as a result of the central ligament 

trying to push through the leading edge surface. Whether there is a link between the 

level of disturbance (length of propelled ligament and surface deformation) and the 

vortex strength is difficult to make due to the formation of these ligaments being 

essentially random which do not always exist in the spheroid cap. Furthermore it is 

important to bear in mind that the images might have been captured prematurely and 

that the ligaments have not been propelled yet.  

Analysis of the kerosene fuel does reveal differences that support many of the 

conclusions drawn from the shadowgraph experiment. The jet is far more opaque and 

thus scatters much of the light (appearing brighter) and the rate of ligament and droplet 

formation can be seen to increase. The unstable nature of the jet appears to also widen 

the dispersion angle. This is attributed to both the increased atomization at the periphery 

of the jet and the increased breakup at the core promoted by greater turbulence.  

The presence of trapped fuel ahead of the pressurised jet is not noticed for the kerosene. 

This is possibly down to the low viscosity of the fuel which could be reducing the 

probability of fuel being trapped in the nozzle. The other is that due to the turbulent 

nature of the jet and its increased velocity the trapped fuel has already been passed and 

mixed with the flow but is more unlikely due to the lack of presence of a fuel membrane 

or a host of ligaments. 
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Figure 120. Side lit images for ULSD, HLDF and kerosene. IP: 40 MPa, ICP: 0.1 MPa, 

Orifice diameter: 0.135 mm. 
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5.3 Spray formation 

5.3.1 Transient spray and breakup length 

Currently, the stability models for determining the breakup length of spray in modern 

diesel injectors are still unclear on the effects of jet velocity. The determination of the 

regimes are outdated as the literature and the results from the diesel fuel reveal that in 

the absence of cavitation the initial bulk of fuel leaves the nozzle in an unbroken state. 

Due to the lack of knowledge in the fundamentals of jet stability for modern 

applications the influence of fuel properties is still an unknown parameter. From the 

previous chapter the breakup length appears to be linked with the jet velocity which 

reveals that for atmospheric conditions during the atomization regime; the increase in 

jet velocity results in the reduction of the breakup length. 

As the fuel properties play a vital role in the initial breakup of the diesel jet in both the 

transient and steady state conditions the characteristic differences are expected to 

transfer to the breakup mechanisms involved in the transition to a fully formed spray. 

Figure 121 shows the leading edge velocity of ULSD, HLDF and kerosene up until the 

20 mm spray penetration length. The RME velocity is only available for the first 5.4 

mm of spray penetration. A general analysis of the sprays show that as the jet forms 

into a spray, the leading edge velocity increases with differences seen between the 

fuels near the 5 mm penetration region which potentially suggests a variation in spray 

structure. 

A collection of images directly behind the agglomerated leading edge at a range of 

locations throughout the spray formation for a transient jet is shown in Figure 122. 

The locations for the missing images for the HLDF and kerosene fuel were not in the 

test matrix and therefore not available. This section will analyse the transient spray 

formation based mainly on the measurements and observations from these two figures. 

The lubricity enhanced diesel appear to have little effect on the spray structure during 

the spray formation as such the role that the fuel property plays seems to be on the 

initial jet formation.  

Staring at the analysis of the spray behind the leading edge between 4.6 and 5.2 mm, 

the Swedish diesel with comparably low values of viscosity and surface tension, 
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reveal a region of the spray that is more atomized than the reference diesel. 

Unfortunately, images of the leading edge of the ULSD are not as clear as those of the 

Swedish diesel making comparisons more difficult. Analysis of the jet speed of 

kerosene, expected to produce a similar spray structure to that of the Swedish diesel, 

produced the fastest jet speed at 4.6 mm downstream of the jet than all the fuels tested 

(Figure 121). This is further evidence that the earlier formation of the agglomerated 

leading edge results in slipstream effects responsible for the high velocities in the core 

of the jet that is transferred to the spray tip. It is speculated that with a more atomized 

jet combined with higher leading edge velocities the breakup length is suspected to be 

shorter which is supported in the literature for tests at low ambient pressure tests 

(Lefebvre 1989; Chang et al. 1997; Prescher et al. 1999). 

 

 

Figure 121. Leading edge velocity for fuels tested at 40 MPa injection pressure sprayed 

into atmospheric conditions. 
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Figure 122. Spray development behind the leading edge. IP: 40 MPa, ICP: 0.1 MPa. 
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Beyond this length the trend is no longer applicable where the kerosene tip velocity can 

be seen to remain relatively similar to the reference and high lubricty diesel. This would 

be in agreement with the observation made previously where at measurements from 

10.8 mm spray penetration length onwards the spray will be fully formed and thus have 

similar jet velocities. This increased rate of spray penetration is observable only in low 

pressure ambient air conditions where the shearing forces are minimal. Observation of 

the spray located directly behind the leading edge 10.8 mm downstream of the jet reveal 

that Swedish diesel and kerosene still produce a continuous jet similar to the reference 

diesel albeit in its final stages of breakup. The differences are more pronounced at spray 

penetration from 19 mm onwards as seen for both the Swedish diesel (Figure 122k&o) 

and Kerosene (Figure 122l), where the spray consists of mainly thin ligaments and fine 

droplets. Compared to ULSD (Figure 122i) and the HLDF (Figure 122j) where evidence 

of the existence of the initial core can still be seen. The increased rate of atomization is 

attributed to a faster leading edge velocity and the fuels lower viscosity and surface 

tension resulting in a higher Reynolds and Weber number. 

Analysis of the RME sprays region directly behind the leading edge at 5.2 mm (Figure 

122c) reveal a dynamic breakup that is largely different to the other fuels tested. The 

image consists mainly of interconnected ligaments with almost no evidence of a central 

column of fuel. The increased tip velocity and the fuels higher density, resulting in an 

increase in momentum, would suggest a greater level of breakup but as there are almost 

no droplets and loose ligaments it is inconclusive. An explanation for the breakup 

observed is that with its higher viscosity and surface tension values, the RME lowers the 

probability of the formation of detached ligaments and droplets. It is speculated that for 

RME the jet becomes more sheet-like during breakup which then separate and the 

surface tension of the fuel pulls the sheets into ligaments. This would explain the 

reduced presence of droplets and the interconnected nature of the ligaments. Thus, 

evidence is strengthened for the link between the deteriorated atomization of the jet near 

the nozzle influencing the formation of the spray. The other explanation is the increase 

in the strength of the axisymmetric vortices located behind the leading edge. Park et al., 

(2009) stated that the fuels with higher viscosity produced a more pronounced leading 

edge and thus promoting conditions to induce the formation of vortices.  
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Observations further downstream of the nozzle reveal a secondary atomization region 

dominated by ligaments (Figure 122m). The number of droplets is reduced but those 

present are generally larger. These droplets are more spherical when compared to 

similar sized droplets produced from the other fuels. This is explained by the higher 

surface tension which allows the droplet to retain a spherical shape as it resists the 

formation of new surface area.  

5.3.2 Steady state spray and breakup length 

Figure 123 to Figure 125 shows the morphology of the jets at steady state injection of 

the fuel between 4.6 mm and 10.8 mm downstream of the nozzle. These images reveal 

the effect of fuel properties on the breakup of the continuous jet into a spray. The 

lubricity and kerosene jets at these locations were not included in the test matrix and as 

such are not available. 

The morphology of the Swedish diesel at 4.6 mm (Figure 123) downstream of the jet 

produced thinner ligaments at the periphery of the continuous jet when compared to the 

reference diesel. The continuous jet is suspected to be formed from agglomerated fuel 

due to the promotion of fine scale disturbances leading to an erratic breakup throughout 

the jet. This would be in agreement with the increased presence of droplets and thin 

ligaments surrounding the continuous jet while appearing denser. A possible increase in 

mass flow rate being responsible for the appearance of a denser jet should also not be 

ruled out. 

As these disturbances grow and the jet approaches the breakup length (Figure 124) the 

Swedish diesel can be seen to produce a more atomized jet than that of the reference 

diesel. The continuous jet is attached by thin ligaments. With the fuels lower viscosity 

and surface tension this should result in the ligaments detaching and no longer forming 

a continuous jet. This is observed at 10.8 mm downstream of the nozzle where the 

morphology of the jet (Figure 125) consists primarily of ligaments and droplets. The 

images are further supported by those obtained of kerosene at the same location (Figure 

125) where the breakup is more advanced.  

The analysis is partially supported when analysing the RME’s transformation into a 

spray. Images obtained at 4.6 mm downstream of the jet reveal that increasing the 
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viscosity and surface tension reduce the formation of droplets and fine ligaments. The 

mechanisms behind the breakup of the jet is also different where high viscosity causes 

the jet to start breaking up into long thick ligaments similar to the breakup observed 

during the transient state. This breakup causes the spray at 6.7 mm (Figure 124) to 

appear less continues than that of the other fuels and is also has a wider cone angle. 

Finally, analysis of the spray structure at 10.8 mm downstream from the nozzle reveals 

an area with very few and larger droplets in comparison to the other fuels while still 

containing a large ligaments.  

 

 

   

 

Figure 123. Steady state spray structure between 4.6 and 5.2 mm downstream of the jet 

at 40 MPa injection pressure into atmospheric conditions.  

 

 

   

 

Figure 124. Steady state spray between 6.7 - 7.3 mm downstream of the jet at 40 MPa 

injection pressure into atmospheric conditions.  
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Figure 125. Steady state spray structure between 10.8 and 11.4 mm downstream of the 

jet at 40 MPa injection pressure into atmospheric conditions.  

 

The effect of the different breakups observed is reflected in the formation of droplets 

and ligaments after the breakup length. Figure 126 shows the images captured of 

secondary atomization region at 19 mm onwards downstream from the nozzle. The 

ULSD and HLDF both produce similar size and shape droplets and ligaments and as 

such a qualitative comparison of the sprays are unreliable. The Swedish diesel and 

kerosene with their increased rate of breakup throughout the initial jet formation and 

during the transition to a spray produce the most number of droplets and ligaments. In 

addition to this the droplets are far smaller which ties in with their lower surface tension 

values. The RME resists the formation of droplets with those produced generally being 

large with the high surface tension value resisting the formation of surface area and 

producing relatively spherical droplets. Based on these images it appears that the 

breakup length is shortened as the viscosity and surface tension is reduced due to the 

stabilising force of viscosity has on the breakup of the jet. This is emphasised when 

comparing the kerosene or Swedish diesel jets with the biodiesel RME at all stages of 

the jet and spray evolution.  
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Figure 126. Steady state spray structure between 19.0 and 19.6 mm downstream of the 

jet at 40 MPa injection pressure into atmospheric conditions. 

 

5.3.3 Droplet sizing 

Observation of the transient and steady state spray penetration revealed that the breakup 

of the jet is influenced by changes in the fuel properties; primarily the viscosity and 
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the passing of the leading edge. The jet was presumed to be in near steady state 

conditions at this point. The results were taken from up to 120 images at each location 

for each fuel. The viewing area size was 0.76 mm x 0.61 mm on the x and y-axis 

respectively. Figure 127 reveals that between 4.6 to 5.2 mm downstream of the jet the 

ULSD produces the largest number (381) of droplets, with the smallest modal average 

diameter of 5 μm. It is important to note that the scale goes to 140 but the count is for 

the total number of droplets over the entire range of droplet sizes. This is followed 

closely by the Swedish diesel with an average of 234 droplets per image with a modal 

mean diameter of 6 μm. The RME produced the least number of droplets, 118, as well 

as the largest droplets, 7 μm in diameter, pointing towards a deteriorated rate of 

atomization. The results were surprising with the Swedish diesel as it has the lowest 

viscosity and surface tension values which would suggest that it should have the highest 

rate of atomization of the three fuels.  

The reasoning for this is still inconclusive but is possibly due to the wake caused by the 

collapse of the axisymmetric vortices near the leading edge. At the early spray 

formation, as in this case, the atomization is potentially governed by the aerodynamic 

forces rather than from the turbulence supplied by the inertia of the injected fuel. If the 

vortices are stronger with higher viscosity fuels, as suggested by Park et al.,(2009) then 

this would explain the increased rate of droplet formation and its smaller mean size. 

This is possibly what is seen in Figure 123 where the ULSD jet remains relatively intact 

at the core while the atomization appears to be occurring only at its periphery showing a 

breakup that appears to be dominated by aerodynamic forces. The Swedish diesel can be 

seen to be breaking up indiscriminately throughout the width of the jet at several 

locations. This is not observed for the ULSD and RME where there is a consistent 

appearance of a solid core.  

In the case of RME the high viscosity and surface tension of the fuel is most likely 

responsible for the reduced rate of droplet formation. Assuming the existence of strong 

axisymmetric vortices, it appears that the viscous forces are high enough to inhibit the 

formation of droplets in the presence of the increased shear at the boundary of the spray. 

This is supported by earlier observations made on the surface of the jets within the first 

2 mm of the transient spray exiting the nozzle. The images revealed that for RME, the 

growth of waves were subdued due to the fuels higher viscosity and surface tension and 
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as such produced very few droplets. Thus it is clear that the breakup of fuels with high 

viscosity and surface tension are remarkably different during the steady state injection 

of fuel. This claim is supported when viewing the core of the jet of RME (Figure 123c) 

where the spray structure closely resembles the breakup observed at the same location 

in the transient spray. Another reason for the reduced breakup of the jet is possibly due 

to a lower jet velocity. Measurements of the jet speed at the periphery revealed that the 

RME had a slower jet speed of 134 m.s
-1

 compared to the kerosene at 162 m.s
-1

. 

 

 

Figure 127. Droplet size distribution between 4.6 to 5.2 mm downstream of the nozzle 

at steady state conditions. IP: 40 MPa, ICP:0.1 MPa. 
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207, which is attributed to its smaller Reynolds and Weber number. Surprisingly the 

high lubricity diesel fuel produced 65% more droplet that the reference diesel. This was 

unexpected as the effect of lubricity was not considered to make such a large difference 

but it is clear that the breakup is promoted from observation close to the nozzle and as 

such the trend being reflected further downstream of the jet is plausible. 
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droplets (403 and 499 respectively), with the fuels having a modal average diameter of 

5 µm and 6 µm respectively. The smaller mean droplet size for kerosene is attributed to 

its lower viscosity and surface tension and assuming similar velocities; a higher 

Reynolds and Weber number. The reason for the greater number of droplets produced 

by the Swedish diesel is still inconclusive but is possibly due to its higher lubricity.  

The RME produced more droplets than the reference diesel. This was a surprise as the 

Reynolds and Weber number is expected to be lower in the case of quiescent air motion 

at the periphery of the spray. Whether the reason for this lies in with the aerodynamic 

shear forces caused by the wake left with the axisymmetric vortices or a phenomena 

based on the fuel's high viscosity (difference in the type of breakup) is difficult to 

determine. 

 

Figure 128. Droplet size distribution between 10.8 to 11.4 mm downstream of the 

nozzle at steady state conditions. IP: 40 MPa, ICP:0.1 MPa.. 
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the least turbulent with its large ligaments yet the number of droplets observed is high. 

It would appear that the higher viscosity still manages to produce a large number of 

droplets mainly through the pinching of ligaments; the Raleigh Taylor instability.   

Figure 129 shows the number and size of droplets produced at the periphery of the jet 

between 19.0 to 19.6 mm downstream of the jet. The images of the high lubricity diesel 

fuel sprays at this location were unclear due to window fouling and as a result the post 

processing analysis produced an inaccurate representation of the droplet size 

distribution. Therefore the results were omitted. Even still, the images obtained of the 

central region of the spray for the HLDF, reveal a breakup similar to the reference 

diesel. It is therefore speculated that the droplet count and size distribution at the 

periphery is similar to the ULSD. 

The Swedish diesel and kerosene fuel reveal a sharp rise in droplet formation, an 

average of 670 and 851 per image with the modal average diameter of 6 µm and 5 µm 

respectively. This is explained by an increased rate of atomization due to the fuels' 

lower viscosity and surface tension and images taken at the centre of the jet (Figure 

126c-d) support this conclusion.  

 

 

Figure 129. Droplet size distribution between 19.0 to 19.6 mm downstream of the 

nozzle at steady state conditions. IP: 40 MPa, ICP: 0.1 MPa. 
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Finally the ULSD and RME produce almost the same number of droplets with a modal 

average of 5 µm and 6 µm respectively. The increase in viscosity and surface tension 

from the value of the reference diesel has not influenced the rate of droplet formation 

but the droplets are larger. Comparing the core of the jet for ULSD and RME; the 

reference diesel appears to be more atomized. Thus the reason for the unexpected 

similar number of droplets produced by the RME, even with its speculated lower 

Reynolds and Weber number could be due to increased shear at the jet periphery as a 

result of the stronger vortices at the leading edge. 

5.4 Influence of the injection pressure 

5.4.1 Introduction 

It is important to characterise the influence of fuel properties on sprays produced at 

higher injection pressures to verify if the conclusions drawn thus far are valid over a 

range of operating conditions. The structures produced at lower injection pressures 

revealed that the formation of the spray changes with variation in fuel properties, 

primarily the viscosity and surface tension while the study carried out at elevated 

injection pressures on the reference diesel showed an increase in spray tip velocity, 

turbulence, atomization and a reduction in the breakup length. From these observations 

logical predictions can be made but these need to be verified. In this section the fuel 

samples were tested over the same locations as the 40 MPa injection pressure conditions 

but at 100 and 160 MPa injection pressures while remaining at atmospheric ambient 

conditions. The droplet sizing is not presented due to the excessive window fouling 

resulting in poorer image quality and as such rendering the post processing techniques 

inaccurate. Thus this section will make observations based on the injection delay, spray 

penetration, leading edge velocity and the structure of the fuel spray.  

5.4.2 Initial jet formation 

Figure 130 shows a collection of images of the initial formation of the fuel jets as it 

exits the injector nozzle. The pictures were subjectively chosen to represent the most 
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recurring structure. The first observation to make in comparison to the 40 MPa result is 

that the jets are turbulent and this is reflected in the higher Reynolds number for all the 

fuels as shown in Table 7. In addition, the spheroid cap is no longer present in its 

laminar form. 

The increase in the fuel lubricity, as seen in Figure 130c&d reveal a turbulent jet that 

closely resemble the structures produced by the Swedish diesel and kerosene fuel 

(Figure 130e&f and Figure 130g&h respectively) . This would suggest that the lubricity 

jet is more turbulent than the reference diesel, which is in agreement with the 

observation at the 40 MPa injeciton pressure condition tests. 

The difference in comparison with the conclusions drawn at the low injection pressure 

conditions is that the velocity of the reference diesel is faster than the high lubricity 

diesel fuel. This would conclude that the Reynolds number is lower when increasing the 

lubricity, yet it argued from the images taken that the jet is more turbulent due to the 

spray exiting the nozzle having a more unstable chaotic appearance. As such, at these 

elevated injection pressures, the breakup of the jets does not seem to be able to be 

explained wholly by the value of the Reynolds or Weber number based on the leading 

edge velocity. The differences noticed in the velocities at the 40 MPa injection pressure 

conditions do not follow the same trend as the elevated injection pressures and this is 

possibly due to a by-product of the speculated toroidal motion of the jet as it leaves the 

nozzle or due to the erratic nature of the unstable jet. This idea would mean that the 

velocity components are far more complicated than for a direct flow that follows the 

path of the injected fuel. Thus the detailed visualisation of the structure of the jets is 

invaluable in understanding the fundamental nature of breakup of jets based on fuel 

properties.  
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Figure 130. Initial spray formation of the fuel samples tested at 100MPa injection pressure sprayed into 0.1 MPa ambient gas pressure 
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Table 7. Analysis of the fuels tested at the start of injection at 100 MPa injection 

pressure sprayed into 0.1 MPa ambient air. Fuel properties listed at 40
o
C. 

 

Taking this into account, the lubricity enhanced diesel exits the nozzle with droplets and 

ligaments that can be seen to be detaching form the jet. The droplets are expected to be 

formed due to Rayleigh Taylor instabilities and as there is evidence of droplets and 

ligaments upstream of the jet almost touching the nozzle surface the existence of 

vortices similar to those observed in the laminar spheroid caps are also present here. 

The evidence for the unstable leading edge being formed by trapped fuel is supported by 

the appearance of a membrane that covers the leading edge. If this is the case the 

structure of the jet at the beginning of injection appears to be formed of two different 

turbulent states, with the non-pressurised slow moving fuel that is pushed out ahead of 

the turbulent core which then rips through it causing the membrane from the trapped 

fuel to breakup in a sheet-like manner (Figure 131). 

 

Fuel 

Property 

Units ULSD HLDF Kerosene RME 

Viscosity mm
2
.s

-1
 3.26 3.24 1.19 4.43 

Density kg.m
-3

 820.3 822.8 789.3 868.7 

S. Tension mN.m
-
1 30 29.7 27.5 38 

Velocity m.s
-1

 121 102 85 81 

Re  5010 4250 9642 2468 

WeL  54043 38910 27994 20248 

Weg  79 56 43 28 

Ohnesorge  0.056 0.046 0.018 0.058 
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Figure 131. Surface of the jets at similar injection timing (~14 µs aSOI). 

IP: 100 MPa, ICP: 0.1 MPa. 

 

As the viscosity and surface tension are reduced, for the number of droplets and fine 

ligaments created at the initial jet formation are increased. This can be seen when 

comparing the Swedish diesel and kerosene fuel to the lubricity diesel. The unstable 

appearance of these jets makes it difficult to accurately identify differences between 

kerosene (Figure 130e-f) and Swedish diesel (Figure 130g-h). 

An unexpected result was the reduced jet velocity obtained for kerosene in comparison 

to the reference diesel which is the opposite trend observed at the low injection pressure 

conditions but whether this is accurate or has any influence on the stability of the jet is 

questionable as measurements taken at the 2 mm spray penetration reveal a similar jet 

velocity for all fuels. Thus it appears that the initial injected fuel is erratic, producing a 

host of jets with varying structures. 

Thus it can be seen that the reduction of viscosity and surface tension has a similar 

effect on promotion of atomization at the early spray formation as observed at lower 

injection pressures. Ligaments and droplet formation can be seen to be increased and for 

the Swedish diesel and kerosene fuel, ligament and droplets are present almost the 
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moment the jets leave the nozzle. 

The deterioration of atomization with increasing viscosity is emphasised with the 

visualisation of the RME jet (Figure 130i&j) by its resistance to transverse expansion. 

The initial fuel that exits the nozzle does not stick to the nozzle reducing the possibility 

of the formation of an inflated droplet at the tip of the jet. In addition to this the 

Reynolds number of 2468 fitting that of a laminar flow going onto a transitional flow 

and as such there is deteriorated atomization due to the resistance of the formation of 

fine ligaments at the leading edge. Furthermore the surface of the jet appears to resist 

the formation of surface waves similarly to the observations made at the 40 MPa 

injection pressure conditions. Proof of these claims can be seen in Figure 131 where the 

surface of the RME jet at roughly 14 µs ASOI can be seen produce waves that have a 

longer period and shorter peaks than the other fuels tested at a similar timing. It is 

interesting to observe that the high lubricity diesel fuel also reveals a more turbulent jet 

than the reference diesel that supports the conclusions made previously on the effect of 

fuel lubricity on the unstable nature of the jet. A by-product of the unstable jets is that 

the spray dispersion angle (Figure 131) appears to be wider for the high lubricity diesel 

fuel, kerosene and the Swedish diesel than that for the RME and ULSD due to the 

increased breakup of the jet.  

5.4.2.1 Injection timing 

Observations made at the 100 MPa injection pressure conditions revealed that the fuel 

properties played a role in influencing the optimal injection timing. This was in 

agreement with the results obtained for the 40 MPa injection pressure conditions as 

shown in Figure 132. The lubricity enhanced diesel is seen to have an advanced SOI 

comparative to the reference diesel and this is attributed to the fuels higher lubricity 

resulting in reduced friction in the nozzle. As such the fuel is expected to travel faster in 

the nozzle.  

The observation made for the kerosene fuel reveals the earliest SOI. It would seem that 

the unstable jets appear to advance the observable SOI. This is attributed to the lack of 

adhesion between the fuel and the nozzle wall due to the reduced viscosity. Again 

similar to the 40 MPa injection pressure results the reduction in lubricity (expected to 
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increase friction) does not compensate for the advancement of the injection and as such 

the viscosity is expected to play the dominant role when determining the SOI. 

The only surprising result here is that the ULSD appears to produce the most delayed 

SOI. The reason for this is possibly due to cycle to cycle variation from both the RME 

and ULSD timings being extremely close. The measurements obtained for the ULSD 

show the core penetration and not that of the trapped fuel (which were distinguishable 

in the case of the ultra high speed videos) but for the RME this was not the case. This is 

interesting as the RME has a higher fuel density suggesting a higher momentum but this 

does not appear to play a noticeable role in the advancement of the jet in the presence of 

the dominant role the fuel viscosity plays in the flow of the fuel in the injector nozzle. 

 

 

Figure 132. Microscopic measurements of the SOI of the fuels tested at 100 MPa 

injection pressure into 0.1 MPa ICP.  

 

Observation of the delay at the 160 MPa injection pressure condition also supports the 

advancement in injection timing for the kerosene fuel while the RME has the greatest 

retardation (Figure 133). Interestingly the reference and high lubricity diesel fuel 

produce similar injection timing suggesting that at the much higher injection pressure 

conditions the effect of lubricity on injection timing is small while the viscosity appears 

to still play a major role. This is again speculated to be due to the flow properties rather 
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than the bulk modulus and the speed of sound through the fuel but the latter still should 

not be omitted. The injection timing for the RME can again be seen match the trend 

observed at the 40 MPa injection conditions. This makes more sense as it matches an 

almost linear trend of the effect of viscosity on the observed start of injection. It is 

possible that the unexpected 100 MPa results for the RME were due to anomalous 

results or due to fuel being unexpectedly heated resulting in a reduction of the viscosity. 

 

 

Figure 133. Microscopic measurements of the SOI of the fuels tested at 160 MPa 

injection pressure into 0.1 MPa ICP. 

5.4.3 Transient jet formation 

Figure 134 and Figure 135 show the morphology of the jet at 1 mm downstream of the 

transient jet during and after the leading edge passes. The images have been subjectively 

chosen to be at a similar injection timing and as such comparable. At the 1 mm spray 

penetration there is little difference observable in the formation of the spray between the 

reference and high lubricity diesel fuel. At these more turbulent conditions, observing 

differences between the fuels with slight changes in fuel properties become more 

challenging. The Swedish diesel and kerosene fuel reveal a spray tip that is surrounded 

by ligaments and droplets. This gives an explanation that is contrary to the 

measurements taken of the Weber number where the ULSD has a bigger value due to a 
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slightly faster jet velocity (Figure 136). Yet again the tip velocity does not dominate the 

formation of droplets. Furthermore the reduction of surface tension and viscosity 

appears to play a large part in the formation of droplets around the periphery of the jet at 

the leading edge regardless of the value of the Weber numbers. This could potentially 

be explained by the larger Reynolds number values of the Swedish diesel and kerosene 

which even though is not directly linked to the formation of droplets, the turbulence 

induced instabilities could result in the formation of surface waves that further increase 

the probability of the formation of droplets through the pinching of ligaments. When 

observing the jets produced by the rape methyl ester biodiesel the droplets can be seen 

to appear around the leading edge even with such a highly viscous jet. The droplets 

formed for RME is expected to be from Rayleigh Taylor instabilities (droplets pinching) 

as well as from shearing.  

 

    

 

   

 

Figure 134. Effect of fuel properties on spray formation at the leading edge between 1 to 

1.6 mm. IP: 100 MPa, ICP: 0.1 MPa. 

 

As the spray passes the differences become harder to identify but the formation of 

droplets seem to increase with a trend for the droplets to be finer with reduced viscosity 
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and surface tension values. This is supported when observing the RME jet which resists 

the formation of droplets. The ligaments produced are large relative to those produced 

from the other fuel samples, due to the increased surface tension able to retain a larger 

surface area. The droplets present for the RME can be seen to be produced by pinching 

of ligaments as a result of wave propagation on the ligaments causing necking which 

destabilises causing fuel to be entrained into the newly inflated droplet. The surface 

tension of the fuel pinches the neck and detaches from the ligament producing droplets. 

Evidence for this statement is the presence of several ligaments where pinching of 

droplets can be seen at their ends or at the centre, where surface waves are potentially 

propagating from the ends into the middle in a similar process. This does not dispute 

that the formation of the droplets for the kerosene and ULSD are produced from the 

same processes but the images seem to be more evident for the RME. Furthermore this 

is speculated to be one of a few methods with the other well known method to be the 

shearing of droplets from the jet surface. 

 

   

 

  

 

Figure 135. Effect of fuel properties on spray formation after (0-6 µs) leading edge 

passes between 1 to 1.6 mm downstream of spray. IP: 100 MPa, ICP: 0.1 MPa. 
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Figure 136. Effect of fuel properties on the leading edge velocity. 

IP: 100 MPa, ICP: 0.1 MPa. 

 

5.4.4 Transient spray formation 

It has been found that changes in the initial jet formation are sensitive to variation in 

fuel properties at injection pressures of 100 MPa sprayed into atmospheric ambient 

conditions. As such the effect of these changes will have to be determined. This section 

will analyse the structure of the sprays subjectively based on the leading edge velocity 

and the morphology during and after the transition from a continuous jet to that of the 

fully formed spray. 

Microscopic measurement reveal that all the fuels produce similar local velocity after 

4.6 mm (Figure 137) as by this point the agglomerated leading edge is already formed 

which is responsible for the fast moving leading edge. Prior to this the kerosene shows a 

distinctly higher jet speed after 2.1 mm spray penetration which would point towards a 

shorter breakup length but due to the large variance in results for this fuel this is 

difficult to completely substantiate but with the fuels lower viscosity it is probable.  
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Figure 137. Microscopic measurements of spray tip velocity at 100 MPa injection 

pressure into 0.1 MPa ICP. 

 

Microscopic images taken of the spray penetration between 4.6 to 5.2 mm reveal that 

the agglomerated leading edge is already formed for ULSD, Swedish diesel and RME 

(Figure 138). The kerosene was not tested at this condition but the qualitative analysis 

of the Swedish diesel should give an understanding of the kerosene fuel at the same 

location. The increased rate of atomization observed at the near nozzle locations for the 

Swedish diesel can be seen to also appear here. The agglomerated leading edge appears 

to be less dense and there is an abundance of droplets and ligaments located directly 

behind the leading edge which surround a core that is undergoing rapid atomization 

(Figure 139). The increase in breakup for the Swedish diesel is attributed to a higher 

Reynolds' number, due to both a reduced viscosity and a speculated leading edge 

velocity, which suggests that there is more inertia being transported from the main jet to 

the leading edge than for the reference diesel and RME.  

Comparing the RME to the reference diesel there is little to differentiate between the 

morphology of the two sprays. This is a different trend than that observed at the 40 MPa 

injection pressure conditions. It appears that as the pressure is raised the RME and 
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ULSD spray start to behave similarly. It is speculated that with sufficient inertia the 

turbulence supplied from the nozzle is large enough to inhibit the stabilising force 

provided by the high fuel viscosity of the biodiesel. In addition to this the area behind 

the leading edge is assumed to be in a slipstream region and as such there should be a 

negligible amount of shearing forces contributing to the breakup of the jet when 

compared to the turbulence induced breakup.  

 

   

 

Figure 138. Effects of fuel properties on spray formation between 4.6 to 5.2 mm at the 

leading edge. IP: 100 MPa, ICP: 0.1 MPa. 

 

   

 

Figure 139. Effects of fuel properties on spray formation between 4.6 to 5.2 mm behind 

the leading edge. IP: 100 MPa, ICP: 0.1 MPa. 

 

Moving onto the spray penetration at 10.8 mm spray penetration length onwards the 

spray is fully formed where there is a prominent agglomerated leading edge for all five 

fuels (Figure 140). Important differences are hard to identify and the macroscopic 

measurements of the leading edge penetration provide. The spray tip velocity at this 

location places the reference diesel and kerosene slightly faster than the HLDF but these 
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measurements are close enough that the differences are potentially negligible (based on 

the error bars). 

 

   

 

  

 

Figure 140. Effect of fuel properties at the leading edge between 10.8 to 11.4 mm 

downstream of the spray. 

 

Behind the leading edge in the area where the droplets and ligaments are travelling 

freely in the slipstream created by the spray tip; the Swedish diesel and kerosene can be 

seen to consist mainly of thin detached ligaments and droplets. Compared to the ULSD, 

HLDF and the RME the same region is filled with long ligaments and unbroken clumps 

of fuel detached from the core. The images imply an increased rate of atomization with 

the reduction of breakup length as the fuel viscosity and surface tension values are 

lowered to values far below those of the reference fuel. When raising the viscosity and 

surface tension above that of the reference fuel, comparing the RME to ULSD, there is 

no evidence to suggest a reduced rate of atomization in the transient state (Figure 141). 
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Figure 141. Effect of fuel properties behind the leading edge between 10.8 to 11.4 mm 

downstream of the spray. 

 

Moving further downstream of the spray, the leading edge can be seen to become less 

dense for all the fuels which is expected due to the widening of the leading edge as the 

spray penetrates further into the chamber (Figure 142). Differences between the fuels at 

the leading edge were difficult to identify due to the cycle to cycle variation of the spray 

structure. Observations behind the leading edge in the region of the spray that is in the 

slipstream and undergoing secondary atomization reveal that the Kerosene fuel appear 

to be more atomized than the ULSD where there are large amounts of fine droplets. 

Similarly to the earlier observations, the RME at this location is a spray which does not 

show any behaviour that would suggest a deteriorated atomization (Figure 143). Thus 

following from the observations made at shorter penetrations and different injection 

pressures as corroborating evidence the images reveal that the influence of changes in 

fuel viscosity and surface tension on the breakup of the transient spray is not linear. It is 

therefore speculated that there are two reasons for this. The first being that the dominant 

mechanisms behind the breakup of the jet for RME are different to that of the kerosene. 

The second is that the RME is forming stronger vortices being the leading edge due to a 

wider and denser spray tip.  
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Figure 142. Effect of fuel properties on the leading edge formation between 19.0 to 

19.6 mm spray penetration. 

 

   

 

Figure 143. Region behind the leading edge between 19.0 to 19.6 mm downstream from 

the nozzle. 

 

Measurements taken at the 160 MPa injection pressure conditions (Figure 144) support 

the predictions made on the tip velocity for kerosene being faster than the other fuels for 

the first few millimetres of spray penetration. Similarly, by the 5 mm penetration these 

values tend to converge. Beyond this length locating the tip of the spray became 

difficult due to the wider spray causing the images to blur and as such there is a lack of 

results available for comparison. In comparison to the 100 MPa condition it can be seen 

that the tip velocity for all the fuels are higher. 

The kerosene spray produces the fastest leading edge velocity both at the SOI and soon 

after the 2.1 mm penetration length. This is supported by the case for a shorter breakup 

length and is in agreement with the tests carried out at the lower injection pressure test 

conditions. 
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Figure 144. Microscopic measurements of spray penetration at 160 MPa injection 

pressure into 0.1 MPa ICP 

 

5.4.5 Steady state jet formation 

During the steady state conditions, the increase in both jet velocity and turbulence make 

the subjective analysis of the different fuel jets more difficult. A collage of images is 

shown in Figure 145 to compare the different jets during the first 1 mm downstream of 

the fuel jets. The velocity at the periphery of the jets via ligament tracking over the first 

3 mm of jet formation is given in Figure 146.  

In comparison to the ULSD, the lubricity enhanced diesel starts forming ligaments 

closer to the nozzle resulting in a greater rate of ligament formation during the first 

0.5 mm of jet formation. This is supported by the velocity measurements taken within 

the 1 mm of the jet reveal that the periphery is travelling faster for the lubricity 

enhanced diesel (~287 m.s
-1

) compared to the reference diesel (~266 m.s
-1

) which would 

result in greater shear and turbulence.  
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Figure 145. Jet stability near the nozzle at steady state conditions for ULSD, HLDF, 

kerosene and RME. The red lines indicate the boundary of one image to another that 

have been stiched together to represent a larger view of the spray. Timing recorded at 

200 µs aSOI. IP: 100MPa. ICP: 0.1 MPa. 
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Figure 146. Velocity of the jet periphery during steady state injection. 

IP: 100 MPa, ICP: 0.1 MPa 

 

The kerosene jet produces the finest ligaments with droplets forming almost the instant 

the fuel leaves the nozzle. These droplets can be seen to be scattered randomly around 

the jet with more being prevalent further downstream. Furthermore the jet speed of 

kerosene is the fastest of all the fuel at ~319 m.s
-1

 supporting the claims of higher 

Weber and Reynolds’s numbers. These observations are in agreement with images 

captured of the RME jets that produced the largest ligaments with almost no droplets 

present around the jet. The velocity within the first 1 mm of the nozzle was not possible 

to accurately track using the ultra high speed video images due to the reduced detail of 

the images combined with the lack of ligaments forming. Yet analysis beyond this range 

revealed that RME indeed produces the slowest jet velocity, with its high surface 

tension and viscosity value placing it with the lowest Weber and Reynold’s numbers.  

Figure 147 present images taken between 1.0 - 1.6 mm downstream of the steady state 

jet. In these images half of the viewing area is blocked by a rear and front sprays from 

the other orifices. It is assumed that the periphery observed is symmetrical to that of the 

obstructed side. Analysis of the sprays reveals that the lubricity diesel appears to form 

longer ligaments but does not produce any noticeably more droplets. The Swedish 

diesel and kerosene fuel with its lower surface tension and viscosity can be seen to form 
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more droplets while the ligaments seem less frequent and shorter. This suggests that the 

fuels resistance to shearing is reduced. As the jet is still within the region prior to 

reaching the breakup length the dominant mechanisms for droplet formation would be 

the shearing of droplets from the jet surface. As the jets are speculated to be producing 

relatively similar velocities this would imply that the reduction of surface tension and 

viscosity from the reference diesel to the levels of that of Swedish diesel and kerosene 

have an impact on droplet formation via shearing mechanism of atomization. Analysis 

of the RME at this location show that long ligaments are forming at the periphery. The 

formation of droplets appears to be reduced and furthermore the size of the droplets 

produced is larger in comparison to the other fuels. This supports the observations made 

of the Swedish diesel and kerosene fuel. Compared to the 40 MPa conditions the 

differences between the fuels are more difficult to identify. The shearing forces are 

increased due to the higher jet velocity and this is reflected in the morphology of the jet 

periphery where for all fuels concerned, ligaments and droplets are produced soon after 

exiting the nozzle. 

 

   

 

 

 

Figure 147. Effect of fuel properties on spray formation at steady state conditions 

between 1.0 to 1.6 mm downstream of spray.  
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5.4.6 Steady state spray formation and breakup length 

The steady state break-up of the jet between 4.6 mm and 5.2 mm downstream of the 

spray can be seen in Figure 148. The analysis of the Swedish diesel in this region 

reveals that it consists of more droplets than the reference diesel. This is attributed to a 

reduction in shear resistance and increased turbulence attributed to a higher Reynolds 

number based on the similar measure tip velocity and reduced viscosity. The droplets 

are also visibly smaller which is attributed to a reduction in the surface tension which 

would increase the Weber number. Surprisingly the structure at the core appears to be 

more intact than that of the reference diesel. A proposed explanation for this is that upon 

the onset of breakup through the transition from the helical instabilities to fine scale 

turbulences the viscosity and surface tension has a stabilising force on the spray 

drawing fuel in and forming interconnected ligaments which appear as if the fuel is in 

an advanced stage of breakup. Evidence of this can is seen when analysing the spray 

morphology of the reference diesel and RME where the biodiesel produces larger 

interconnected ligaments and fewer droplets. When reducing the viscosity and surface 

tension the spray is speculated to agglomerate after breakup which gives the illusion of 

a relatively intact core. To clarify this situation the images will need to be clearer which 

will require the deflection of the other fuel sprays allowing an undisturbed high quality 

viewing path of the entire spray. If both these situations are true this would explain the 

presence of a greater rate of droplet formation for the Swedish diesel. If this hypothesis 

is true then the comparison of spray breakup of different fuels based on its volumetric 

density would be inaccurate.  

 

   

 

Figure 148. Effect of fuel properties on spray formation at steady state conditions 

between 4.6 to 5.2 mm downstream of spray.  
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The lack of an undisturbed core for all the fuels reveals that the observations of the 

reduction of the breakup length with an increased injection pressure has been identified 

for all fuels as the same region for the 40 MPa injection pressure condition reveals a 

relatively unbroken core. This is made clearer when viewing the spray morphology 

between 6.7 – 7.3 mm downstream of the nozzle during steady state conditions (Figure 

149). In this region, for the reference diesel, there is no cylindrical core which is not the 

case for the 40 MPa injection pressure conditions. Furthermore the hypothesis that was 

laid forward on the stabilising force of viscosity and surface tension is evident when 

viewing the morphology of the RME spray where the centre of the spray consists 

primarily of ligaments. 

The effect of the different mechanism of breakup of the sprays on the droplet 

formation on the periphery can be seen in Figure 150. The Swedish diesel with its 

lower viscosity and surface tension can be seen to produce more droplets that the 

reference diesel with very few ligaments. Furthermore the droplets are smaller which 

is attributed to the fuels lower surface tension. Interestingly, the droplet formation for 

the RME is increased compared to the reference. This supports the claim made for the 

stabilising force of the biodiesel promoting the formation of droplets through Rayleigh 

Taylor. The transformation of the jet into ligaments provides the perfect situation for 

the pinching of droplets. The droplet density is less than the Swedish diesel which 

suggests that the formation of droplets for the low viscosity and surface tension fuels 

are higher.  

  

 

Figure 149. Effect of fuel properties on spray formation at steady state conditions 

between 6.7 to 7.3 mm downstream of spray. IP: 100 MPa, ICP: 0.1 MPa. 
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Figure 150. Effect of fuel properties on the steady state droplet formation at the spray 

periphery between 6.7 to 7.3 mm downstream of spray.  

 

Moving down between 10.8 to 11.4 mm downstream from the nozzle reveals the 

morphology for all the fuel sprays consists primarily of ligaments and droplets (Figure 

151). The reference and high lubricity diesel fuel show the least signs of atomization 

with the presence of agglomerated or non-atomized but detached sections from the main 

jet. The differences observed near the nozzle for the high lubricity diesel fuel appear to 

wither away and do not influence the stability at the centre of the jet in its secondary 

atomization regime. Thus it would seem for high velocity sprays the effect of lubricity 

on the breakup length and atomization is smaller than that observed at the low injection 

pressure conditions. When moving to the observation at the periphery (Figure 152) the 

enhanced lubricity can be seen to produce more droplets which are finer but due to 

window fouling and the slight loss of focus on the reference spray there is a possibility 

that the differences could be even smaller than that being observed. If this is true then 

this would tie in with the lack of differences observed at the spray centre. 

Analysis of the Swedish diesel shows a spray centre that is dominated by ligaments 

which appear thinner than that of the reference, lubricity and RME (Figure 151). 

Droplets can be seen to surround the ligaments which points to an advanced rate of 

atomization, which is supported by a higher Reynolds number and the droplet size 

distribution measurements carried out for the 40 MPa injection pressure conditions. The 

kerosene fuel reveals a similar conclusion. Omitting the out of focus ligaments 

obstructing the viewing area; the spray is dominated by thin ligaments and a large 

number of droplets. Furthermore the sphericity of the droplets is low and this is 
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attributed to the properties as when observing the RME, with its opposite properties to 

the kerosene produces droplets that are spherical. In addition to this the spray is formed 

mainly of ligaments which are spread out but thicker to compensate for this appearance 

of the loss of volumetric density. The lack of droplets points towards a reduced rate of 

atomization even with the appearance of an advanced stage of breakup when compared 

to the reference diesel.  

The conclusions drawn up are supported by the images taken at the spray periphery 

(Figure 152) where the Swedish diesel and kerosene fuel produce the finest and more 

numerous droplets while the RME has the least number and those produced being 

relatively large.  

   

 

  

 

Figure 151. Effect of fuel properties on spray formation at steady state conditions 

between 10.8 to 11.4 mm downstream of spray. 100 MPa, ICP: 0.1 MPa. 
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Figure 152. Effect of fuel properties on the steady state droplet formation at the spray 

periphery between 10.8 to 11.4 mm downstream of spray.IP: 100 MPa, ICP: 0.1 MPa. 

5.5  Influence of in-cylinder pressure 

5.5.1 Initial jet formation 

Analysis of the averaged jet velocity at the SOI for  each of the fuels is shown in Table 

8. A general analysis can be made which show that as the in-cylinder pressure is 

changed from atmospheric to 4 MPa there is a reduction in the leading edge velocity at 

all injection pressures for all the fuels except in one case, the reference diesel at 

160 MPa injection pressure.  This was due to two slow moving jets (48 and 51 ms
-1

) and 

one faster jet (149 ms
-1

) which was attributed to the lack of trapped fuel and such not 

forming vortices at the leading edge for the first two cases. As such due to the erratic 

nature of the slower moving jet this resulted in a low calculation of the average jet speed 

for the reference diesel. 
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Table 8. Jet velocity over the first 0.5 mm from the nozzle at the  SOI 

Fuel Injection Pressure Jet Velocity at nozzle (m.s-1) 

    0.1 Mpa 4.0 Mpa 8.0 Mpa 

ULSD 
40 Mpa 44 31 31 

100 Mpa 121 79 78 

160 Mpa 82 87 67 

LUB 
40 MPa 55 31 32 

100 MPa 102 79 100 

160 MPa 136 87 77 

KERO 
40 MPa 43 39 42 

100 MPa 85 52 38 

160 MPa 161 68 55 

RME 
40 MPa 28 32 39 

100 MPa 81 73 42 

160 MPa 91 76 63 

 

In comparison of the different fuels at the higher ambient pressure of 4 MPa, the ULSD 

and lubricity fuels returned exactly the same averaged velocity through all injection 

pressures tested. This shows that at the higher ambient pressures the effect of fuel 

lubricity on the internal nozzle flow is negligible. This is speculated to be due to the 

reduction of the fuels kinematic viscosity as a result of the higher chamber temperature 

causing the needle and fuel to be hotter than at ambient pressures. The increase in 

viscosity to 4.43 mm
2
s

-1
 (RME) compared to the reference diesel (3.26 mm

2
s

-1
) reveals 

that there is little change in velocity. The results show that the same cannot be 

concluded for low viscosity fuels (1.19 mm
2
s

-1
) where the kerosene shows a reduction 

in velocity. This is attributed to the increased rate of breakup. These conclusions are 

supported when observing the macroscopic spray penetration profiles (shown in several 

graphs in the next section) where only the kerosene reveals a difference in the spray 

penetration. 

The increase in ambient pressure to 8 MPa generally result in a slower leading edge but 

the changes are small and as such in some cases negligible or showing an increase with 

the most profound being that for the lubricity at a 100 MPa injection pressure condition. 

The large increase in velocity measured here was due to the particularly fast moving jet 

(137 ms
-1

) which raised the average.  
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To further the understanding of the influence of changes in ambient pressure on the 

initial jet formation, the images acquired from the side lit experiments have been 

analysed as they provide detail information on the jet stability. Figure 153 shows the 

initial jet formation at 40 MPa injection pressure sprayed into 4 MPa ambient 

pressure. The images have been selectively chosen to form a spray that is time 

resolved as the set-up restricted the use of one image per spray. It can be observed that 

the jets produced from the reference and lubricity enhanced diesel are quite similar but 

the HLDF jet is more opaque while the reference diesel leaves the nozzle in an 

unatomised state with the liquid core clearly visible. This is particularly interesting as 

this gives some information on the transition between laminar and turbulent/cavitating 

flows. For the ULSD and HLDF, varicose capillary waves along the surface of the 

spray body were identified as a common feature. This appears like aerodynamically 

induced wave growth, but the fact that it develops so close to the nozzle means that it 

could be the result of fluctuations in fuel mass flow, caused by needle oscillation. The 

second theory for the appearance of these early wave growths is that they are 

stationary capillary waves resulting from the impact of the liquid jet with the dense 

quiescent air. The evidence to support this claim is strengthened by the fact that when 

reducing the ICP to atmospheric conditions these wave growths are reduced.  

For the same time period at the SOI for the kerosene fuel the spray appears to leave 

the nozzle in a more turbulent form. There is no noticeable undisturbed liquid part of 

the spray at any region. The waves are difficult to see due to the unstable jet surface 

but die to the higher shear stresses (from the increased velocity and lower surface 

tension), this is expected to result in ligaments being formed at the tip of the ripples 

that detach from the main body of the jet forming droplets. The presence of ligaments 

detaching from the spray indicate that this rippling effect still exists but cannot be 

seen due to the turbulent nature of the jet. Furthermore droplets are regularly noticed 

around the jet, a phenomenon usually associated with high Weber number. The 

droplets and ligaments around the spray for the kerosene are more numerous after 

40 μs from the SOI.  
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Figure 153. Jet at 40 MPa injection pressure into 4 MPa in-cylinder pressure for ULSD, 

HLDF and kerosene 

 

The timing from the side light experiments are in agreement with the ultra high speed 

recordings which reveal a delay in the SOI for the kerosene (Figure 154). Determining 

the effects of fuel properties on the timing of the SOI at high in-cylinder pressure 

conditions is vital in providing an explanation for the behaviour of flow inside the 

nozzle at realistic operating conditions.  
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Figure 154. Effect on fuel properties on the SOI. IP: 40 MPa, ICP: 4 MPa 

 

The graph provides an accurate indication of the SOI for the four different fuels; the 

base line (ULSD), HLDF, low viscosity, lubricity and surface tension fuel (kerosene) 

and one with opposite properties, the biodiesel; RME. The outcome produced 

unexpected results with the reference diesel having the earliest SOI followed by the 

RME, kerosene and then the lubricity enhanced diesel but was found to match the 

images from the side lit images, where both used the Proteus test rig, and as such give 

evidence for the validity of the findings.  

The tests carried out at 8 MPa ICP conditions (Figure 155) also measured the ULSD 

having the earliest start of injection but the other samples did not follow the same 

pattern. Thus it is speculated that as the ambient pressure is raised the motion of the fuel 

in the nozzle becomes harder to analyse and predict. This is attributed to the increased 

number of variables, mainly the increase in chamber temperature which would heat up 

the nozzle and the fuel (affecting the fuel property values). Another factor is the 

impedance to flow caused by the greater aerodynamic forces the flow has to overcome 

in the nozzle. Measurements of the exit velocity for the 40 MPa injection pressure into 

4 MPa ICP conditions reveal that there is a negligible difference between the jet 

velocity of the reference, HLDF and the RME (~31 m.s
-1

). The kerosene did produce a 

faster exit velocity (40 m.s
-1

) suggesting an increase in tip velocity for only fuels with 
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very low viscosity which was a situation that was considered when analysing the results 

for the atmospheric ambient conditions. 

In both cases the kerosene is fairly late in the injection and this could be due to its 

resistance to shear causing the flow to breakup easier in the nozzle and possibly losing 

momentum. The lateness for the RME is speculated to be due to its adhesion to the 

nozzle wall and its resistance to flow while the delay observed for the lubricity diesel 

for the 4 MPa ICP case is suspected to lie down to cycle to cycle variation and 

experimental errors. 

 

 

Figure 155. Effect of fuel properties on the SOI. IP: 40 MPa, ICP: 8 MPa 

 

Compared to the ambient pressure conditions, for all four fuels the SOI is advanced 

when increasing the ICP. Similarly to the analysis carried out on the reference diesel the 

advancement of the injection timing is dependent on the relative increase in ambient 

pressure. Thus when comparing the two higher ICP test points there is little to 

differentiate between them. The effectiveness of advancing the injection timing by the 

increase in ambient pressures is almost negligible after the 4 MPa ambient pressure 

condition. As the exit velocity is reduced the reason for the advancement is the SOI is 
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speed when raising the ambient pressures. The higher gas pressure is speculated to 

assist in overcoming the initial 'sticking' of the needle on its seat which advances the 

actual lifting on the needle and potentially a faster rate of lift. As mentioned previously 

the jet that exits the nozzle is slowed dramatically as the in-cylinder pressure is raised. 

This can be seen when comparing Figure 154 and Figure 155, where the measurements 

taken at the 8 MPa ICP conditions produce a curve with a shallower gradient for all 

fuels. It is important to note that for each of the jets the trapped, evaporated fuel is 

present ahead of the leading edge. At higher ambient conditions the main jet overtakes 

the region of evaporated fuel trapped in the injector earlier and as such allowing the jet 

to interact with the high pressure ambient air slowing it further. 

The analysis of the 100 MPa injection pressure jets into 4 MPa ICP also reveal 

interesting spray structures. Compared to the 40 MPa injection pressure the structure of 

the spray has completely changed. Firstly the jets from the ULSD and HLDF come out 

of the nozzle in a turbulent state. Furthermore, the dispersion angle of the sprays at this 

injection pressure appears to be slightly wider than for the 40 MPa conditions. The 

kerosene sprays appear to have a detached cluster of droplets (385 µs to 395 µs) 

forming at the head of the spray, whether this indicates a momentary restriction of the 

flow or just a greater rate of atomization is difficult to conclude but the jets produced 

look more atomised, and their overall shape is somewhat similar to that of the reference 

and lubricity enhanced diesel fuel.  

Based on the velocity measurements taken from the ultra  high speed videos, the highly 

atomized nature of kerosene is attributed mainly to the fuels lower viscosity and surface 

tension as the leading edge velocity (~52 ms
-1

) is slower than that of the reference and 

lubricity enhanced diesel (both ~79 ms
-1

).  The effect of the viscosity is also seen to 

influence the optimal injection timing differently than at the 40 MPa injection pressure 

conditions.  Figure 157  shows the injection timing which is supported partially by the 

timing on the side lit images where the kerosene has an earlier SOI.  This shows that the 

flow behaviour in the nozzle at atmospheric conditions are not representative of those at 

realistic engine conditions. 
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Figure 156. Jet at 100 MPa injection pressure into 4 MPa in-cylinder pressure for 

ULSD, HLDF and kerosene 
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Figure 157. Effect of fuel properties on injection timing. IP:100 MPa, ICP: 4 MPa. 

 

The side lit images of the initial jet formation at 160 MPa injection pressure sprayed 

into 4 MPa ambient pressures are shown in Figure 158. The first thing that can be easily 

identified is that the SOI is advanced for the lubricity enhanced diesel compared to the 

reference with the kerosene showing a slight delay.  This is supported by the ultra high 

speed video results also as shown in Figure 159. As the exit velocity is the same for the 

two fuels, the lubricity is speculated to be responsible for this difference. The kerosene 

was found to have a later injection than the reference and high lubricity diesel fuel. 

Analysis of the jets reveal that the kerosene jets are more turbulent and have a greater 

rate of atomization causing a lower jet speed which causes a longer travel time in the 

nozzle. The cone angle of the jet is also wider and much of the spray appears to leave 

the nozzle in a finely atomised state. This behaviour could possibly be due to cavitation 

induced bubbles within the jet affecting its surface once the spray leaves the nozzle. The 

nozzle is designed to reduce cavitation but not to avoid it completely. As such the 

unstable behaviour of the jet is attributed to an increase in turbulence due to the fuels 

low viscosity.  
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Figure 158. Jet at 160 MPa injection pressure into 4 MPa in-cylinder pressure for 

ULSD, HLDF and kerosene 
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Figure 159. Effect of fuel properties on injection timing. IP: 160 MPa, ICP: 4 MPa. 

 

5.5.2 Spray formation 

During the atmospheric ambient pressure tests it was found that the rate of spray 

penetration was unaffected by the fuel properties for the fuels; ULSD, HLDF and RME. 

Furthermore, due to the flash lamp producing a brighter light for the kerosene tests this 

slightly overestimated the liquid penetration for the macroscopic images (which 

predicted a slight advance in the injection timing). As such the results were omitted but 

were very close to the profile of the remaining fuels which suggest that there are no 

differences in the rate of penetration for kerosene compared to the other fuels tested. 

The macroscopic analysis of the high speed videos at elevated ambient pressures reveal 

that kerosene has a shorter penetration length while the other three fuels show a 

negligible difference (Figure 160), this finding is further supported to be accurate under 

the assumption that the penetration for kerosene is slightly over estimated. Furthermore 

it was found that as the injection pressure is raised to a 100 MPa the penetration length 

was found to increase for all fuels but only slightly for kerosene resulting in large 

difference in penetration compared to the other fuel sprays (Figure 161). This is 

attributed to kerosene’s lower distillation curve due to a faster evaporation rate. The 

leading edge velocity can be seen in Figure 162 and Figure 163 where there is no 
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evidence to suggest much difference in velocity between the sprays. In some cases the 

kerosene is travelling slower at the later stages (40 MPa) and faster during others 

(100 MPa) while still producing the shortest penetration. As such, at realistic ambient 

pressures the faster rate of evaporation of kerosene is expected to control the 

penetration. 

As the injection pressure is increased to a 160 MPa the spray penetration can be seen to 

have an almost negligible increase (Figure 164) for kerosene while the tip velocity is 

faster (Figure 165). It would appear that the increased velocity promotes atomization 

which increases the rate of evaporation and thus counteracts the momentum gained by 

the faster spray. 

 

 

 

Figure 160. Macroscopic measurement of spray penetration at 40 MPa injection 

pressure into 4 MPa ICP. 
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Figure 161. Macroscopic measurement of spray penetration at 100 MPa injection 

pressure into 4 MPa ICP. 

 

 

Figure 162. Leading edge velocity for fuels tested at 40 MPa injection pressure sprayed 

into 4 MPa ICP. 
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Figure 163. Leading edge velocity for fuels tested at 100 MPa injection pressure 

sprayed into 4 MPa ICP. 

 

 

 

Figure 164. Macroscopic measurement of spray penetration at 160 MPa injection 

pressure into 4 MPa ICP. 
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Figure 165. Leading edge velocity for fuels tested at 160 MPa injection pressure 

sprayed into 4 MPa ICP. 

 

5.6 Summary 

Detailed images of the spray formation have shed light on the mechanisms involved in 

the breakup of diesel sprays. These mechanisms were found to be influenced by the fuel 

properties from the initial pocket of fuel that exits the nozzle, up to the transformation 

from an undisturbed continuous jet to a spray and also finally on the secondary break-up 

region. In addition to the differences observed on the morphology of the jet the leading 

edge velocities have been tracked and were found to differ especially over the initial 

few millimetres of jet penetration, both during the transient and steady state conditions. 

It is clear that the formation of the spray is more complicated than many of the models 

first predict. The agglomerated edge has been clearly identified and its effect on the 

slipstream motion of droplets, ligaments and the main body of injected fuel has been 

observed. Changes in fuel properties were seen to have an influence in most areas with 

the viscosity and surface tension playing the major roles. Detailed conclusions of the 

results are covered in the next chapter. 
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6 CONCLUSIONS 

A high pressure diesel test facility established at the University of Brighton was used to 

record images of spray formation. A rapid compression machine, the Proteus, based 

around a Ricardo Proteus single cylinder engine converted to liner ported, 2 stroke cycle 

operation provided test conditions that were able to simulate a range of in-cylinder 

conditions matching those of diesel engines. Optical access provided the opportunity to 

visualise the primary and secondary break-up up until the end of injection. In addition to 

this another spray rig for atmospheric tests was employed for developing techniques off 

the Proteus. The spray penetration length was obtained using macroscopic high-speed 

video while detailed analysis of the morphology was possible with the use of 

microscopic photography through single and multi-shot (sixteen frames at 200 MHz) 

imaging. Both techniques provided data on the leading edge velocity which was used to 

predict the stability of the jet based on models available in the literature. The influence 

of injection and in-cylinder pressure was also covered for all fuels tested which 

provided detailed information on characteristic of fuel viscosity, surface tension and 

lubricity on the spray formation. 

6.1 Diesel spray characterisation 

It has been identified that residual fuel trapped from the previous injection was 

responsible for the formation of the spheroid cap ahead of the main pressurised jet. At 

higher ambient pressures, the trapped fuel evaporates in the nozzle and a gaseous cloud 

in the shape of the spheroid cap is ejected ahead of the main jet. In both conditions; the 

residual fuel was found to reduce (possibly negate) the effect of the ambient air on the 

main jet. This was revealed by velocity measurements taken near the nozzle at elevated 

ambient pressures, where in the absence of the spheroid cap, the jet was slowed down 

by almost half. For comparison, in the presence of evaporated fuel ahead of the leading 

edge the jet speed was similar if not identical in several circumstances as the jets 

produced at atmospheric conditions.  

The existence of vortex rings in the spheroid cap and at the periphery was identified. 

Propelled ligaments ahead of the jet were observed while Kelvin Helmholtz instabilities 
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were identified at the periphery between the residual fuel and the ambient air behind the 

cap. The vortices present are expected to be responsible or contributing to these 

phenomena especially for the case of the propelled ligaments where no other 

explanations are available. The increase in the injection pressure resulted in a faster jet 

speed while increasing the ambient pressure lead to greater aerodynamic forces 

resulting in a reduced jet speed and a wider cone angle due to the lateral motion of the 

fuel at the tip. For both cases the vortex rings are expected to increase in strength. This 

is expected to promote atomization by increasing the shear forces at the jet boundary 

and also due to collision of droplets caught in the vortex rings being propelled into the 

jet. Eventually, the pressurised fuel pushes the spheroid cap out into the chamber and 

piercing the structure. At higher ambient pressure the motion of the cap is restricted and 

as such the distance from the orifice when being pierced is shorter at elevated in-

cylinder conditions. 

A summary of the primary breakup shows that there is no cavitation present in the 

nozzle. The dominant mechanisms of break up at this early stage are due to a 

combination of axisymmetric vortices and aerodynamic shear. It is important to note 

that the aerodynamic effects are small in comparison, when 
  

  
    , but are still 

noticeable. The turbulent nature of the jet does not play a dominant part in the primary 

breakup as the core of the jet is relatively stable but there is evidence that suggests that 

at the 3.9 mm spray penetration the jet is starting to form a spray where the region 

directly behind the leading edge underwent a rapid rate of atomization where the core of 

the jet started to form into ligaments and droplets. 

From the observation of the primary breakup region the initial jet within the first 

3.9 mm fits the description of the mechanisms behind a second wind-induced regime. 

The description given by Dumouchel (2008) on this region is that a liquid jet column  is 

perturbed upon exiting the nozzle. These perturbations grow as they move downstream 

resulting in a chaotic shape. In this regime, the primary breakup mechanisms to be 

observed at locations near the nozzle are small droplets that are peeled off the surface of 

the jet. Following the description of the second wind-induced regime; downstream of 

the jet the remaining liquid flow is expected to break up as a whole into large liquid 

fragments (Dumouchel 2008). Images taken revealed that the spray does not fragment 

but the small scale distortions grow as they move downstream and the turbulence of the 
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jet from the inertia supplied from the high pressure injection resulted in the jet 

separating indiscriminately forming interconnected ligaments. It was thus predicted that 

as the ligaments get thinner droplets form through Rayleigh Taylor instabilities 

(droplets pinching off the tip of ligaments). In addition to this, the formation of the 

prominent agglomerated tip was suspected to result in the formation of strong 

axisymmetric vortices which promote atomization and accelerate the transition to a 

spray during the secondary breakup. 

The formation of the diesel spray tends to fit the description of the atomization regime 

except at the near nozzle where the fuel is an undisturbed column. Dumouchel (2008) 

found in his review of cavitation free jets that irrespective of ambient pressure or 

injection pressure there would always be a cylindrical undisturbed column of fuel upon 

exiting the nozzle. This is observed over all conditions tested. 

As the jet penetrated further into the chamber the transverse expansion of the leading 

edge created a cap that is suspected to be responsible for the formation of strong large-

scale vortex rings. These vortices alongside the turbulence of the flow were suspected to 

be responsible for determining the breakup length. Upon reaching the breakup length, in 

atmospheric ambient conditions, the agglomerated leading edge detaches from the main 

jet. This creates a slipstream in the region of the spray directly behind this structure 

producing a zone of high speed droplets and ligaments. These then collide into the 

agglomerated leading edge which sustains its existence. As the cap starts to overstretch, 

the slipstream becomes compromised and the jet starts to decelerate this is suspected to 

play a role in determining the maximum penetration length.   

It was also found that at higher ambient pressure there is a widening of the leading edge 

which increase the strength of vortices created. This alongside the assumption that the 

flow behind the dense spray tip is isolated from the high pressure ambient air should 

result in the reduction of the breakup length and a greater rate of atomization.  

The increase in injection pressure provided greater inertia to the fuel producing faster 

velocities throughout the jet resulting in a higher turbulence and rate of atomization. 

This shortened the breakup length and increased the formation of ligaments and 

droplets. In addition to this the droplets were observed to be finer when increasing the 

injection pressure.  
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6.2 Fuel properties characterisation 

The fuel viscosity has been found to be the most important fuel property when 

determining the atomization of a jet which clarifies much of the conflicting findings in 

the literature. As the fuels tested had small changes in surface tension values 

simultaneously with the viscosity it was not possible to isolate the effects of this 

property but is expected to play a role in the breakup of the fuel into droplets. The fuel 

lubricity was found to play an important role in the flow inside the nozzle and had an 

influence on the visualised start of injection. The conclusions will be split into a 

summary of the effects of fuel properties on the jet and spray formation at all the 

operating conditions covered.  

Starting with the effect of fuel properties at 40 MPa injection pressure into atmospheric 

ambient conditions, it was found that during the initial jet formation: 

 The increase in lubricity resulted in an advancement of the start of injection 

 The reduction of the fuel viscosity and surface tension was found to advance the 

start of injection (based on kerosene, ULSD and RME). 

 An increase in lubricity results in an increased initial jet velocity  

 An reduction in viscosity results in an increased initial jet velocity 

 An reduction in viscosity produced more unstable sprays 

From these findings it can be concluded that during the initial jet formation the increase 

in lubricity reduces friction in the nozzle. The reduction of the fuel viscosity was also 

found to have the same effect due to the lack of adhesion between the nozzle wall and 

fuel. Regardless of the value of the fuel lubricity, the change in viscosity dominated any 

trends that were observed. In all cases, the stabilising force of viscosity is identifiable 

when observing the morphology of the initial jet leaving the injector. Fuel with high 

viscosity and surface tension resisted the formation of surface waves, ligaments and 

droplets.  

The structure of the fuel spray from a diesel injector has been identified to be sensitive 

to the variation in its fuel properties. The differences are observed in the initial jet 

formation through to its transient state and also when the spray is in steady state 

conditions. The major changes noticed were:  
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 A low viscosity value (kerosene and Swedish diesel) promoted the formation of 

ligaments and droplets. 

 A low viscosity value produced droplets with less sphericity. 

 Shorter breakup length is speculated as the viscosity is lowered. 

 At high viscosity (RME) the breakup was visually different where the jet 

separated into interconnected ligaments where sheets of fuel seem to exist 

between them. 

The formations of droplets were occurring rapidly even at the core where aerodynamic 

shear is expected to be minimal and as such jet instabilities are suspected to be 

responsible for this. This is speculated to be the case for RME where its high surface 

tension and viscosity increases the frequency of Raleigh Taylor type instabilities to 

occur (pinching of droplets from the end of ligaments) resulting in the formation of 

droplets.  

The effects of fuel properties on the spray formation at the higher injection pressures of 

100 and 160 MPa into ambient pressures were investigated. The spray formation from 

the initial fuel injected during the transient state untill the atomization of the jet into a 

spray were covered.  

Starting with the initial jet formation at the 100 MPa injection pressure conditions, the 

start of injection was found to be influenced by the fuel properties: 

 The increase in lubricity resulted in an advancement of the start of injection 

 The reduction of the fuel viscosity and surface tension below that of the 

reference diesel was found to advance the start of injection. 

 The increase of viscosity, surface tension and lubricity (RME) from the value of 

the reference diesel was found to delay the start of injection.  

The first two points are in agreement with the findings at the 40 MPa condition but the 

advancement in injection timing of the RME was unexpected. It is speculated that the 

fuel was possibly overheated resulting in a reduction of viscosity and surface tension. 

This would reduce the resistance to flow and prevent adhesion to the nozzle surface. 

Furthermore the RME has an increased fuel lubricity which is linked with an 

advancement of the injection timing. 
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Analysis of the start of injection at the 160 MPa injection pressure conditions at ambient 

conditions showed that: 

 The lubricity was found to have a negligible effect on the injection timing 

 The reduction of viscosity and surface tension resulted in advancement in the 

injection timing for the four fuels tested. 

The negligible influence of the lubricity appeared to be reflected in the delay of the start 

of injection for the RME with its high fuel viscosity. Thus it would seem that the fuel 

viscosity plays the dominant role in the influence of injection timing based on fuel 

properties over all injection pressure conditions. 

The initial transient jet formation was found to reveal most clearly the influence of the 

fuel properties on spray formation as visualisation downstream of the jet became more 

difficult due to the turbulent breakup of the jets being hard to compare. The analysis of 

the fuel within the first half a millimetre of the jet formation found that: 

 The increase in lubricity resulted in a more turbulent appearing jet that more 

closely resembled the jets produced from the low viscosity sprays than that of 

the reference diesel. 

 The reduction in viscosity produced a more turbulent jet due to the higher 

Reynolds number with an increased presence of fine ligaments and droplets. 

 A high viscosity value had a stabilising effect on the fuel jet, resisting the early 

formation of droplets. 

For all fuels the tip either appears to bulge up or a membrane of fuel appears to be 

sheared off the main spray. It is speculated that this is the trapped fuel remaining in the 

injector from the previous injection. Images taken in chapter 4 prove that the trapped 

fuel occurs at high injection pressure conditions but mostly for ambient pressure 

conditions of 4 MPa or greater where the fuel exits the nozzle in an evaporated state. 

For the RME jet the trapped fuel is pushed ahead of the jet and shears away as the spray 

moves into the chamber while for the low viscosity fuels the lower viscosity and surface 

tension allows the trailing fuel jet to push through it causing clump of fuel to exist at the 

leading edge with vortices present resulting in a turbulent appearance. Evidence for the 

existence of vortices has been found by the existence of propelled ligaments from the 

centre of the fuel jets. 
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A higher fuel lubricity was found to increase the size and frequency of the wave growth 

at the periphery of the fuel jets. The reduction of viscosity and surface tension had a 

more profound effect resulting in ligaments forming almost the instant the jet leaves the 

injector. This is clear when observing the Swedish diesel, Kerosene and RME jets. 

Furthermore the same conclusions are drawn when analysing the periphery of the steady 

state jet near the nozzle but due to the faster velocities the spray is more turbulent and as 

such the differences are more difficult to identify.  

The transformation of the fuel jet into a spray is characterised by the breakup length and 

it was found that the increase in injection pressure resulted in an overall reduction in 

breakup length for all the fuels while also revealing differences between them. For the 

100 MPa injection pressure conditions velocity measurements of the transient stage of 

spray breakup reveal that: 

 The influence of lubricity is difficult to identify but is speculated to have a 

negligible effect on the breakup length. 

 Reducing the viscosity and surface tension from the reference value has the 

shortest breakup length. 

 The ULSD, lubricity and RME produce similar velocities. 

The observation of the jet structure reveals that the stabilising forces associated with a 

high viscosity draws the fuel into ligaments and thus givie a visual appearance of an 

advanced stage of breakup and a reduction in the breakup length. The conclusions 

drawn up imply that the description of the stability of the jet is not a complete reflection 

on the level of atomization of a fuel spray. This is supported when observing the steady 

state conditions where images taken of the core of the Swedish diesel reveal a denser 

spray than that of the reference or RME jet. It is suggested that during the breakup stage 

the fuels with lower viscosity and surface tension tend to breakup and then agglomerate 

again while a higher viscosity fuel tends to separate the turbulent jet into ligaments. 

Thus the structure of the low viscosity fuels appear to consist of detached broken 

clumps of fuel and droplets while the high viscosity jets stabilising force draws the fuel 

into interconnected ligaments from which droplets form, mainly at the spray periphery.  

Once fully into the secondary atomization regime the fuel properties play a vital role in 

the atomization of the fuel sprays and this is reflected in the droplet sizing at the 
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periphery between 10.8 and 11.4 mm where the reduced viscosity and surface tension 

produces the most numerous and smallest droplets. A high viscosity resists the 

formation of droplets and increases their sizes.  

Analysis of the spray formation at higher in-cylinder pressures found that the increase in 

air density and temperature promoted atomization further showing differences that were 

not noticeable on the macroscopic scale. Tests carried out at 40 MPa into 4 MPa ICP 

revealed that: 

 A low viscosity value no longer advances the start of injection 

 The difference in velocity is very slight but kerosene produces a slightly faster 

spray. 

 There is negligible difference in jet velocity when increasing the viscosity 

beyond that of the reference (RME). 

 There is negligible difference on the jet velocity when the lubricity is increased. 

 The reduction in viscosity from that of the reference diesel produces an opaque 

turbulent jet that is surrounded by droplets. 

As the ambient pressure is raised kerosene is seen to be delayed and this is attributed to 

a greater rate of atomization within the nozzle. The breakup causes the jet leading edge 

to travel slower.  These differences were seen to be representative of the breakup further 

downstream of the jet where the spray penetration of kerosene was shorter than those of 

the ULSD, HLDF and RME which were almost indistinguishable.  

As the injection pressure was raised to a 100 MPa, the atomization was promoted 

further resulting in: 

 A low viscosity producing the slowest jet (kerosene) 

 An advanced SOI for the low viscosity fuel (kerosene) 

The slow jet speed would normally suggest a delay in the SOI but two different 

experiments, the argon flash lamp tests and the ultra high speed video, produced the 

same results. As such this behaviour should be an accurate representation of the jet 

travelling in the nozzle. Thus it is speculated that the reason for this advancement is due 

to reduced adhesion to the nozzle wall, different rates of needle lift or most likely loss 

of momentum due to increased rate of evaporation. 
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The advanced rate of breakup of the low viscosity and surface tension fuel (kerosene) 

results in a reduction in the maximum spray penetration length compared to the other 

fuels tested with the differences between them being more pronounced at the higher 

injection pressure. 

A further increase in the injection pressure to 160 MPa resulted in an overall increase in 

the local leading edge velocity (taken from the microscopic ultra high speed video) but 

there is only a slight increase in penetration when compared to their 100 MPa injection 

pressure results. This shows that there is a trade off for the maximum spray penetration 

between the rate of atomization and the momentum supplied to the fuel form the 

injection.  

The differences are also observed at the SOI where the kerosene can be seen to produce 

a later SOI than the ULSD or the lubricity enhance diesel and this is attributed to a the 

fuel’s lower jet speed due to a higher rate of atomization than any of the other fuels. The 

RME produces the latest SOI in this case and the reason for this is suspected to be due 

to the adhesion to the nozzle wall. 

6.3 Recommendations for further work 

The technique used for capturing the shadowgraph images are still in its development 

stages. As such improvements are still being made and need to be made in both the 

experimental and post processing areas. Firstly the magnification of the K2 lens has 

been increased to provide a resolution of 0.3 μm per pixel which will increase the 

accuracy of determining droplet sizes. The effect of blurring will have to be determined 

at these magnifications especially the impact at higher jet velocities. The high resolution 

images of the early spray formation have been acquired at realistic engine conditions 

with a good degree of success. In addition to this a 3D traverse was added to the setup 

which allowed the camera to position its focus at any location of the spray. This 

improved both the accuracy and speed of image acquisition. The option of using a 200 

MPa mini-sac injector is available and preliminary tests carried out on this injector 

show that there will need to be minimal changes to the setup to implement this. 

The next step would be to make improvements for the post processing of the images. 

When running the droplet sizing script the main problems were found to be blurred and 



242 

 

fouled images. Improvements are needed that will determine which images are 

acceptable to process and reject the others. This should be incorporated simultaneously 

when acquiring the images so that it is possible to keep track of the number of usable 

images during the experiment. 

A PIV laser has been successfully introduced which is capable of a double pulse. The 

energy and pulse duration as sufficient for use with the diffusing lens and as such allows 

both spatial and temporal information to be obtained from the images. The post 

processing will also be more challenging as the script will need to successfully track 

droplets. 
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