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Abstract 

 
The main combustion by-products of an automotive diesel engine are carbon-dioxide 

(CO2), particulate matter (PM) and oxides of nitrogen (NOx). Engine designers are 

challenged by the legal limits for PM and NOx reductions, especially as options are 

limited. Exhaust after- treatment devices are being used as a means to meet emission 

legislations. Another option, optimising the combustion process itself, has potential 

for improved efficiency as well as reducing the regulated emission species. Studies 

have confirmed this, by demonstrating that the in-cylinder flow conditions, which are 

driven by fuel spray and piston bowl interaction, are critical for the combustion event. 

Achieving emission reductions without compromising engine efficiency requires 

improved understanding of fuel/gas mixing and pollutant formation mechanisms. 

This improved understanding of the combustion system can be obtained through 

mechanical, electrical/electronic and optical techniques. Optical techniques are often 

preferred due to their non-intrusive nature. 

 

In the present work, direct imaging diagnostics were applied to an optical research 

engine (Proteus) to study fuel/ambient interactions, without impingement 

(spray/piston bowl interaction). The use of high speed image acquisition equipment 

with Mie scatter and shadowgraph techniques were developed and optimised around 

the Proteus, to visualise in- cylinder spray penetration through successive regimes of 

tests. These tests allowed for the determination of the influence that the injection 

parameters (injection pressure and nozzle geometry) and in-cylinder thermodynamics 

variable (pressure) had on the penetration of diesel spray, under evaporative (non-

combusting) conditions. The conditions for the work are non-reactive. 

 

The results suggest that increase in injection pressure induces increase in momentum 

which controls the transient injection stage of liquid spray penetration up to the 

liquid length. 
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During the steady state injection, which starts from the liquid length, the increase in 

injection pressure has no effect on liquid tip penetration. For liquid spray, the high 

energy provided by the increased injection pressure is compensated by an equivalent 

increase in air entrainment, and hence evaporation. An expected trend is also 

observed for vapour penetration, which increases with increase in injection pressure. 

The effect of nozzle geometry is based on the k- factor. The higher the k-factor: the 

greater the conicity, the lesser the cavitation and the longer the spray penetration. 

 

These results are used to complement the spray data for the validation of spray models 

used in diesel engine combustion modelling for emission reduction. Another 

application of the results is in analysing in-cylinder spray penetration, which is very 

useful in determining the geometric design of high speed diesel engine combustion 

chambers with direct injection. For these systems, the understanding gained from 

this work provides clear indication on what parameters to vary in conducting 

impingement studies, and how. In addition, the generated spray data which quantifies 

in-cylinder spray behaviour can be transformed into usable statistics. Although the 

measurements were performed for high-speed diesel engine applications, the results may 

be transferable to other applications. It therefore follows that, the experimental 

methodology which effectively combined high-speed laser visualization and 

continuous recording can be employed to study the conditions of the in-cylinder spray 

for qualitative and/or quantitative data acquisition. 
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1 INTRODUCTION 

 
 

1.1 Background 

 
 

Amongst all the prime movers in today`s global transportation infrastructure, the diesel 

engine stands out as the most reliable. It is set to maintain this position even in the 

foreseeable future. For example, diesel engine has advantages over the petrol engine 

that include: higher efficiency due to higher compression ratio and reduced negative 

work, higher torque capacity and durability (Takeda et al., 1994; Pierpont et al., 

1995; Bergstrand et al., 2002; Fang et al., 2005). Nevertheless, diesel engine 

continues to undergo constant improvement, which was initially driven by reliability 

and performance until later, when exhaust gas emissions and fuel consumption 

started commanding the attention. The by- products of automotive diesel, which 

include: carbon dioxide (CO2), particulate matter (PM) and oxides of nitrogen (NOx), 

are known to have adverse effects on the environment and health. Even though CO2 

is non-toxic, its effect as a greenhouse gas (CHG) on climate change is a 

significant concern. A cap on its emission is imminent. On the other hand, PM is a 

probable carcinogen and harmful to human health (Kennedy, 1997), while NOx 

contributes to acid rain formation (Pidwirny, 2006). 

 

 
The concern generated by these pollutants is an on-going challenge for different 

environmental protection groups. On its part, the European Union (EU) has, amongst 

other things, particularly regulated automotive NOx and PM emissions. Since 1992, 

the EU has been rolling-out these regulations designed to become more stringent every 

year for different classes of vehicles. Figure 1-1 shows EU regulations for category 

M1 cars (with maximum mass of not more than 3.5 tons). Current limits for this class of 

vehicle must conform to Euro 5, whilst preparing for Euro 6 that will take effect from 

2014.
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Figure 1-1: EU emission standards for category M1 diesel passenger cars (adapted from 

DieselNet) 

 

 

In order to comply with these regulations, and remain competitive, automotive 

manufacturers use emission reduction schemes. These schemes are broadly classified 

as either combustion control or exhaust cleaning. Combustion control includes the use 

of direct and high pressure injection, the application of exhaust gas re-circulation 

(EGR), and even the development of advanced combustion modes. While exhaust 

cleaning schemes, which are commonly referred to as after-treatment devices, include: 

diesel particulate filters (DPF), diesel oxidation catalyst (DOC), selective catalytic 

reduction (SCR) and NOx traps. After-treatment devices are mainly associated with 

high cost of parts and maintenance, even though they are effective in reducing tailpipe 

emission (Tao et al., 2008). Whereas the combustion control schemes, which are 

not only cheaper, can improve engine performance as well. 

 

Combustion control for diesel engine drives many research investigations because the 

combustion  process,  which  is  strongly  affected  by  in-cylinder  spray  behaviour,  
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offers significant potentials for optimisation. Diesel combustion process occurs in four 

phases (Khair, 2010), which are: ignition delay, premixed combustion, mixing-

controlled combustion (or quasi-steady diffusion) and the late combustion (Figure 1-

2). Most of the heat-release happens during the quasi-steady diffusion combustion 

stage. This is therefore an important phase for conventional diesel combustion with 

respect to pollutant formation. 

 

 

 

 

         Figure 1-2: Phases of diesel combustion (Block, 2007) 

 

 

Investigations, such as conceptual model (Dec, 1997) and extended mechanism 

(Heywood, 1988), have improved the understanding of combustion. These studies have 

shown that diesel combustion is heterogeneous due to non-uniform fuel distribution 

and the consequent non- stoichiometric combustion mixture. As a result, NOx is 

formed at the high temperature region, while PM is emitted at the rich region (Khalid’ 

A. et al., 2009). The reverse relationship between the two pollutants has made it 

difficult to simultaneously effect their reductions. Since common strategies used to 

reduce PM tend to increase NOx, and vice versa (Wickman DD et al., 2001; Genzale et 

al., 2006). However, diesel combustion investigations have led to the development of 
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high speed direct injection (HSDI) diesel engine. In HSDI, combustion is controlled 

with improved combustion chamber design, the use of adequate high pressure 

injection system and EGR. This allows the efficient reduction of engine-out 

emissions. As consumer expectations (on fuel economy and performance) rise, in spite 

of the challenging emission laws, meeting these demands is a continuous target for the 

auto- industry. Further attempts to improve HSDI combustion led to the development 

of advanced combustion strategies. 

 

Low temperature diesel combustion (LTC) is one of the strategies, and it achieves 

simultaneous reduction of NOx and PM emissions by using high EGR rate to suppress 

combustion temperature, and premixing fuel with the in-cylinder charge before ignition. 

The reduced oxygen content of the charge produces longer ignition delays; this gives 

more mixing time and leads to lower equivalence ratios in the jet section. Wall wetting 

and operating range are some of the key challenges. Combustion systems that operate 

on LTC include; premixed charge compression ignition (PCCI), modulated kinetics 

(MK), homogeneous charge compression ignition (HCCI) and reactivity controlled 

compression ignition (RCCI) (Tree et al., 2007; Dec, 2009). 

 

Here in University of Brighton, the Centre for Automotive Engineering (CAE) is 

dedicated to optimising control of in-cylinder diesel combustion. To sustain this 

position, the available facility includes an optical research engine (Ricardo Proteus). 

With this engine, it is possible to visualise in-cylinder events, such as spray 

development and interaction, and combustion, with little or no interference. It is 

essentially a single cylinder reciprocating, rapid compression machine (RCM). The 

optical access to the combustion chamber is provided by three removable glass 

windows. Visualisation (or optical) techniques on the optical engine are carried out 

with a light source (e.g. high speed laser) and a high speed camera. The number of 

these components may differ between techniques. However, optical techniques have 
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been very invaluable in providing useful information on the critical parameters of the in- 

cylinder event(s) under study, and their influences on the performance and quality of 

real engine combustion. 

 

In one of the studies by CAE diesel group, conducted on a conventional light duty diesel 

fired research engine (Ricardo Hydra), it was established that a slight change in 

piston bowl geometry resulted to a significant emission reduction. This observation 

highlighted the inadequate understanding of the interaction between diesel fuel spray 

and surfaces. From the observation, it can be suggested that rather than discard a 

piston bowl for non-performance, which is usually the practice, its performance can be 

improved by altering the geometry. The present research is thus motivated; as part 

of a wider research aim of providing further understanding by visualising the 

interaction using optical techniques and analysing the emission profile with respect to 

change in bowl geometry. Other combustion control investigations (Timoney. D.J., 

1985; Arcoumanis et al., 1991; Shundoh et al., 1991; Espey et al., 1995; Bruneaux, 

2005; Tao et al., 2008; Bruneaux et al., 2011) have also inspired this work, by 

identifying the need for more insight into the mechanisms that drive in-cylinder 

spray behaviour. The compact nature of the modern HSDI for passenger vehicles, 

which introduces extensive impingement of the fuel sprays on to the piston bowl 

walls, has also stimulated this research. 

 

 In this report, the understanding of in-cylinder diesel fuel spray behaviour under  

 

different conditions was developed, using visualisation techniques on the optical engine. 

The first step involved the characterisation of free spray using high speed imaging 

technique to study liquid length penetration. Secondly, free spray was characterised by 

using high-speed laser shadowgraph technique to study vapour penetration. The results 

of these experiments showed the effects of some critical parameters, such as: high 
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injection pressure, in-cylinder pressure and nozzle geometry on spray penetration. 

Essentially, the results conformed to the current understanding in the research area, 

and hence confirm the reliability of the experimental methodology employed for this 

work. In addition, the insight on the effects of the identified critical parameters will 

provide the necessary guidance for further investigations on impingement. 

 

1.2 Objectives 

 
 

The objective of this research is to provide an insight into in-cylinder free spray 

behaviour, as part of a broader research aim of understanding the interaction between 

high pressure diesel fuel spray and piston bowl geometry, in order to improve the 

control of pollutant emissions. Experiments were performed on the Proteus, using 

optical techniques and under conditions that represent real engine operation. These 

conditions reflect the changes in key parameters such as temperature and pressure. 

 

The methodology for this research is the use of optical technique to visualize in-

cylinder spray penetration in the absence of a piston bowl, according to the following 

main steps: 

 High speed liquid spray visualization (Mie scattering technique) 

 

 Vapour spray visualization using high-speed laser shadowgraph 

 

In order to achieve the objective, these steps would provide the answers to the 

following research questions: 

 What is/are the key parameter(s) that drive(s) in-cylinder spray behaviour? 

 

 What is/are the effect(s) of the parameter(s)? 

 

1.3 Report structure 

 

This report has three parts. In the first part, current understanding on spray and piston 
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bowl interaction was reviewed (Chapter 2). This review focused on spray  

 

development, bowl design, spray/bowl interaction and optical technique. In the 

second part (Chapters 3 and 4), the methodology was defined for spray 

characterisation and results. The last part (Chapter 5) concludes with recommendation 

for future works. Additional information about chapters 3 and 4, were attached as 

appendices at the end of this report. 
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2 LITERATURE REVIEW 

 

 

 

 
2.1 Introduction 

 
 

As stringent emission laws continue to challenge the design of present and future 

diesel engines, research investigations seeking means of controlling the combustion 

process are rapidly proceeding on all fronts. It has therefore become possible for 

knowledge in this area to advance by building on previous results in creating 

models/scope for optimisation. Yet, reduction of the soot emissions from in-cylinder 

combustion to effectively balance with the reduction of overall emission, without 

compromising efficiency, remains a major concern. The present trend of applying 

high injection pressure in excess of 2000 bar, to improve air/fuel mixing in order 

to optimise in-cylinder combustion, significantly encouraged investigations into 

spray/bowl interaction. It is an indication that for combustion in diesel, the process of 

emission formation relies heavily on fuel distribution and the change of this 

distribution with time. 

 

Insights gained from spray behaviour have provided very fascinating and dynamic 

information on the entire combustion process. This has been possible through 

numerical, theoretical and experimental studies. Numerical studies have made more 

progress mainly through: the successful establishment of Computational Fluid 

Dynamics (CFD) for Internal Combustion Engine (ICE) simulations; and, hence, the 

use of mathematical models, as well as development of codes to incorporate vital 

parameters. Theoretical studies assume ideal situations in defining combustion to be 

complete. Even though this is often far from typical scenarios, it does help in framing 

perspectives for benchmarking. Experimental studies can be in forms of local, global or 

visualisation. Local studies use methods to identify and focus on a 
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particular interest for a detailed outcome. Global studies present overall information. 

On the other hand, visualisation, which will be used in this work, involves optical 

techniques. 

 

Challenges for these types of study are varied. The main challenges for numerical 

studies are extensive computations and time consumption. Over simplification to arrive 

at results that did not draw from typical situations is the problem with theoretical 

studies. Experimental studies are characterised by huge outlay in terms of equipment 

modification, process re-definition and physical damages. Nevertheless, they are often 

reliable, especially for the purposes of validating concepts and results generated 

from all other types of studies. Research investigations are always stymied when 

experimental validations are not available in a particular study area. However, 

optimisation by numerical technique has brought a measure of compensation. The 

particular advances with CFD codes and the use of high performance computers have 

tremendously overcome the limitations of experimental studies. Contemporary 

analyses and wide parametric studies can now be embarked upon with relative ease. 

These advances have made theoretical, numerical and experimental studies to be 

complementary in providing useful guidance for present and future engine designers. 

In the next sections, literatures that applied these forms of studies will be reviewed. 

 

The aim of this review is to understand the critical parameters that affect spray 

penetration and interaction, and the application of appropriate optical techniques to 

spray studies. For this purpose, the next sections will cover works on: spray 

characteristics, piston bowl design, spray/bowl interaction and optical techniques. At 

the end of the chapter, the review will be concluded to underscore relevance to present 

study. 
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2.2 Diesel spray characteristics 

 

The development of in-cylinder diesel spray starts as soon as the liquid fuel is injected 

in an ambient with a certain pressure and temperature. The fuel mixes with the ambient 

gases and momentum is transferred to the ambient in the combustion chamber 

(Lefebvre, 1989). Spray interaction with the ambient (heating, evaporation and 

impingement) leads to fuel vaporisation, and ultimately combustion. As shown in 

Figure 2-1, the key parameters of spray are: spray-tip penetration, break-up length, 

spray angle and droplet size distribution. The first three can be analysed from the 

macroscopic (geometric) view point; to generally emphasise diesel spray and 

combustion chamber interaction. Droplet distribution defines the microscopic 

behaviour of spray. 

 

 
Figure 2-1: Diesel spray parameters (adapted from Hiroyasu et al., (1990)) 

 

 

2.2.1 Microscopic characterisation 

 
The microscopic behaviour of spray depends to a large extent on the atomisation 

process, which is determined by the injection conditions. Atomisation is the process 

of converting bulk liquid to droplets. This process is very different at atmospheric 
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density and at high density (Reitz et al., 1982; Hiroyasu et al., 1989). It is required to 

achieve atomisation of the liquid fuel into large number of small droplets to create a 

large surface area for the evaporation of the fuel under operating conditions. 

However, during injection, the droplet size distribution at any point may not only 

change with time, but also with injection conditions. The changes may be in terms of 

the difference in droplet size at the spray core and spray edge, trajectories (scalar 

field) of individual droplets and the initial velocity due to the atomisation process. For 

this purpose, the droplets size distribution is often defined by its Sauter mean diameter 

(SMD), which is very useful in simplifying droplet populations existing in an 

atomizing process. SMD represents the diameter of droplets which has the same 

volume/surface relation in the totality of the spray. It is influenced by: the properties of 

the atomised and atomising fluids, as well as the nozzle design and operating 

conditions (Chigier, 1976; Lefebvre, 1980). Hiroyasu et al., (1990) reported that SMD 

decreased with an increase in ambient pressure (or density). 

 

Researchers (Hiroyasu et al., 1989; Hiroyasu et al., 1990) have defined different 

correlations for calculating SMD. Equation (2-1) shows a general form reported by 

Heywood, (1988). 

 

SMD =  
(∫ 𝐷𝑑

3𝑑𝑛)
(∫ 𝐷𝑑

2𝑑𝑛)
⁄                                       (2-1) 

Where dn is the number of droplets with (droplet) diameter Dd. 

 

2.2.2 Macroscopic characterisation 

 

The macroscopic properties of diesel spray are characterised by the break-up length, 

penetration and cone angle. After the liquid spray atomises outside of the nozzle, it 

breaks up to mix with the ambient gas, while the vapour spray continues downstream,  
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and evaporates. This situation is caused by the turbulence created by the liquid jet 

exiting the nozzle. It is the turbulent mixing/transport of the jet that determines the 

distribution of the jet fluid concentration and its vortex motion (Kawanabe et al., 

2008). Moving away from the nozzle, the spray expands further as air-entrainment 

increases, the spray diverges, its breadth increases and the velocity decreases. The 

fuel droplets evaporate as expansion continues, while spray tip penetrates further with 

decreasing injection rate. Spray tip penetration region becomes longer and wider as the 

ambient air temperature increases, which is due to the lower in-cylinder gas density at 

higher temperatures (Suh et al., 2008). Longer tip penetration and larger cone angle 

are desirable for maximum air utilization and better combustion as they increase 

spray area. In multi-spray DI diesel combustion systems, with little or no  air swirling, 

over-penetration causes impingement of liquid fuel on cool surfaces. This lowers the 

mixing rates and increases the emissions of the unburned and partially burned 

species. While in some engine designs where the walls are hot and high air swirling 

is present, fuel impingement on the walls is beneficial. 

 

In the past, diesel spray atomisation was viewed to be continuous with primary 

break-up forming droplets by peeling from boundary layers of an intact liquid core 

which continued far downstream of the nozzle, followed by a secondary break-up of 

ligaments and large drops (Smallwood et al., 2000). The liquid core was believed to 

continue downstream, beyond more than 100 nozzle diameters, as shown in Figure 2-

2(a). Spray tip penetration measurement shows an initially linear development with 

time and a sharp transition to square root of time. Hiroyasu et al., (1990) reported this 

as a transition from an intact liquid core to an atomised spray. A more recent study by 

Naber et al., (1996) showed that the transition was smooth and that the spray developed 

from fundamentally liquid to fundamentally gas. The current understanding, shown in 

Figure 2-2(b), is that the diesel spray structure under normal operating conditions is  
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completely atomised at or near the orifice exit, without any extended liquid core. 

 

 
 

Figure   2-2:   Spray   with   long   core   (a)   and   short   core   (b)   (adapted   

from Smallwood et al., (2000)) 

 

 

After the atomisation and break-up processes, spray evaporation of the jet fuel is 

crucial before mixing with air. Droplet evaporation is affected by deceleration of the 

droplet due to aerodynamic drag, heat transfer to the droplet from the air and mass 

transfer away from the droplet by evaporation. On the other hand, the break-up 

process depends on the conditions and characteristics of the liquid and the ambient gas. 

The process is actually divided into two: primary and secondary break-up. During the 

primary break-up, the remaining intact liquid core (from the fuel jet and sheet) 

disintegrates into ligaments, large and small drops. These drops are broken down 

further into droplets during the secondary break-up. Primary break-up 

mechanisms identified in Stiesch, (2003) were: imploding cavitation bubbles (nozzle-

flow phenomenon) since the in-cylinder pressure is naturally higher than the 

saturated vapour pressure, turbulence-driven instability and aerodynamic forces 

acting on the liquid surface (Smallwood et al., 2000; Baumgarten., 2006). On the 

other hand, aerodynamic shear was linked with secondary break-up. Hiroyasu et al., 

(1990) identified zones of complete and incomplete spray according to the position 

of spray surface disintegration relative to the injector nozzles (break-up length), and 

showed that cavitation greatly favoured the atomization process in the complete 
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spray regime. Complete spray regime occurs when injection velocities are greater 

than 100 m/s (i.e., an injection pressure difference of more than 8 M Pa). Hiroyasu, 

(2000) also agrees that cavitation influences break-up: by collapsing and bursting of 

vapour bubbles, which enhances turbulence and jet instability, and hence jet 

disintegration. Essentially, the relative contribution of each of the mechanisms on 

spray break-up varies, depending on the injection parameters such as: the relative 

velocity between liquid and gas, the liquid and gas densities, the liquid viscosity and 

surface tension. Hence, several break-up modes can be identified, and characterised by 

different break-up length and by sizes of the resulting droplets. 

 

The break-up process is also characterised by dimensionless quantities: Reynolds and 

Weber numbers (Lefebvre, 1989). Weber number (We, ratio of inertial to surface 

forces) is one of the external flow parameters that control the liquid spray and 

ambient interaction, while Reynolds number (Re, ratio of inertia to viscous drag) is 

one of the internal flow parameters that control the liquid and nozzle interaction. 

Hence, these quantities actually balance the break-up mechanisms. The lower regime 

of Weber and Reynolds numbers do not apply to diesel injection process, which 

operates in the atomisation regime of higher Weber and Reynolds numbers.  In 

developing a wide classification of break-up regimes for general applicability, Reitz 

et al., (1986) considered the injection parameters while defining the dimensionless 

quantities, as shown below: 

 

Re =                                                (2-2) 

We =                                               (2-3) 
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A more convenient classification by Ohnesorge, (1931) was defined as Ohnesorge 

number (Oh, ratio between viscous drag and surface tension). Since both Re and Oh are 

formulated in terms of liquid properties only (whereas the density of the ambient 

gas definitely affects break-up), Reitz and Bracco latter added the density ratio and the 

following parameters. 

 

Vinj = Cd                                          (2-4) 

 =                                                   (2-5) 

Where Re =Reynolds Number; We = Weber Number; Vinj = Injection velocity, m/s; 

ρa = density of air (or ambient), kg/m
3
; ρl= ρf =density of fuel, kg/m

3 
;σ = surface 

tension, N/m; d = Nozzle diameter, m; Cd =coefficient of orifice; pinj = injection 

pressure, bar; pcyl = chamber pressure, bar. 

 

During secondary breakup, fuel droplets further disintegrate. This process is primarily 

governed   by   the    Weber    number,    since    it    results    from    the    trade-off  

between inertial forces (trying to tear the droplet apart) and surface tension 

(keeping it together). 

 

Investigations (Hiroyasu et al., 1990; Naber et al., 1996) into diesel spray penetration 

have been conducted under different conditions: evaporating (produced under hot  bomb 

condition), non-evaporating (produced under cold bomb conditions), vaporising (high- 

temperature condition: 600K-1400K) and non-vaporising (ambient temperature 

condition). The spray behaviour under these conditions are different in terms of 

penetration and dispersion (Wang et al., 1999): even though spray, in general,  
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penetrates in the liquid phase up to a maximum distance (liquid length) soon after start  

of injection (SOI), and continue as vapour downstream. Takahashi et al., (1991) 

reported that penetrations under higher and low injection pressures were almost 

similar, with respect to insensitivity to the injection pressure, for non-evaporative 

condition but quite different for evaporative conditions. Under evaporative 

condition, the spray penetration was sensitive to changes in injection pressure. At low 

injection pressure, the spray penetration was significantly affected by ambient 

temperature and evaporation, while spray penetration at higher injection pressure was 

neither affected by the temperature nor evaporation. The reason for this phenomenon 

was attributed to the fact that the spray plume was richer for the higher injection 

pressure spray than that for the lower injection pressure, hence scarcely affected by 

ambient temperature. Similar trend of environmental effects were observed for the 

spray angle. Later investigations by Wang et al., (1999) and Alfuso et al., (2005) have 

also confirmed behavioural differences between diesel sprays under evaporative and 

non-evaporative conditions. The study by Siebers, (1998) considered the effects of 

several factors  on spray penetration, which  included: injection pressure, orifice 

diameter and aspect ratio, ambient gas density and temperature as well as fuel 

volatility and temperature. The results, which agreed with some other investigations, 

showed that: the liquid length decreased with decreased orifice diameter, increased 

fuel volatility (or fuel temperature) increased ambient density and decreased ambient 

temperature. Injection pressure had no direct impact on liquid length, whilst the 

sensitivity to the effects of ambient gas density and temperature declined with increase 

in injection pressure. The orifice aspect ratio (    ) had a  

small and inconsistent effect on liquid length. It was also reported that the liquid length 

of a multi-component fuel was controlled by the fraction with lower volatility (Myong et 

al., 2004). 
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A more current research by Johnson et al., (2012) characterised 3000 bar diesel  spray 

injection under vaporising and non-vaporising conditions. Non-vaporising (inert) 

condition was achieved by electrically heating the combustion vessel, filled with 

nitrogen, to 373 K. While a zero per cent oxygen vaporizing environment was 

achieved through the use of pre- burn procedure, which included electrically heating 

the combustion vessel to 453 K. The results showed that; with increased injection 

pressure, the inert spray penetrated more that the vaporizing spray, particularly at high 

charge densities. There was actually no significant change in liquid length for the 

vaporizing spray with increased injection pressure. For both conditions, increased 

charge densities resulted in reduction in the liquid spray penetration. There was a 

tendency for a reduction in liquid length with increased charge temperature, for the 

vaporizing spray. Clearly, under the vaporising condition, the spray contracted as a 

result of cooling of hot entrained gases by droplet evaporation. The high ambient 

density thus created, inhibited any significant effect of the high injection pressure on 

the liquid length. Unlike in the non-vaporising condition, where there was dilution 

of the hot combustion products within the spray. This resulted in the low ambient 

density that enhanced spray penetration. 

Equation (2-6) is a time limit relation proposed by Dent, (1971) for spray penetration 

under hot bomb conditions; 

 

                     S = 3.07 . (
294

𝑇𝑔
)0.25. √√

𝛥𝑃

𝜌𝑔
 .  𝑑𝑛 .  𝑡                               (2-6) 

Where S = penetration length, m; t = time of start of injection, second; dn = 

diameter of nozzle, m; ΔP = difference between injection pressure and chamber 

pressure, bar; ρg = density of gas (or ambient air), kg/m
3
. For a cold bomb, the 

expression   (
294

𝑇𝑔
)

0.25

is equal to 1. The expression is a correction factor that accounts for 
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the temperature of the in-cylinder gas at the nozzle exit. 

 

Liquid length is an important characteristic that defines spray behaviour. It is desired to 

have optimum (short) liquid spray penetration and longer vapour penetration. 

Parameters that have the most significant effect on liquid length include: combination 

of high injection pressure and small hole diameter, and ambient gas density. The 

injection pressure/nozzle hole combination reduces liquid penetration and improves 

the mixing of vapour spray (Bruneaux et al., 1999). An increase in ambient density 

reduces liquid penetration since much of the spray energy is transferred to the 

ambient. Bruneaux et al., (1999) reported that increase in combustion chamber 

volume decreased ambient density and temperature, which increased liquid spray 

penetration. However, the scaling law by Siebers, (1999) derived for the maximum 

liquid penetration length of a vaporising spray showed no linear relationship between 

liquid penetration and injection pressure. Investigation by Ahmadi-Befrui et al., 

(1991) further confirmed this result using spray images acquired with Schlieren for 

injection pressures of 300 – 1100 bar. It could be observed that only the vapour 

penetration was significantly affected by the change in injection pressure, unlike the 

liquid penetration that remained constant regardless. Increase in vapour penetration 

improves mixing, results in greater premix burning and faster combustion, which can 

cause an increase in NOx emission, but with less PM emissions. 

 

Aside from droplet distribution, spray cone angle is another result of the break-up 

process. It is a common measure of spray dispersion, and shows the fuel macroscopic 

distribution in the combustion chamber. The cone angle is defined as the angle formed 

by two straight lines that start from the exit of the nozzle orifice and tangent to the 

spray outline to a distance of about 60 times the exit diameter of the nozzles. Such 

delineation is necessary since the cone angle is not constant, but changes with time 

during injection, mainly due to changes in the shape of spray (Klein-Douwel et al., 
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2007). Usually, this angle is between 5 and 30 degrees. Many investigations (Arai et 

al., 1984; Hiroyasu et al., 1990; Naber et al., 1996) have been conducted to determine 

cone angle. These works show that the cone angle is mainly affected by the geometric 

characteristics of the nozzle, the density ratio (ρ*), and the Reynolds number of the 

liquid (Reitz et al., 1979; Reitz et al., 1982). High injection pressure tends to have 

wider spray dispersion than low injection pressure. Increasing the injection pressure 

increases the cone angle up to a maximum value before a gradual decrease. This is 

desirable because the higher injection pressure causes the spray to leave the nozzle with  

higher velocity, which increases the spray momentum as well. Such condition induces 

high level of dispersion, which enhances better atomisation and air/fuel mixing (Wang 

et al., 1999). Thus spray cone angle (or dispersion) is an indication of the 

atomization and air entrainment processes that occur downstream of the nozzle. 

 

Several correlations are available for calculating cone angle. One of these correlations, 

proposed by Dent, (1971) which applies to atomisation regime (of complete sprays), is 

shown below. 

 

         Tan  = 4π                                                                     (2-7) 

A = 3 + 0.28 ( ) (2-8) 

Where θ = spray cone angle, (degree); = density ratio (see Equation (2-5)); ln  and 

dn  are length and diameter of nozzle, (m); A is the constant for nozzle geometry. 

 

 

Clearly, for a complete spray regime the dispersion depends mainly on the orifice 

configuration and density ratio. The reduction in spray penetration with increased 
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ambient density has been explained in terms of cone angle. Payri et al., (2013) 

reported that the increase in cone angle at higher ambient densities also increased 

the volume of hot gas entrained in the spray. The associated increase in kinetic 

energy, required by the higher density of the volume of gas entrained to complete the 

momentum transfer, caused the spray to penetrate slower. 

 

Air entrainment (or spray expansion) studies are often conducted by investigating the 

flow field around a spray. This approach was employed by Sasaki et al., (1998) 

using a particle imaging velocimetry (PIV) system. Their results showed that a 

small amount of air was entrained near the nozzle tip, while more air entrainment 

occurred in the spray mid-section and tip. In addition, increasing the fuel velocity 

imposed an almost similar increase in the air velocity around the nozzle and less so 

further on. The study by Ishikawa et al., (1999) employed air density differential as 

a tracer of air in motion. No change in 
𝜕𝑚𝑎𝑖𝑟

𝜕𝑚𝑓𝑢𝑒𝑙
⁄    was observed, which agrees 

with Sasaki et al., (1998) and further confirms the jet theory equations of Siebers, 

(1999). The study by Rajalingam et al., (1999) showed slight difference in air 

entrainment with injection pressure on the first two-thirds of the spray plume, and a 

significant difference on the last third. A different study by Rhim et al., (2000) reported 

that a significant part of the overall gas entrained in a spray plume was entrained from 

the spray tip. This position is quite different from the widely held view that most of 

the gas is entrained through the lateral sides of the sprays, and that the gas near the 

spray tip is just pushed aside by the spray tip. However, the velocity plots agreed with 

the common view on the gas flow pattern and resulting gas entrainment along the sides 

of the spray plume. 

 

Another important characteristic of spray is impingement. Impingement can either be 

spray- on-spray or spray-on-wall. Spray-on-spray impingement (impinging sprays) 
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investigations are often conducted with impinging nozzles (multi-orifice nozzles). 

The general characteristics of the impinging spray are a larger cone angle and a 

shorter penetration than the non-impinging (free) spray. On the other hand, spray-on-

wall investigations are usually conducted with more conventional diesel nozzles. Such 

sprays are characterised by smaller cone angle and a high penetration rate. It is 

desirable for the injected fuel to be almost completely vaporised before the liquid hits 

the piston bowl or cylinder liner (Klein-Douwel et al., 2009). This is because of the 

perceived effects of over-penetration of l i q u i d  spray and the consequent wall-

wetting, especially under low temperature (Stanton et al., 1998) or low density 

(Bozic et al., 2010; Genzale et al., 2010) condition. Some of these effects are: dilution of  

fuel  into  the  cylinder  wall  oil  film,  which  can  increase  piston-to-wall  friction  

and component wear (Song et al., 2008); degradation of the quality of bulk engine oil 

(Morcos et al., 2009); higher emission of unburned hydrocarbons (UHC) and carbon 

monoxide (CO) and, hence, reduced combustion efficiency (Kashdan et al., 2007; 

Martin et al., 2008) .The main focus of the broader research of which the present 

work is a part of, is spray-on-wall interaction and its effect on in-cylinder air 

utilization. 

 

2.2.3 Effects of injection parameters 

 

The position of the injector, as the most critical component of modern diesel 

engines, has been highlighted. Its role is set to be more significant as the emission 

regulations tightens and demand for fuel economy increases. The injector flow 

dynamics ultimately determines diesel engine performance by influencing spray 

development (from atomisation to ignition). Interestingly, the flow inside the injector 

is controlled by dynamic factors (e.g., injection pressure and needle lift) and 

geometric factors (e.g., orifice conicity and hydro-grinding). The effects of these factors  
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on spray processes have been studied by researchers (Han et al., 2002; Mulemane et al., 

2004; Payri et al., 2008; Payri et al., 2009), though injection pressure and nozzle 

geometry (orifice diameter and conicity) are commanding more interest. Much has 

been said about injection pressure earlier in this work, which is a clear pointer that 

injection pressure drives spray evolution, penetration and interactions. Reduced 

orifice diameter has also been identified with improved atomisation. Thus rate of 

penetration increases with injection pressure due to the interaction of increased injection 

speed and reduced average size of the drops, whilst the highest penetration is almost 

constant (Zhang et al., 1997).The geometric characteristics of the nozzle is often 

defined by the variation of its cross-sectional area along its length of its conicity as 

shown in equation (2-9). 

                              

                  K = 
(𝐷𝑖𝑛−𝐷𝑜𝑢𝑡)

10
                                                     (2-9) 

 

 

Where K (K-factor) is the conicity; Din and Dout are inlet and outlet orifice diameters 

in µm, respectively. 

 

On the analysis of the influence of conical and cylindrical nozzle orifices on injection 

rate, Benajes et al., (2004) observed that conical orifice increased flow efficiency (i.e., 

discharge co-efficient) and exit velocity, despite the reduction of fuel injection rate 

due to the smaller exit area. A different comparison of the two nozzle types by Han et 

al., (2002) confirmed the significant influence of nozzle geometry on primary break-

up.Payri et al., (2005) observed choking conditions with cylindrical nozzles, as well as 

an increase in injection velocity due to the presence of vapour at orifice exit. They 

also reported that for conical nozzles the mass flow rate was always proportional to 

the square root of pressure drop, which meant there was no cavitation at the nozzle exit. 

On spray penetration, researchers (Blessing et al., 2003; Payri et al., 2004) have 

reported increase in liquid spray penetration and smaller cone angle with increased 



23  

conicity for non-evaporative sprays. This was contradicted by Bae et al., (2002), who 

reported that spray tip penetration and cone angle decreased due to increase in conicity. 

However, the insight provided by Som et al., (2009) on the subject, showed that 

conicity suppressed cavitation and turbulence inside the nozzle. From earlier discussion 

in this work, these are mechanisms that enhance primary break-up. As a result, the 

break-up process with a conical, was slower, produced larger droplets and increased 

liquid penetration. Similar investigations have been conducted on spray penetration and 

liquid length under evaporating conditions for different nozzle geometries (Payri et al., 

2008). 

 

As the main driver of in-cylinder spray behaviour, the injection pressure also impacts 

on the combustion process. The main issue with high injection pressure is NOx emission, 

which is as a result of the increased total heat release due to improved atomization 

and better mixing (Kook et al., 2004). It has been reported (Wade, 1980; Plee et al., 

1981) that EGR specifically reduces NOx by lowering the flame temperature, but at 

a cost of increased soot (PM) emissions owing to lack of oxidants. Insight provided 

by Shimazaki et al., (1996), has confirmed that the better mixing associated with high-

injection pressure actually caused faster decrease of Oxygen (O2) concentration, and 

a more active and earlier air dilution. Consequently, soot oxidation was quicker, 

which led to smoke emission reduction. It was also confirmed that with EGR, the 

combustion was poor due to inadequate oxygen concentration. The resulting 

inactivity of oxidation reaction led to the NOx emission reduction. Other ways of 

significantly and simultaneously reducing NOx and PM emissions is by the use of 

cooled EGR with high injection pressure, or use of optimised injection system and 

strategy or development of pre-mixed combustion modes, such as the LTCs. Achieving 

the simultaneous NOx/PM emission with LTC strategy is an active research area. 

Though the strategy uses high injection pressure and EGR, Pickett et al., (2009) 
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reported wall wetting as the main LTC challenge. Other significant challenges identified 

by Lu et al., (2011) included: increased carbon-monoxide (CO) and hydro-carbon (HC) 

emissions; effect of  mixture control at operational range; effective control of fuel 

properties, injection concepts, bowl geometry and EGR; the effect of EGR and fuel 

composition on ignition delay, pollutant formation and evolution at high EGR; and 

means of achieving maximum thermal efficiency. 

 

2.2.4 Summary 

 

Spray characterisation is crucial in order to gain greater understanding of spray 

behaviour in an engine`s combustion chamber. To reduce pollutant emissions and 

achieve a high engine performance, it is necessary to know which parameters 

influence spray development the most. In addition, spray formation and injection 

process are two important mechanisms of in- cylinder air/fuel mixing, which controls 

the combustion process and emissions. Thus, the parameters that affect spray 

characteristics are grouped under: injection system parameters (e.g., nozzle geometry 

and injection pressure) and combustion chamber parameters (e.g., density, pressure, 

temperature and turbulence intensity). Other parameters are grouped under fuel 

property (e.g., density, temperature and volatility) and, in some cases, engine operating 

conditions (e.g., engine speed and load conditions). 

 

For DI diesel engines, spray atomisation is divided into primary and secondary 

break-up processes. Primary break-up occur in the region close to the injector nozzle, 

at high Weber numbers. It is mainly determined by internal nozzle phenomena (e.g., 

turbulence and cavitation) as well as the interaction between the liquid fuel and 

ambient gas. Secondary break-up take places further downstream in the spray mainly 

due to aerodynamic interaction between the spray and the ambient gas. It is largely 

independent of the nozzle phenomena. However, the atomised liquid spray evolves  
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into a vaporised fuel jet as it penetrates into the combustion chamber. Spray dispersion 

and droplet distribution are direct results of the breakdown process. Thus the mixture 

formation is mainly influenced by the spray expansion (air entrainment), which 

depends directly on the spray penetration (liquid and vapour) and dispersion (cone 

angle). Longer tip penetration and larger cone angle are desirable for maximum air 

utilization and better combustion due to the increased spray area. Spray penetration and 

cone angle are the most important spray characteristics, and are mainly affected 

by: orifice diameter, injection pressure, and ambient density and temperature. High 

injection pressure or low ambient density (i.e., high ambient temperature) permits the 

spray to penetrate faster than low injection pressure or higher ambient density (i.e., 

lower ambient temperature). In particular, low injection pressure causes the fuel 

particles diameter and, hence, the ignition delay (during combustion) to increase. The 

engine performance will be significantly affected by the poor mixing that will ensue. 

Spray must be well atomised, with reduced orifice diameter, to achieve proper mixing. 

 

Nevertheless, with high injection pressure, the effects of all other parameters affecting 

spray development are limited. High injection pressure drives spray (liquid/vapour) 

penetration, and hence, interactions (spray on spray and spray on wall). It is the high 

momentum impacted on spray by high injection pressure that makes it travel longer in 

the combustion chamber. So that penetration is actually controlled by the rate of 

momentum transfer to the ambient gas, i.e., the growth of the boundary layer between 

the injected spray and the ambient. The main advantages of high injection pressure are: 

 Increased power density of the engine. 

 

 Better air utilization, and hence increase in combustion chamber pressure that 

will lead to improved combustion and higher efficiency. 

 

 Reduced emissions due to the better air utilisation and improved combustion. 
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On the other hand, higher injection pressure shortens the ignition delay period and 

makes homogeneous mixing difficult. This reduces the combustion efficiency and 

affects engine performance. 

 

2.3    Piston-bowl design 

 

In general, the combustion chamber is made of the upper and lower halves. Upper 

half consists of the cylinder head and cylinder wall. While the piston head (crown) 

and piston rings make up the lower half. For the direct injection diesel system, the 

combustion chamber is basically the volume of space between the flat cylinder head 

and a cavity on the piston crown. As the entire volume of combustion chamber is 

located in the main cylinder, fuel is injected into this volume and this type is 

commonly referred to as open combustion chamber. The common shapes for the open 

chamber, shown in Figure 2-3, are; shallow depth, hemispherical, cylindrical and 

toroidal. 

 

 
 

Figure 2-3: Open Combustion Chambers (Curt, 1995) 

 

Shallow depth bowl has a small piston cavity, and normally used for very large 

engines operating at low speeds. Its low squish is well compensated for by its large 
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diameter, in terms of air utilization. Unlike the hemispherical and cylindrical 

chambers with low squish, that makes them very unpopular with modern engine  

designers due to poor air utilization. The toroidal chamber is designed to generate 

high squish for improved air utilization. It is well adapted in different configurations 

for use in modern engines. Generally, piston bowls with large squish area relative to 

the maximum bowl diameter (e.g. very re-entrant bowl design), are less sensitive to 

swirl levels than open bowls. This is due to the fact that the high squish velocities 

generated with such designs improve mixing (Saito et al., 1986). 

 

In the present study, the focus is on the cavity in the piston crown commonly referred 

to as piston bowl or bowl-in-piston. Conventional designs for piston bowl are the 

shallow and deep bowl combustion chambers shown in Figure 2-4. 

 

 
 

 

Figure 2-4: (a) Shallow Bowl and (b) Deep Bowl (Heywood, 1988) 

 

Shallow bowls are commonly referred to as quiescent due to their characteristic low 

swirl, and are utilized in large-bore, heavy duty engine. Deep bowls are applied in 

medium duty engines, and are characterised by high swirl and squish. 

 

Piston bowl designs are driven by two key facts; the necessary occurrence of the 

combustion process in the bowl, and the importance of maximizing the air 

utilization. Applying these concepts has made it possible to achieve different 

modifications of conventional and non- conventional bowls. The re-entrant bowl is  
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typical example that is widely used in modern high speed DI diesel engines. Its main 

geometrical features are shown in schematics (Figure 2-5). 

 

 

 
 

Figure 2-5: Geometrical features of a typical Re-entrant bowl 

 

 

Maximum diameter is the largest horizontal distance between two points of any face 

of the piston bowl in section view. The ratio of maximum piston bowl diameter to the 

piston depth is the aspect ratio. Maximum diameter is a key parameter, and usually 

specified very early in bowl design. It controls the piston volume, and hence the 

compression ratio. This diameter affects bulk swirl velocity at the end of compression 

stroke, because its increase leads to swirl velocity reduction in the bowl (Aorld et al., 

1990). Even though this reduces the air/fuel mixing rate, heat transfer and other heat 

loses are reduced as well. The role of the maximum diameter in wall impingement 

after injection, as fuel is swept down the bowls into the main toroidal radius, can be 

influential in smoke production. 

 

 

Throat diameter is the minimum horizontal distance between the edges of the piston 

bowl, near the top. The ratio of the throat diameter to the maximum bowl diameter 

determines the amount of bowl re-entrancy during design. Similarly, the ratio of the 

throat diameter to the cylinder bore determines the percentage squish area (Hentschel, 

1996). 
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The central pip occupies a particular position in the centre of the bowl, where 

otherwise the low air velocity exists. It is not desirable for low air velocity to exist 

in the centre of a swirling flow field, as this will lead to poor rate of air/fuel mixing. 

With the use of central pip, redistribution is effected in a manner that will cause 

higher mean airflow velocity and improved air/fuel mixing rate. Although the pip 

occupies a comparatively small portion of the bowl, it comes in different shapes for 

different bowl designs. Its shape can be accommodated by slight changes in other key 

parameters. However, pip design is significantly influenced by injector tip to piston 

distance, especially under engine operating condition, where thermal expansion and 

inertial forces must be taken into account. It is also important for the design to prevent 

wall wetting of the pip by closely approaching fuel sprays. 

 

For a conventional design, the bowl depth is the maximum vertical distance from the 

piston surface to the bottom of the main toroidal radius. It is an important 

consideration in smoke reduction, due to wall wetting tendency of the lower bowl 

surface. 

 

The volume containing the main toroidal radius constitutes a large percentage of the 

bowl volume, where most of the combustion processes occur. It, therefore, affects 

airflow, flame propagation and development towards the pip region. The radius also 

guides the pip design, in order to avoid discontinuous profile in the bowl section (Saito 

et al., 1986). 

 

Lip area is the side of the bowl where high velocity fuel impinges during injection. It 

is an impingement area and has a significant effect during the early stages of fuel 

injection and combustion. By controlling the amount and composition of fuel/air 

mixture prepared for initial combustion, the ignition delay and initial pressure rise may 

be affected. 
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The minor radii blend the face of the piston and the main toroidal radius with the lip 

area. Even though the radii look quite insignificant in the figure, they can affect 

airflow resulting from squish during combustion, and change the outflow of hot 

gases during combustion (Shimoda et al., 1985). Investigations of flow through 

orifices, nozzles and diffusers suggest that gas flow can be improved by the minor 

radii, which can also affect turbulence levels (Tindal et al., 1982). The sizes of the 

radii are constrained by the need to prevent excessive build-up of thermal stresses and 

hot-spots in the piston bowl. 

 

The introduction of high pressure injection systems has placed the re-entrant bowl 

design on the front burner of most research investigations, especially on the account of 

its good combustion characteristics. It has shown good swirl and turbulence 

characteristics (Payri et al., 2004), and adaptability to modifications that can lead to 

the improvement of air-fuel mixing. Concerns have also been raised regarding its 

durability, as piston temperature and thermal transient stress range increase (Winship et 

al., 1993). However, most of the literatures reviewed for this work featured the re-

entrant bowl design or its modified models. 

 

Park et al., (1993), studied the performance of pip through simulation. The 

introduction of pips in modern engine bowls is to enhance spray break-up and/or 

direct spray to a desired direction. Wall wetting was reduced as the impaction of 

spray on pip land, significantly reduced the spray momentum and kinetic energy. 

Zhang et al., (1995) demonstrated how the re-entrant bowl improved combustion, and 

hence, emission in comparison with two other different blows. Risi et al., (2003) 

optimised soot and HC emissions by changing bowl geometry. They were unable to 

achieve reduction in NOx emission. However, the effect of spray angle was more 
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significant for NOx than soot emission; while an increase favoured NOx reduction, a 

decrease was best suited for soot reduction. Since both emissions were affected by the 

throat radius; it was concluded that a narrow and deep bowl design with a shallow re- 

entrance and a low protuberance on the cylinder axis and spray guidance towards the 

bowl entrance was good for NOx reduction. Soot reduction required bowl design with 

very small re-entrance and reduced bottom inclination. The spray for soot reduction 

was directed at the bottom of the bowl to promote leaner combustion and faster soot 

oxidation rate. 

 

Genzale et al., (2006) varied swirl ratio with bowl geometry to achieve more 

reductions in soot than NOx emissions, under late LTC condition. Similar difficulty 

was experienced by Gunabalan et al., (2009) in reducing NOx with the re-entrant 

bowl, as their numerical study showed superior soot oxidation that came with 

significant combustion temperature rise. The temperature rise must have comtributed 

to the high NOx emission. Pasupathy et al., (2010) investigated DI turbocharged 

diesel engine using similar CFD approach. The superior characteristics of the re-

entrant bowl in terms of better mixing and faster combustion process for indicated 

specific fuel consumption (ISFC) and soot emission reductions were established. 

Increase in NOx emissions for the bowl was also confirmed. However, in both 

studies, the soot reduction was larger, which made the re-entrant bowl the best trade-

off between performance and emission. 

 

These studies have highlighted the importance of air motion in in-cylinder mixing. 

It is during the intake stroke that air motion generates flow by interacting with the 

bowl shape, which is developed during the compression stroke (around TDC) and upon 

diesel fuel injection (Heywood, 1988; Xueliang et al., 1990). Air motion in the  
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cylinder is usually characterised by swirl, squish and turbulence (Brandl et al., 

1979). The intake port of the engine is designed to create swirl motion upon air 

induction. It is important to generate a high swirl that will facilitate swirl-squish  

interaction for the development of turbulent flow field. Intense turbulence leads to  

efficient combustion, and ultimately less soot and HC emissions at the cost of higher 

NOx. Unlike most bowl designs, the re-entrant bowl is capable of high swirl and intense 

turbulence levels (Arcoumannis et al., 1993). Re-entrant bowls increase squish 

velocity, turbulence and fuel/air mixing by increasing the area of the piston top which 

almost touches the cylinder head, whilst keeping the bowl volume, and hence the 

compression ratio, constant. Therefore, the effect of bowl geometry on air motion 

basically translates into how well the piston bowl shape enables air utilization for 

efficient combustion and improved emissions. Actually, it is the bowl geometry that 

determines the extent of the amplification of the induction-generated swirl during the 

compression and combustion strokes. 

 

Different investigations (Fitzgeorge et al., 1962-63; Tindal et al., 1982; Morel et al., 

1985; Ferguson, 1986; Hiroyasu et al., 1989; Fansler, 1993; Winterbone et al., 1993); 

Payri et al., (2004); (Song et al., 2008; Prasad et al., 2011; Raj et al., 2012) have been 

conducted to study in-cylinder flow conditions. These studies established the effects of 

bowl geometry on flow as well as the superior flow characteristics of the re-entrant 

geometry. It was also reported that the bowl geometry had no effect on flow during 

intake and early compression strokes, indicated by insignificant change in swirl 

numbers and turbulence kinetic energy (TKE). Changes in these parameters were 

quite significant near TDC, with huge influence on the combustion process. It was at 

this point that the spatial distribution due to bowl geometry became crucial. 

 

2.3.1   Summary 

 

Piston bowl design has a significant role to play in modern diesel engine 
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performance. Indeed, piston bowl can drastically reduce emissions with a design that 

allows the development of appropriate spray shape and structure. Such design will 

enable sufficient evaporation in a very short time and optimal spray penetration for 

improved air utilization. However, the inability of any particular design to perfectly 

satisfy the simultaneous reduction of soot and NOx emissions has been highlighted. 

Even with the most popular re-entrant designs, there were still cases of achieving 

satisfactory level in one and failing in the other, depending on the boundary 

conditions. It was also observed that the relevance of the piston bowl geometry to 

emission reduction was relatively unexplored. Bowls used in the investigations 

review here, either conformed/performed or not. No attempt was made to improve 

bowl performance by changing the geometry. Targeting spray at specific parts of the 

bowl with the aim of improving flow near TDC presents opportunity for further 

investigations. This could lead to drastic reduction in PM emissions. More 

understanding is therefore needed. 

 

2.4     Spray and piston bowl interaction 

 

The direct result of spray/bowl interaction is wall impingement. For DI diesel engines 

spray impinging on the walls is inevitable. This is due to the compact nature of the 

DI engines, where the distance between the nozzle and cylinder walls is short. How fast 

sprays make this distance before vaporisation depends largely on the injection 

pressure. Over-penetration of spray may cause impingement on cool surfaces with little 

air swirl, reducing mixing rate and producing unburned fuel, while under-penetration 

may result in poor use of air (Stone, 1992). 

 

Earlier discussion in this review has indicated that for DI diesel engines, an atomised 

liquid spray evolves into a vaporised fuel jet as it penetrates into the combustion 

chamber. It is therefore convenient to identify the liquid-phase as “spray”, and the  
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vapour-phase as “jet”. Diesel fuel jet is complex due to the presence of the piston 

bowl wall in the downstream region. However, it is usually separated into two 

mixture composition zones (Bruneaux, 2005). They are: the mixing zone on the  

 

upstream sides, where air entrainment due to shear turbulence dominates the jet 

dynamics, and the stagnation zone at the tip where the jet pushes away the dense 

ambient gases. This stagnation zone has lower mixing rate, as there are no small 

scale turbulence. 

 

Spray impingement may be detrimental due to splashing of the liquid-phase on the 

walls which can increase hydrocarbon emissions. On the other hand, jet 

impingement produces strong turbulence, enhancing mixing of rich mixture in the core 

of the spray, and provides an additional mechanism for droplet break-up (Brunello et 

al., 1991; Borman et al., 1992).When the jet reaches the bowl wall it is diverged into 

wall-jets. As the wall-jets travel along the bowl wall, they are confined, and when 

two neighbouring wall-jets eventually collide they form a recirculation zone (Chartier 

et al., 2012). Held et al., (2013) reported, as shown in Figure 2-6 (a), the existence 

of small vortex structures which occurred next to the dense jet core due to 

aerodynamic interaction of the spray and the surrounding gas, before the impact on the 

wall. They also confirmed the formation of wall jets, but parallel to the wall. 
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(a) (b) 
 

Figure 2-6: (a) Diesel spray-wall interaction model on a flat wall (adapted 

from Held et al., (2013). (b) Diesel impingement from a symmetrical multi-hole 

injector (Chartier et al., 2012) 

 

Investigations by Shimada et al., (1989) presented wall impingement as a means of 

vaporising spray, to promote mixing with air. The study did not consider wall 

impingement with respect to the three behavioural patterns identified by researchers 

(Naber et al., 1993; Arcoumannis et al., 1997). These patterns included: spreading 

on to the surface without rebound or break-up to form a thin film (wall-wetting); 

rebounding off the surface; or breaking-up to cause the ejection of secondary droplets, 

whilst depositing a fraction of their liquid mass on the wall. In addition, exhibition of 

any of these patterns depends mainly on the wall surface temperature and the droplet 

thermodynamic properties. For example, under high injection pressure condition the 

formation of the thin film will occur if the droplet boiling point is higher than the 

surface temperature of the wall (Naber et al., 1993).  This will lead to a very high 

increase in unburned hydro-carbon (uHC) and soot emissions due to the partial 

burning that is caused by slow evaporation of wall film (Luckhchoura et al., 2010). 

Held et al., (2013) also described the behaviour in terms of Weber number, 

Leidenfrost temperature (TL) and Nukiyama temperature (TN) as shown in Figure 2-7. 



36  

Nukiyama temperature (TN) is the temperature at which the heat flow between the 

wall and the fluid is at maximum. The evaporation time is therefore at a minimum. 

At Leidenfrost temperature (TL) there is an isolating vapour film between the droplet 

and the wall, which confers a local maximum on the evaporation time. 

 

 
Figure 2-7: Characteristic arrays of droplet impact with a flat wall (Held et al., (2013)) 

 

From Figure 2-7, one can see different droplet behaviour, at different Weber 

numbers, for wall temperatures higher than the Leidenfrost temperature. If the wall 

temperature is higher than the Leidenfrost temperature (TW> TL), for Weber 

numbers smaller than 10an elastic rebound of the droplet can be observed. A 

development of single secondary droplets occurred between a Weber number of 10 and 

100. For Weber numbers higher than 100 the impacting droplet bursts on the surface. If 

the wall temperature is lower than the Nukiyama temperature (TW< TN), wall wetting 

occurs both for low and high Weber numbers. The only difference is that for high 

Weber numbers small satellite droplets are formed. In general, wall wetting 

degrades mixing, and hence combustion, and leads to increased emissions. This 

argument is linked with investigations conducted under relatively low injection 

pressure; since investigations with injection pressures of 2000 bar and above had 

generated significant wall jets with increased surface area of the jets, that led to 

better fuel air mixing (Ryan et al., 1994). 
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Schünemann et al., (1998) studied the effect of the injection pressure on spray-wall 

interaction and reported that at higher injection at higher injection pressures the 

droplet diameter decreased due to higher primary atomization, and the droplets 

moved with higher velocities. Near the wall there were approximately as many 

droplets flying towards the wall, as droplets moving the other way, which indicted that 

there was a reflection of droplets at the wall. At higher injection pressure, the wall jet 

vortexes moved faster at a higher rotational speed. They also reported that lower wall 

temperatures cause low gas temperatures above the wall, which increased gas densities 

and viscosities. The droplet sizes were significantly increased due to slower 

evaporation, and had higher forces of inertia. 

 

Under high injection pressure, Pickett et al., (2005) found out that the leading edge 

of jet impinging on a planar cylinder wall would actually decrease soot levels. While 

jets which were redirected back onto their initial path after impingement produced 

more soot. Wang et al., (1999) reported that the high injection pressure induced high 

momentum spray and bowl wall interaction that increased the level of spray rebound, 

which promoted air entrainment.. The combustion movies by Minami et al., (1990) 

showed jet-wall interaction and significant combustion process by the wall. While the 

former was responsible for the improved fuel-air mixing, indications about the latter 

suggested combustion degradation as a result of the closeness to the wall. Other 

researchers (Hiroyasu et al., 1989; Kato et al., 1989) are in agreement with the 

concept that wall impingement becomes more important in the break-up of spray jet 

and mixing of fuel with air, as injection pressure increases. Kato et al., (1989) further 

suggested the use of larger combustion chambers for higher injection pressures. On 

the other hand, some researchers (Hiroyasu et al., 1990; Dodge et al., 1992) argue 

that the high pressure effect on drop size diminishes at pressures above 1000 bar. 

Researchers, (Shimada et al., 1989; Shundoh et al., 1991), have also shown that  
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increasing injection pressure and optimising nozzle hole diameter is an effective 

combination for better fuel atomization and fuel-air mixing through extended spray 

penetration, air entrainment and wall impingement. Although, material strengths, 

increased parasitic losses and fuel system cost impose severe limitations on the 

maximum practical injection pressure (Pierpont et al., 1995). 

 

Most experimental works seem to indicate that jet wall impingement tends to increase 

mixing of the fuel with the surrounding air, with increased injection pressure, which 

is expected to increase turbulence in the wall-jets as an effect of higher impact 

momentum and higher average flow speeds. However results from numerical analyses 

(Abraham et al., 2003; Song et al., 2003) are contradictory. Although these disparities 

seem to originate from the incapacity of numerical simulation in reproducing the 

complex turbulent structure generated during interaction (the jet wall vortex), the 

experimental results are often not conclusive enough to be able to validate or 

contradict the numerical results. For it is often the practice to simplify this complex 

interaction with the configuration of a plane wall. Where the wall jet is not confined 

and could expand, with larger area available for mixing which would imply greater 

air-entrainment. Unlike the wall-jet in engine`s combustion chamber, which is much 

more confined between the bowl floor and the fire-deck. Such geometry reduces the 

surface area of the jet so that it cannot increase as much. Furthermore making 

deductions about spray behaviour from single droplet behaviour (see Figures 2-6 and 

2-7) can also produce contradictory results, since the physical background is much 

more complicated for a spray. Certain parameters will have to be considered. These 

include: differences in diameters, velocities and Weber numbers, as well as the effects 

of ambient conditions (e.g. inconsistent turbulent flows, heterogeneous temperatures 

and pressures). 

 

Further understanding can be gained on the spray-bowl interaction with respect to: 
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effects on emissions (Docquier, 2002), effects of injection timing (Diwakar et al., 2009; 

Luckhchoura et al., 2010), effects on cold starting (Osuka et al., 1994), effects on heat 

transfer (Magnusson et al., 2006), effects on air entrainment (Cossali et al., 1993), 

location and angle of impingement (Lippert et al., 2001) and effects on distribution and 

mixing processes (Zhang et al., 2001). 

 

2.4.1   Summary 

 

The interaction between diesel fuel spray and the piston bowl leads to wall impingement 

with effects that may or may not favour in-cylinder air utilisation, regardless of 

the injection strategy or combustion concept. The phenomenon is noted to occur at 

different conditions, such as higher injection pressure, higher ambient temperature, 

lower combustion chamber densities and engine speeds. Higher injection pressure is 

the parameter that exerts the most influence on the account of increased spreading 

angle and penetration velocity, with the favourable possibility of promoting air 

utilisation. All the studies that bear qualitative agreement have noted improved mixing 

with impinging jets under increased injection pressure, since the mass of air 

entrained in a jet is higher in the case of impinging jet compared to free jet. The 

wall condition has also been mentioned as part of the air entrainment characteristics. 

 

Wall temperature has a significant influence on the heat transfer under evaporating and 

non- evaporating conditions but no measurable influence on radial penetration. Infact, 

the presence of a wall affects the entrainment by increasing the entrained mass flow 

rate in the region close to the wall, depending on the injection strategy and the angle 

of impingement. Normal impingement produces the maximum effect on air 

entrainment, while oblique impingement, which produces an asymmetry on the wall 

spray, lowers the entrained mass flow rate close to the wall. These observations have 

been found to be correct during the main injection period of a split-injection strategy. 
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Spray and bowl interaction has also highlighted the significant role played by the piston 

bowl geometry in the effectiveness of injection strategy in promoting mixing for better 

combustion and hence, emission reduction. 

 

2.5    Schlieren/shadowgraph techniques 

 

The methods commonly applied to the study of spray employ: mechanical, 

electrical/electronic or optical techniques. Optical techniques are by far the most 

frequently used for macroscopic/microscopic spray and combustion characterisation. It 

is advantageous to use optical techniques because of their sensitivity to changes and 

non-intrusive nature, as they do not interfere with flow process under observation 

(Richard et al., 2001). Schlieren is a direct imaging optical technique. It involves 

qualitative visualisation of spray development, and image capture with high speed 

camera. 

 

Schlieren imaging derives from Snell`s Law, which states that light slows if it comes into 

contact with matter (Settles, 2006). When light travels in a homogenous media, such as 

space or vacuum, it does so uniformly at a constant velocity. In inhomogeneous media, 

such as fluids in motion, light rays refract and deflect from their continuous path, 

resulting in Schliere. Schliere is simply the streak-like appearance of the fluid flow 

visualised through the system. In this work, this technique is applied to exploit the effects 

of refraction of light rays as it passes through the charged fluids in the combustion 

chamber.  As optical diagnostics for spray studies, the application of Schlieren 

imaging is due to the presence of high-speed flows involving shocks and large 

gradients in refractive index.  

 

A simple Schlieren set-up, used for imaging vapour penetration, is shown in Figure 2-8. 
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It consists of: a light source with variable iris, two concave mirrors, optical engine 

combustion chamber, adjustable knife edge (Schlieren stop) and a high-speed video 

camera. The light source produces a parallel beam of light, which passes through the 

slit created by the variable iris and focused by the first concave mirror. This parallel 

beam is then deflected by the combustion chamber, which is known as the Schlieren 

test subject. The image thus created is passed through a second concave mirror, and 

focused onto the photographic sensor of the high-speed video camera through the knife-

edge. The knife edge is a confining aperture that filters light rays for image acquisition 

in a traditional Schlieren set-up. The test subject actually divides the set-up into two; 

the upstream part that initiates collimation, and the collection part that enables 

focusing for image acquisition. For the test subject, two combustion chamber types 

are commonly used; constant-pressure flow (CPF) vessel and constant-volume pre-

burn (CVP) chamber. 

 
Figure 2-8:Set-up for Schlieren Imaging(Kennard et al., 2002) 

 

 

Variation in the Schlieren set-up results in two notable visualization techniques; 

shadowgraphy and interferometry. Schlieren and shadowgraph are more closely related, 

as they employ the change in refractive index with optical density (and hence, 

temperature and concentration) to map a thermal or species concentration field. While the 

Schlieren technique depends on beam refraction towards zones of higher refractive index; 
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the shadowgraph technique utilizes the change in light intensity due to beam expansion to 

describe the thermal/concentration field. Thus, for Schlieren technique, small angle of 

deflection of the light beam as it emerges from the test section is measured. In 

Shadowgraph, deflection and displacement of the light beam are measured. Due to the 

rapidly changing complexity of diesel injection and combustion, the high speed 

diagnostics are often combined, without interference. A typical set-up for simultaneous 

applications of various high speed imaging techniques, on a fixed-volume combustion 

vessel, is shown in Figure 2-9. With necessary adjustments, this set-up is capable of the 

following optical diagnostics; Shadowgraph/Schlieren imaging, Mie-scatter, 

chemiluminescence imaging, pressure chemiluminescenceand soot luminosity sensing. 

 

 
 

 

Figure 2-9:High-speed imaging set-up (Lyle et al., 2009b) 

 

 

The knife edge cut-off, which is commonly used as a Schlieren stop, controls the 

image contrast, and hence the system sensitivity to refractive index gradients (Settles, 

2001). Sensitivity to refractive index gradients increases with cut-off. A round aperture 

used for same purpose will remove some of the directional sensitivity to refractive 

index gradients. The use of a round aperture is known as “bright field”, since the 

Schlieren object is dark whilst the background is bright. A total cut-off of the focal spot 
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is known as a “dark field” method, since the Schlieren object appears bright above a 

dark background. System sensitivity is also affected by the distance between the image 

plane and test section, and the number of filters. In the absence of a knife edge (or 

0% cut-off), system sensitivity is weakened, and the system is no longer Schlieren, 

but a “focused shadowgraph” (Settles, 2001). Optimal camera adjustments, in terms of 

exposure and frame rate, may be driven by the choice of light source. Thus, the 

different Schlieren stops that are used include; knife edge, aperture (bright field), cut-

off (dark-field) and no stop (shadowgraph). For the schlieren/shadowgraph, three key 

features are reviewed, and they are: optical alignment, camera setting and system set-

up (for improved image acquisition). 

 

2.5.1 Optical alignment 

 

The use of white light as point source for Schlieren imaging is very popular amongst 

researchers (Lyle et al., 2009b). White light has been considered to be more 

advantageous than the Laser (Lyle et al., 2009b). Particular type of laser-based 

techniques is associated with single-image-per-cycle limitation, which makes imaging 

temporal development difficult, since insufficient information is generated. Speckle 

effects and diffraction are quite common with laser, unlike white light (Settles, 2001). 

This is due to the coherence nature of the laser light wave. Speckle effect is 

characterised by high contrast, high spatial frequency and granular pattern that seem 

to float in front of the projected image plane. Diffraction is the apparent bending of 

light wave around edges. It is a serious problem for laser as it passes 

through confining apertures, e.g. “knife stop” of the Schlieren system. Both 

phenomena can lead to image degradation. Another disadvantage of the laser is its high 

energy density, which can cause severe damage to optical components when placed at 

focal points. 
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In order to overcome the single-image limitation, high-speed lasers, that are capable of 

rapid image acquisition, are in use today. The problem of diffraction is solved by 

setting-up the Schlieren technique with round disc (Pickett et al., 2010) and 

without any conventional Schlieren stop (Bardi et al., 2012). Lasers also have more 

advantages, which include; improved image brightness, power efficiency, reduced 

size of the illumination source and optical system. The high monochromatic 

brightness of the laser makes it possible to instantly pause a rapidly developing 

phenomenon for image acquisition, with short camera exposure. Short exposure 

prevents image blurring by high speed lasers. Laser can also be used with suitable 

filters (eg chromatic filters), combined with shorter exposure time, to separate 

combustion luminosity from developing spray (Bardi et al., 2012).  In  addition,   the use 

of laser is more economical, as only one high speed camera can be used 

simultaneously for Mie-scatter and Schlieren/shadowgraph techniques. 

 

Focusing a collimated laser beam to a small spot, with a lens, as required for a Schlieren 

set- up, depends largely on the divergence. The divergence fixes the lower limit of 

the focused spot size. Satisfactory compromise between the divergence and spot size 

can only be achieved with a lens of shorter focal length or by expanding the beam. 

Beam expander was used in the set-up by IFP in Figure 2-10. 

 

Although, the use of lasers present interesting opportunities (Oppenheim et al., 1966), 

it is difficult to completely eliminate speckle effect. Significant progress has been 

made with strategies that reduce laser coherence. This is beyond the scope of this 

work. However researchers have successfully managed to work around the speckle 

effect (see Figure 2-10 ), as will be highlighted in section 2.3. 
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Figure 2-10: Mie-scatter and Schlieren set-up used by IFP (Pickett et al., 2010) 

 

The choice of optics and arrangement vary amongst researchers. In the set-up used by 

Kennard et al., (2002), the point source produced by sodium light and variable iris 

was collimated by one concave mirror and passed through the test subject to 

another concave mirror. The second concave focused the Schlieren image on the 

camera through the knife edge. This simple set-up is not as involved as the Schlieren 

part of Figure 2-9, which was used by other researchers (Lyle et al., 2009a; Lyle et al., 

2009b; Pickett et al., 2010; Kook et al., 2012). Under the arrangement, the emitted 

beam from the source passed through the focal length of Nikkor lens and an aperture, 

before collimation by one parabolic mirror and deflection by the test subject to a 

second parabolic mirror. The latter focused the beam on the camera through the 

Schlieren stop, filters and another Nikkor lens. In a set-up similar to that in Figure 2-9, 

Sandia Laboratories (Pickett et al., 2010) did not use a knife edge, which made the 

technique a shadowgraph. The choice of a parabolic mirror was more appropriate 

because of its ability to focus parallel rays of light on its principal focus, and vice versa. 

Hence, with point source located at its focal point, the resultant beam should be well 

collimated. The use of the Nikkor lenses, against simple achromatic condensing lenses, 

on both parts of the set-up was to ensure superior broad wavelength performance. 

Variations in optical arrangement for Schlieren also include the use of filters and 
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the configuration of the light source (pulsed/continuous). 

 

2.5.2 Camera setting 

 

A key factor of the Schlieren set-up is that image acquisition depends on the system 

sensitivity, which in turn depends on optical alignment and camera settings. Researchers 

have shown the effect of camera settings in capturing optical and quantitative 

information. In some of the studies (Takeuchi K et al., 1983; Verhoeven D et al., 

1998; Arre`gle J et al., 1999; Morgan et al., 2001; Kennard et al., 2002), images were 

acquired by taking one snapshot of spray per fuel injection. Photographic films or 

(intensified) charge-coupled device (CCD) were used to register these images. An 

image sequence for spray development with time was created with a series of injection 

for each image taken at a different time delay from start of injection. Thus, this 

strategy necessitated repeating the injection tests, and hence vital information on 

transient dynamic phenomena could easily be missed. 

 

A different group of works (Rao KK et al., 1992; Naber JD et al., 1996) used high 

speed cinematography in their investigations. This technique allowed for separate 

recording of the temporal development of every fuel injection event. It was therefore 

possible to detect spray dynamics and change in spray behaviour between different 

injection events. However, conventional high speed film cameras, as used in the 

identified works, were specialised equipment that required alignment, development and 

digitising of film material. These made the approach to be time-consuming and labour 

intensive. 

 

 

In evaluating the start of injection process, some studies completely assumed that the 

initial spray development could be determined with sufficient spatial and temporal 

resolution. This was quite possible for single shot photography or cinematography at  
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higher frame rate than 15 kHz. However, with the type of camera (Kodak HS Motion 

Analyser) used by (Dan T et al., 1997; Morgan R et al., 2001), upper limits were set to 

image acquisition rate (between 4.5 and 9kHz) for complete observation of injection of 

(multiple) large sprays from a heavy-duty engine with sufficient spatial resolution. 

Consequently, only few shots could be taken, before the spray travelled up to a distance 

of 30mm or more. This is a general problem, even for the modern high speed video 

cameras. 

 

Nevertheless, modern high speed video systems, such as the complementary metal-

oxide semiconductor (CMOS), are becoming more popular as they perform better in 

the study of spray development and spray dynamics. They can be adjusted to suit 

light source (laser or white) and configuration (pulsed or continuous), as well as the 

operating conditions. 

 

2.5.3 System set-up 

 

Researchers approach Schlieren set-up differently. Even though the basic components are 

still deployed, it is however not uncommon to see slight variations that are often 

unique to the image acquired. In the study by Lyle et al., (2009a), they tracked liquid 

and vapour penetration simultaneously, using Mie scatter and Shadowgraph/Schlieren 

(Figure 2-9 set- up), under low temperature conditions. The time-resolved pair, of 

Schlieren and Mie-scatter images, identifies the instantaneous position of both the 

vapour and the liquid phases of the fuel spray, respectively. Thus, they used 

Shadowgraph/Schlieren imaging, with CMOS camera, to measure axial vapour 

penetration from the variation in refractive index with density. As well as, to 

identify the boundary between vaporized fuel and background ambient gases. Further 

analysis of the shadowgragh (vapour boundaries) yielded the jet spreading angle. 

The results showed injection strategies, such as multiple short injections, that limit  
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liquid penetration (and hence wall impingement), whilst permitting vapour-phase 

penetration. Despite these results, multiple injections may not produce optimal 

performance for low temperature combustion. Besides, low temperature condition 

creates low density environment where vaporisation is poor and liquid impingement 

is probable. Fuel injected earlier may ignite and prevent later injections from mixing 

and achieving less fuel-rich combustion. 

 

Using similar set-up, Lyle et al., (2009b) visualized spray penetration with the 

Schlieren. High-speed imaging was performed for non-vaporizing, non-reacting and 

reacting sprays in a high-temperature, high pressure combustion vessel. The work 

further demonstrated the capacity of high-speed Shadowgraphy/Schlieren to identify 

transients in auto-ignition and lift-off length well after ignition. Shadowgraph 

technique was used for the high temperature, high pressure tests. This was because 

the associated higher ambient density created strong gradients that enabled the 

detection of vapour boundary, without Schlieren stops. Image correction for 

background variation in density was effected by considering the image intensity 

before and at any other time after injection. This method eliminates pre-existing 

Schlieren effects in order to more easily visualize the actual jet structure. For the 

non- vaporising condition, the background intensity before injection was simply 

subtracted from that after injection, as the background features did not change 

significantly during the injection. Under non-reacting and reacting conditions 

respectively, changes in background features were observed with injection. 

Correction was effected by subtracting previously acquired image from current image 

plus a greyscale offset. 

 

Image correction is very important for image processing, especially at high temperature 

and pressure conditions, as more interesting spray penetration characteristics are  
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revealed. In combination with other techniques shown in Figure 2-9, 

Shadowgraph/Schlieren imaging provided useful information to confirm the 

usefulness of high-speed imaging in interpreting diesel combustion. However, it is 

important to note that the application of a no-stop strategy performed very well with 

image pre-processing in detecting vapour boundary. 

 

 

Another work by Kook et al., (2012), simultaneously, analysed liquid and vapour 

penetrations, using Mie-scattering and Schlieren technique respectively. The study was 

conducted with same Figure 2-9 set-up, under conditions representative of low 

emission diesel engine operation. Evaporating sprays of six different fuels, including 

diesel fuel, were investigated. The result showed that liquid-phase penetration 

increased with fuel density and boiling point. Vapour penetration and spreading 

angle were not significantly affected by these properties. During the process, a 

general problem of resolution, which could affect image processing, developed. 

Given the non-uniformity of the ambient gas in the Schlieren background, it would be 

difficult to clearly identify vapour region. The non-uniformity was caused by 

temperature differentials in the ambient gases and boundary layers at combustion 

chamber`s windows. Optimizing the illumination may have improved vapour region 

and background contrast. However, the implementation of background correction 

reduced the effects of the non-uniformity. Interestingly, the result related liquid- phase 

penetration to fuel density, in agreement with the scaling law (Siebers, 1999). This is 

important for direct fuel injection. Using a fuel with low boiling point and density 

eliminates  concerns  for wall wetting and fuel-in-oil dilution. 

 

As part of the collaboration of the Engine Combustion Network (ECN), Pickett et al., 

(2010), compared works by two facilities, Sandia National Laboratory and IFP 

Laboratory, on a diesel fuel sample (ECN-Spray A) penetration using Mie-scatter and  
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Schlieren set-up. Both facilities used CVP test rigs. To visualise liquid penetration with 

similar set-up to Figure 2-9, Sandia used a continuous-wave laser source formed into 

a volume to illuminate the liquid part of the spray. This (side-illuminated) method 

was preferred to the use of laser sheet in order to ensure that all droplets proceeding 

from the nozzle were illuminated; and to identify the maximum axial and radial 

distances of any liquid fuel. The CMOS camera was set to create adequate dynamic 

range that will identify spray regions where liquid completely evaporates. Another 

CMOS camera was used to simultaneously capture the vapour phase penetration. 

Building on the success of Lyle et al., (2009b), Sandia used a no-stop Schlieren (or 

shadowgraph). Actually, without a Schlieren stop, the focal point of the collection 

part had adequate sensitivity at the ambient densities of the Spray-A. 

 

In contrast, IFP used the set-up in Figure 2-10 for the simultaneous Mie-scatter and 

Schlieren imaging. For the former, a xenon arc lamp was used to illuminate the 

liquid-phase spray region, with the CMOS camera operated at higher resolution, but 

slower framing period and exposure time than the Sandia set-up. The light source is 

opposite the spray direction (head- on). A HeNe laser was used for the Schlieren 

imaging. The sensitivity of the Schlieren system depends on the distance from the 

spray to the collimating lens and camera (Settles, 2001). This was applied by IFP to 

achieve the best performance using a dark-field set-up with a 17mm disc placed at the 

focal point of the collection part, as shown in the Figure. The camera was operated 

at same resolution and speed as the Mie-scatter, but at a reduced exposure time. In 

addition, the ECN-Spray A diesel fuel used by IFP was of slightly different composition 

from that used by Sandia. Notably, one camera was used for the techniques by IFP, 

but with different settings. 

 

The results, from the two facilities, highlighted the differences in spray appearance 

and maximum distance of penetration during the early transient stages of spray 
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development, for the liquid phase. Difference in spray appearance was ascribed to the 

optical set-up due to the different modes of illumination employed by the facilities. 

The side-illumination intensity performed better than the head-on, since the latter also 

employed imaging set-up that caused slower rate of image acquisition. Difference in 

transients in liquid penetration was believed to be caused by different injector and 

injector driver configurations. Between the two facilities, the similarities were quite 

reasonable for vapour penetration and spray dispersion at same times after start of 

injection (ASI). In general terms, given the complexities of the experiments, the 

agreement between the liquid, vapour and even reacting flame at the two facilities 

were remarkable. This was confirmed by the comparison with the model by Naber JD 

et al., (1996) 

 

 

Bardi et al., (2012) extended the ECN comparison by including similar measurements 

from; Caterpillar, GIT, and CMT. Caterpillar used CPF vessel and a (pulsed) Cu laser. 

The use of a pulsed laser enables adequate control over the camera exposure. In 

addition to laser, Caterpillar, like IFP, used chromatic filters and reduced the 

exposure time so as to reject some of the combustion luminosity. The Schlieren 

technique by Caterpillar (Bardi et al., 2012) did not utilize any stop, but the acquired 

image still had some darker regions. This was because the camera used was effective in 

clipping part of the refracted beam. Hence, the technique was classified as Schlieren, 

and not shadowgraphy. The work has shown the successful application of the laser light 

to Schlieren imaging by two different institutions with two different test rigs. Different 

strategies were essentially applied, and the results compared favourably within 

experimental complexities. It was not particularly stated how Caterpillar and IFP 

overcome the speckle effect. Perhaps the orientation of the illumination, the type of 

stop used, the use of lenses (instead of mirrors) and filters may have reduced the 

effects of laser coherence. This is subject to verification. More importantly, the 
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progress made with laser, as demonstrated, encourages further application. 

 

2.5.3.1 Image acquisition 

 

The Schlieren set-up, with the camera-lens configuration, for spray visualization 

ultimately delivers image, which is an overlay of shadowgraph and a focused spray. 

This suggests that the deflected rays from upstream are missing from the collection 

system, as they are out of focus. Pastor et al., (2012) presented Schlieren 

measurements of the ECN-Spray A penetration under inert and reacting conditions, 

using the set-up in Figure 2-11. 

 

 

Figure 2-11: Schlieren set-up for Spray A imaging (Pastor et al., 2012) 

 

In the main, they analysed and optimized Schlieren optical set-up in order to improve 

image processing. The analyses shed more light on focusing (Figure 2-12), and the 

relationship between ray refraction, filtering at the image plane and resulting image 

(Figure 2-13). Figure 2-12 shows three different configurations of image focusing of a 

non-reactive spray. With the de-focused (under-focused and over-focused) images, the 

camera was believed to have respectively focused onto a plane ahead and behind the 

spray. An additional demonstration of the scenario is shown by the schematics of Figure  
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2-14, where M represents the object plane. Clearly, the appearance of the defocused 

images in Figure 2-10 makes it difficult to conduct the potential computation of the 

spray boundary. Unlike the focused image, that provided better spray and background 

contrast. This is also shown in Figure 2-14, as only ray A was focused back to the 

position of its original path, after deflection. Thus a focused system was recommended, 

with accurately quantified filtering in the Fourier plane, as the unique solution to create 

the Schlieren effect. The effect of Fourier filtering is shown in Figure 2-13. In a, b, c and 

f, bright field is illustrated, with the (low-pass) iris blocking highest diffraction orders 

and allowing least deflected rays pass through to the camera. Dark field is illustrated by d 

and e, with the high-pass filter blocking central rays and allowing the higher orders 

to pass through. Case e is actually an adaptation of d, meant to show black penetrating 

liquid, white penetrating vapour and grey background. Image f shows the first stages of 

combustion. These arrangements illustrated the versatility of Fourier filtering in 

providing numerous possibilities of output for Schlieren images. 

 

 

Figure 2-12: Three different configurations of focused shadowgraph (Pastor et al., 2012) 
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Figure 2-13: Effects of filtering (Pastor et al., 2012) 
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Figure 2-14: Ray refraction by a background structure; (A) in the focused plane; (B) 

in a defocused plane and (C) in a defocused plane but with an extended light source 

(Pastor et al., 2012) 

Against this backdrop, the optimisation technique by Pastor et al., (2012), used the set-

up in Figure 2-9, to focus on the spray and maximise the collection angle in order 

to optimise filtering in the plane of Fourier. These were implemented by varying the 

angles of illumination and collection, to force the contrast between the background 

and spray/flame and obtain images with different levels of intensity. Care was taken 

to avoid as much as possible the structures caused by in-homogeneity of the ambient 

gas. To optimise the illumination, the angle of incident between the light source and 

the mirror was minimised to reduce the beam straightening. For improved collection 

angle the collection lens was brought closer to the combustion vessel, while the 

camera lens, and fully opened diaphragm (D2), were placed close to the Fourier 

plane. Similar strategy was employed by IFP, as explained earlier (Figure 2-10). As 

the collection lens was brought close to the test subject, the (17mm) disc actually 

provided the dark field effect by serving as a high-pass filter, which was necessary  

to  improve  image  acquisition.  If  a  no-stop  (shadowgraph)  strategy  had  been 
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implemented, the performance would have been below optimal. On the other hand, the 

use of an  aperture  or  knife  edge  would  cause  the  effect  of  diffraction  to  degrade  

the  image. 

 

 

Finally, even as the advances in technology continue to enable the development of 

high- fidelity Schlieren diagnostics, studies still show differences in spray 

measurements. Detailed comparisons have been conducted by Bardi et al., (2012) 

to identify probable causative factors. These include design-induced variations due to 

the type of test rig used. Other factors were classified under variations due to 

experimental set-up, and they covered; illumination source/orientation, boundary 

conditions and hardware-related issues. Pastor et al., (2012) tried to address 

variations due to image acquisition, and they developed concept for Schlieren set-up 

that requires more experiments to be validated. It was also clear from the work that the 

quality and speed of results of the optical technique employed, and analysis, depended, 

to a large extent, on the processing algorithm. This understanding was applied by 

ECN comparisons in Bardi et al., (2012), as all the images acquired by the 

collaborating institutions were processed with the routine developed by Sandia 

Laboratories. The algorithm implemented in the routine was relatively insensitive to the 

optical set-up/ strategy. However, it was ultimately sensitive to the results of the optical 

technique employed. It is therefore necessary to optimise the technique. 

 

2.5.4 Summary 

 

Schlieren technique provides a dynamic and unambiguous means of conducting 

qualitative visualisations of diesel fuel spray. This has been facilitated by the 

advances in computer technology and improved optics production. However more 

work is required in the design and implementation of Schlieren system.  Improving the 

illumination, optimising image acquisition, limitations of size and portability are on-
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going challenges. 

 

From the review, it is clear that the uses of white and laser lights have led to the 

acquisition of useful images. It was also evident that the traditional Schlieren set-up is 

gradually giving way to more purpose-driven set-ups. Different types of stops are now 

possible with the use of laser. Indeed, the dramatic changes in the Schlieren set-up for 

improved imaging have been facilitated by laser. Laser is offering significant 

opportunity as a source of illumination, despite the problem of speckle. Its 

advantages far outweigh its disadvantages. Hence, it is very important to explore this 

opportunity further, in order to optimise the technique. 

 

2.6    Conclusions of chapter two 

 

The evolution of the diesel engine up to the development HSDI engine, and beyond, has 

been remarkable. Challenged by ever so strict emission laws, the HSDI design was able 

to significantly reduce NOx and PM emissions, whilst providing platform for present 

and future engine optimisation. It has supported increased injection pressure, 

modified injection equipment/strategy, incorporation of boost systems (supercharger 

and turbocharger), emission reduction devices and application of EGR, and more 

recently pre-mixed (LTC) combustion modes. Indeed, modern diesel combustion 

strategy involves premixed combustion method, which utilizes longer ignition delay 

to improve fuel-air mixing, and hence, achieve simultaneous reduction of both NOx 

and PM emission levels for the purpose of meeting the increasingly stringent emission 

laws. EGR, which normally has three different effects, is a necessary feature of the 

LTC mode. These effects are: dilution, thermal and chemical. Dilution, which is the 

most dominant effect for HSDI engine, reduces inlet charge oxygen concentration. 

Thermal effect causes an increase in inlet charge heat capacity. While chemical effect 

leads to modification in combustion process due to dissociation of CO2 and water  
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vapour. These LTC challenges can be met by optimising combustion control. It has 

also been mentioned earlier, that optimising combustion control is a viable alternative 

to the expensive after-treatment devices. Since it would improve combustion 

efficiency, and hence engine efficiency. 

 

This research work seeks to develop an understanding of in-cylinder spray 

behaviour for optimising combustion control. From the literature survey, so many 

investigations on spray characteristics have been conducted, while very limited 

understanding of the interaction between spray and bowl for emission reduction is 

available. Where such knowledge existed, the study types were mainly theoretical and 

numerical. The effects of wall impingement on mixing have generated contradictory 

results. Between experiments that used flat walls and real combustion chambers the 

inability of the former to reflect the effects of real bowl geometry was deemed 

responsible for the disparity. On the other hand, the contradictory results between 

experimental and numerical studies was inputted to the simulations in the latter that 

were unable to reproduce the complex turbulent structure (wall jet vortex) generated 

during the spray and bowl interaction. Even worse, in terms of combustion 

characteristics, tested bowls either performed or did not perform. No attempts were 

made to alter the bowl geometry for a better emission performance. However, a general 

understanding of spray behaviour has been developed to guide this work. Spray and 

bowl interaction is characterised by: formation of thin film on wall surface, spray 

rebound off the wall surface, and spray break-up, with ejection of secondary droplets 

and deposition of liquid mass on the wall. These characteristics depend mainly on the 

wall surface temperature and droplet thermodynamics properties (which derives 

mainly from the injection pressure). Diesel combustion and emission are controlled 

by spray penetration and mixing, which makes the effects of operating parameters, 

such as injection pressure and ambient density, on spray characteristics to be  
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significant. DI diesel engine in-cylinder flow behaviour, around TDC, towards the 

end of compression stroke, is critical for the combustion process. This depends 

mainly on the evolution and development of the air inducted at intake. It is also at this 

point that the complex influence of bowl geometry on flow and combustion is 

manifest. Piston bowl shapes and structures the flow (spray and air) for combustion. 

Therefore optimising spray/bowl interaction means improving the mixing of air and 

spray to reduce incomplete combustion. 
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3 EXPERIMENTAL METHODS 

 

 

 
3.1 Introduction 

 

This chapter describes the measurements of the liquid and vapour penetrations of a diesel 

fuel spray. For this purpose, different test regimes were conducted. These tests 

allowed for the determination of the influence that the injection parameters (injection 

pressure and nozzle geometry) and in-cylinder thermodynamics variable (pressure) 

had on the penetration of diesel spray under evaporative (non-combusting) conditions. 

The present investigation was conducted experimentally on the optical engine 

(Proteus) for visualisation of high pressure (free) spray behaviour. High speed 

visualisation (HSV) using Mie scattering and shadowgraph techniques (with high speed 

laser and camera) were used to measure spray penetration. The use of an optical 

engine, as against the commonly used combustion vessels, was to enable the 

acquisition of data under real engine operating conditions. It also eliminated those 

critical background conditions due to strong temperature and pressure differentials 

commonly experienced with combustion vessel test rigs.  The results of this research 

will provide understanding of free spray behaviour, which when combined with 

wall-impingement studies will facilitate the development of model for emission 

reduction. Such model can also lead to savings in the cost of designing piston 

bowls, as it will be possible to favourably change the performance characteristics by 

altering the geometry. 

 

In the first part of this chapter, the experimental apparatus and set-up are presented. 

The second part describes the technique and procedures employed for the 

visualisation of liquid and vapour spray penetrations respectively. Based on the 

visualisation, the effects of the: injection pressure, in-cylinder pressure (at the point 

when the fuel was injected) and nozzle geometry (considering different injector 
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configurations) on spray (liquid and vapour) penetration were investigated. The third, 

and final, part is dedicated to the illustration of some spray development visualisations 

and extraction of measurement data. 

 

3.2 Experimental set-up 

 

The set-ups for the liquid and vapour spray measurement were slightly different, but 

they were based on the Ricardo Proteus rig, where the tests were conducted under 

thermodynamic conditions similar to those found in a DI diesel engine. Optical 

diagnostics using high speed image acquisition equipment were developed and 

optimised around the Proteus, to visualise in-cylinder spray penetration. The key 

components and description of the set-up are presented below. 

 

3.2.1     The Proteus 

The Proteus is essentially a 2-stroke, liner ported, single cylinder reciprocating rapid 

compression machine (RCM) installed at University of Brighton. It is capable of high 

realistic combustion conditions for spray analysis of up to 10 MPa in-cylinder pressure 

and adjustable intake air temperature of up to 423 K. Figure 3-1 shows the key piece of 

the Proteus rig, which is a specially designed head (top-hat shape and optical 

chamber, with window access). 
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Figure 3-1: CAD drawing of Proteus 

 

 

The inlet and exhaust ports are located on the cylinder liner, which makes the head 

free of inlet and exhaust valves. As a result, there is ample room provided by head, 

with its top-hat design, and the spray chamber, which is complemented by the optical 

access provided by four removable windows. The head and the spray chamber form a 

long cylindrical optical chamber, 80mm in length and 50mm in diameter, to enable the 

visualisation of fully developed fuel spray without impingement. Due to the increased 

volume of the combustion chamber, as a result of the compromises necessary to 

implement the optical access, the compression ratio (CR) was reduced. Since the 

compression ratio is a key element in reproducing similar conditions with production 

engines, it was therefore necessary to condition the intake air to be representative of 

production engine. For this purpose, the representative in-cylinder temperatures and 

pressures were maintained by increasing the boost pressure and temperature up to 0.8 

MPa and 373 K respectively. The induced air was then compressed in the engine to 

achieve the required test conditions (Crua, 2002). In addition, the reduced CR brings 

some measure of control as early auto-ignition of the fuel/air mixture is avoided. 

Another consequence of implementing the optical access is less efficient cooling 

system of the optical combustion chamber compared to a production engine. The 

Proteus, therefore, operates skip-fire modes to help reduce the thermal load on the 
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engine. Skip-fire routine is required to avoid unnecessary window fouling, maximise 

in-cylinder purging and ensure proper laser synchronisation. 

 

 

Out of the four removable windows, one was used to mount the injector, while the other 

three were fitted with sapphire glasses to form the optical windows. The size of each 

window was 25mm in width and 55mm height, and the outer edges of the windows 

were secured against leakage with an O ring. Window holders secured the sapphire 

glasses, with a special silicon- based resin (see Figure 3-2). The windows were secured 

on the Proteus with annealed copper gaskets, which also protected the sapphire 

windows against the head casting. This design facilitated quick overhaul and 

cleaning. 

 

 
 
 

Figure 3-2: CAD drawings of the optical window (Crua, 2002) 

 

Sapphire was considered a suitable material for the window glasses due to its good 

properties, which included: high mechanical strength, chemical resistance, thermal 

conductivity and thermal stability. These are vital properties required in a high 

temperature environment, which is usually encountered during in-cylinder combustion. 

Under such environment, spectrum absorption (in part or whole) by the window and 

window fouling are common phenomena that may affect measurements. Sapphire is a 

synthetic material formed from aluminium oxide (alumina, Al2O3), with a single 

crystal rhombohedra structure and melting point of 2303K. It also has very wide 
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optical transmission band from ultra violet (UV) to near infra-red (IR) spectrum. As 

the hardest substance next to diamond, window thickness with sapphire can be made 

much thinner for the same strength compared  to standard optical glass windows. 

 

The design of the Proteus was optimised using Ricardo software (WAVE and VECTIS 

CFD) for the ports, piston and air motion to achieve efficient scavenging and near 

quiescent air in the optical chamber. As a result, disturbances due to air motion 

against spray development, especially at TDC, are reduced with good scavenging 

efficiency. The Proteus rig was coupled to a DC dynamometer via reduction belts. 

Under this arrangement, the 3,000 rpm operating speed of the dynamometer, at a 

reduction gearbox ratio of 6:1, corresponded to an engine operating speed of 500 

rpm. In addition, the torque through the dynamo was effectively reduced. Thus for 

the current study, the Proteus was motored by the dynamometer to 500 rpm, whilst 

maintaining steady in-cylinder (non-combusting) conditions all through the set of tests. 

 

Usually before initiating motoring operations, the cylinder head was heated by a water 

jacket (to 85 
o
C) and the sump oil (to 35 

o
C), which had been heated with immersion 

heaters, and delivered by the water and oil pumps respectively. This process heated 

the engine up to realistic operating temperatures before the motoring operation. 

Losses due to heat transfer from the in-cylinder gas to the surrounding walls were 

minimised by pumping the heated water and oil before running the engine. The 

intake air was conditioned to give in-cylinder temperatures and pressures required by 

the test conditions. Boost air pressure and temperature were PID controlled; engine 

operating conditions were controlled and monitored by a centrally dedicated control 

computer using in-house software. The rig was instrumented with sensors for 

condition monitoring (see Table 3-1 for the sensor specifications). Temperatures were 

recorded with thermocouples in various key locations, such as: intake, fuel supply, 
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coolant and oil. Static pressures were measured with strain gauge type pressure 

transducers at such positions as: intake, oil, fuel supply, and fuel rail. In-cylinder 

pressure was measured with a Kistler 6125 piezoelectric pressure transducer in 

conjunction with a Kistler charge amplifier. 

 

Table 3-1: List of sensors (with the uncertainty of full-scale output, (FSO)) 

 

Sensor Model 

Range 

[bar] 

Uncertainty 

[%FSO] 

Kistler 4045 4045A 0…..500 ≤±0.3 

Kistler 4067 4067 0…..5000 ≤±0.5 

Kistler 6125B 6125BU20 0……250 ≤±0.5 

 

 

The specifications of the Proteus rig are: 150 mm stroke, 135 mm bore, 275 mm con-

rod length and 2200 cc displacement and 9:1 compression ratio. Its single cylinder design 

permits spray visualisation under a wide range of operating conditions and easy 

access of optical diagnostics with minimized amount of test fuel. 

 

3.2.2 Injection system 

 

A high pressure (HP) common-rail system (CRS) fuel injection equipment on the 

Proteus rig was used for the present study (Figure 3-3). It was a relatively flexible 

system, with less design complications, and capable of achieving injection pressures up 

to 2000 bar.  An electric low-pressure (LP) transfer pump supplied fuel from a reservoir 

through a fuel filter to the HP pump. The fuel was delivered to the injector according 

to the test conditions. A heat exchanger was used to return part of fuel to its original 

temperature prior to entering the reservoir. This was to avoid fuel spill, and a fuel 

return line was available for the purpose. There was also a unit (electronic control 

unit, ECU) that directly controlled system`s operation. On a typical engine, the CRS 
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pump would be driven by crankshaft/camshaft via a belt running at either same or 

half the engine speed. For the Proteus, an external electric motor was installed to run 

the pump independently of the engine. Once pumping, the fuel was pressurized to the 

pre-set rail pressure before the appropriate quantity of fuel was transferred to the rail. 

This arrangement maintained the required high pressure levels in the fuel rail, and 

ensured a stable line pressure with minimum fluctuation, which would have been 

difficult to achieve with crankshaft/camshaft as the driver. 

 

 

 

 
 

Figure 3-3: Schematic of the Proteus injection system 

 

 

 
 

Different injector configurations by Delphi and Bosch were used for the tests to 

enable comparison of results (e.g. Figure 3-4(a)). These electrically controlled 

solenoid injectors had main features in common, which included: solenoid, the control 

needle, the main needle, the fuel supply and return lines. The common rail and 

delivery pipe were both instrumented with another Kistler pressure transducer, with 

the delivery pipe kept short just as in real engines. Only one out of the four common 
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rail injector outlets was used at any given time, so the other unused three were fitted 

with plugs. For the rig, a special microprocessor-based controller implemented by 

the EmTronix system enabled independent control of injection timing, number of 

injections per cycle, injection duration and rail pressure. The copper- vapour laser 

(Figure 3-4(b)) was operated at 50,000 Hz pulsing frequency to illuminate the in-

cylinder spray through the optical window. Phantom cameras (v12.1 and v710), which 

are CMOS-based high speed camera, were used (Figure 3-4(c)) for the tests. They are 

capable of a very high image acquisition rate at a reduced resolution. For the tests, they 

were operated in the range 41,000 - 42,000 Hz framing speed for an exposure of 23 - 24 

µs. 

 

The rig synchronization logic, which covered triggering of the injector and the 

secondary devices (laser system and the high speed camera), as well as data 

acquisition was implemented by the EmTronix programming and the associated 

hardware, which consisted of: controller computer and the BNC triggering device (see 

Figure 3-5). Prior to the start of any batch of tests, the injection parameters (e.g. 

injection angle, injection duration, rail pressure, delay of secondary trigger, etc.) were 

uploaded to the system via a personal computer. This gave high timing accuracy and 

good parameter control, even though these settings could be altered during the run. 
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Figure 3-4: Items for the visualisation tests 
 

 

 

 

 

 

 

 
Figure 3-5: Simplified schematics of the Proteus triggering system 

 

 

 

3.2.3 Set-up description 

 
Below is a summary of the set-up for the experiments, which was developed 

around the modern laser diagnostic technique used for the spray measurements. 
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 Experimental methods 

 

o High speed visualisation for liquid spray penetration 
 

o High speed laser shadowgraph for vapour spray penetration 
 

 Optical set-up 

 

o Copper-vapour laser (CVL): 
 

 Light source 

 

 Pulsing frequency, 50 kHz 

 

 Pulse duration, 10 ns 

 

 Instantaneous power, 8kW 

 

o Phantom (v12.1 and v710) high speed cameras: 
 

 Framing 

 

 Sample rate, 41,000 – 42, 000 frames per second (fps) 

 

 Exposure 23 -24 µs 

 

o EmTronix system and BNC trigger: synchronisation 

 

 
For all the tests, the key steps included: installation of equipment, engine warm-up, 

motoring, uploading and adjusting parameters to achieve desired PID, fuel injection, 

data capture and shut down. A reference fuel with low sulphur content and 

representative for automotive diesel was used for the experiments. Its properties are 

attached as appendix A. Engine logs were recorded with AVL Indiset high speed data 

acquisition system for fast logs (crank angle resolved), and EmTronics data logger for 

slow logs. For each regime of test, a minimum of fifty (50) videos were recorded with 

the laser/camera combination. The videos were post- processed with in-house 

software (Matlab based) and analysed. 

 

3.3 Liquid spray visualisation 

 

Liquid-phase diesel fuel penetration is a paramount consideration in optimising in-

cylinder processes, especially for the small-bore DI diesel engines and given the 
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present trend of engine downsizing. Penetration of the liquid phase fuel is needed to 

promote fuel-air mixing. Over-penetration can result in fuel impingement on the 

combustion chamber walls, while under-penetration can lead to an unsatisfactory fuel–

air mixture and consequently reduced the combustion efficiency (Park et al., 2009). As 

a result, visualisation would facilitate a better understanding of the parameters and the 

processes that control the extent of the liquid-phase fuel in a diesel spray. This is 

very important to both the engine designer and to those developing multi-

dimensional computational models for use as engine design and optimization tools. 

Present understanding in the area has been developed mainly through: investigating 

the effective parameters on liquid penetration length, optimizing the combustion 

conditions to reach the optimum penetration length, and deriving theoretical and 

impractical governing correlations. More insight is still needed. 

 

The liquid spray visualisation experiments were conducted with four different 

solenoid- actuated, injectors with sac volume nozzles. Specifications for the 

injectors are shown in Table 3-2. The diagnostic technique used for this experiment 

is known as Mie scattering, which is an elastic scattering technique. Mie scattering is 

used for light scattering of droplets or particles with a diameter size equal to or larger 

than the wavelength of the used laser beam (Hecht, 2002). The intensity of Mie 

scattered radiation is given by the summation of an infinite series of terms rather 

than by a simple mathematical expression. The Mie theory is beyond the scope of this 

work, and the Mie scatter method that is often used to define particle or droplet sizes is 

not implemented here. Rather the Mie scatter employed for this work is the applied 

scattering regime. By this approach, the laser beam was aligned to pass through the 

vertical plane of the fuel spray and cause elastic scattering of the laser light by the liquid 

fuel droplets as soon as fuel was injected into the chamber. The high speed camera was 

positioned perpendicular to the laser illumination to collect the scattered light. This  
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visualised the liquid fuel distribution and showed the liquid penetration within the 

spray. For injectors B, C and D experiments, the laser light was collimated, with the 

intensity reduced by neutral density filters. In this arrangement, the filter was carefully 

placed between the laser and a collimating lens; so that the laser light was collimated 

before entering the optical engine. The injector A experiment was not conducted with 

collimated light. However, the set-ups (Figure 3-6) for the liquid penetration tests 

were essentially similar, and included key items such as: injector, the Proteus, 

Phantom camera, high speed cupper vapour laser and computers (control and camera 

PCs). 

Table 3-2: Injector specifications 
 

  
Model 

number 

  
Hole 

size 
Flow 

(cc/min) 

Cone 

angle (0) 
k- factor 

Hole (mm) 

Injector A 

(Delphi) 
DFI 1.5 7 0.131 770 155 2 

Injector B 

(Delphi) 
DFI 1.5 8 0.13 860 156 1.5 

Injector C 

(Bosch 3601) 

            

Customised 8 0.137 960 155 1.3 

Injector D 

(Bosch 3603) 

            

Customised 8 0.137 960 155 3.5 

 



72  

 
Figure 3-6: Schematic for Liquid spray visualisation 

 

 

For all the experiments in this work certain key steps were repeated. These included: 

preparation of the Proteus, camera calibration, determination of spatial factor and 

spray orientation, setting-up/focussing of the laser, final checks to eliminate all forms 

of leakages and engine warm-up to the required starting conditions. These steps 

prepared the engine for the crucial processes of matching the engine with test point 

condition for actual tests to proceed, and acquisition of video images and logs. In 

addition, the engine was stopped at intervals, during the tests, to clean the optical 

windows. For the test conditions, the intake air temperature is determined by the intake 

manifold temperature (TMAN). 

 

3.3.1    Procedure for Injector A liquid spray experiment 

Injector A was used in the set-up (Figure 3-6) for target test conditions shown in Table 3-

3. 
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Table 3-3: Target test conditions for Injector A liquid spray tests (generated by the Project 

partner, Ricardo UK). 
 

 
Test point 

TP 

Intake air 

temperature 

TMAN (
o
C) 

Peak in-cylinder 

pressure 

ICP (bar) 

 
Fuel pressure 

P (bar) 

 
Fuelling 

(mm
3
) 

1 100 84 2000 65 

2 100 84 1600 36.31 

3 100 84 1400 36.71 

4 100 84 1000 35.31 

5 100 84 600 34.86 

6 100 50 2000 45 

7 100 50 1600 45 

8 100 50 1400 45 

9 100 50 1000 25 

10 100 66 2000 65 

11 100 66 1400 45 

12 100 66 1000 45 

13 100 79 1800 60 

14 100 73 1600 50 

15 100 40 600 20 

 

 

 

The laser provided sufficient illumination for a high speed Phantom v12.1 camera to 

capture the in-cylinder liquid spray development at a sample rate of 41822 fps 

from the start of injection. The spray parameters obtained for the injection sample 

were: liquid phase penetration length, the liquid dispersion angle and spray axis. 

 

 Determination of spatial scale factor – this was calculated before (pre) and after 

(post) the test using a target (Figure 3-7) well positioned in the optical 

chamber for image acquisition with the high speed camera only. Two points, 

A(x1, y1) and B(x2, y2) at certain picture-elements (pixels) apart, were captured 

to compare their actual distance apart in millimetres (mm). It was important to 

calculate the spatial scale factor before and  after  the  test  in  order  to  ensure  

that  the  settings  had  not  been  accidentally modified, which will be indicated 

by a significant variation in the scale factor value. 
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Figure 3-7: Points A and B on target specimen 

 

 

Pre-test 

A = (57 pixels, 125 pixels) 

B = (400 pixels, 131 pixels) 

Vertical distance between planes A/B (pixels) 

=  

= 343.0 pixels 

 

Actual horizontal distance between planes A/B (mm) = 28.6 mm 

Spatial scale factor =  

= 0.0835 mm/pix 

 

Post-test 

A = (56 pixels, 106 pixels) 

B = (401 pixels, 130 pixels) 

Vertical distance between planes A/B (pixels) 

=  

= 344.2 pixels 

 

Actual horizontal distance between planes A/B (mm) = 28.6 mm 

Spatial scale factor =  

= 0.0832 mm/pix 

 

3.3.2 Procedure for Injector B liquid spray experiment 

 
The test procedures using the set-up in Figure 3-6 were repeated with injector B for 

target conditions shown in Table 3-4. The laser provided sufficient illumination for the 

high speed Phantom v12.1 camera to capture the in-cylinder liquid spray development 

at a sample rate of 42010 fps from the start of injection. Liquid length penetration 

was the spray parameter obtained for the injection sample. 



75  

 

 

Table 3-4: Target test conditions for Injector B liquid spray tests 
 

Test TMAN Peak ICP Fuel P Fuelling 

Point (TP) (
o
C) (bar) (bar) (mm

3
) 

4 100 84 1000 35.31 

6 100 50 2000 45 

9 100 50 1000 25 

14 100 73 1600 50 

15 100 40 600 20 

 

 

 Spatial scale factor – for this and subsequent measurements, the target used 

earlier was replaced with the target shown in Figure 3-8. This target was 

calibrated (shown by the grid lines) so that the actual distance between planes in 

millimetres (mm) could be read off directly. 

 

 

 
Figure 3-8: Calibrated target 

 

Pre-test 

A = (117 pixels, 89 pixels) 

B = (111 pixels, 468 pixels) 

 

Vertical distance between planes A/B (pixels) 

=  

= 378.9525 pixels 
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Actual vertical distance between planes A/B (mm) = 40 mm 

Spatial scale factor =  

= 0.106 mm/pix. This value did not change after the tests. 

 

 

 Spray orientation – whilst setting-up for the tests, it was observed that the 

spray orientation was different from expected. Hence, a spray orientation 

check was conducted to find out if the injector was well positioned. The 

existence of the small angle between the spray plane and the vertical was 

confirmed when a calibrated target was placed close to the injector plane. 

Depending on the view (Figure 3-9), angles x and y were determined. The 

choices of variables were for illustrative purposes only. This method of 

determining spray orientation was applied to the remaining tests conducted 

in this work. The views represented by x and y applied to liquid and vapour 

spray penetrations, respectively. While the values for the variables were taken 

into account in processing the appropriate video images. Thus, for Injector B 

liquid spray penetration experiments, only y (12
o
) applied. 

 

 
Figure 3-9: Spray orientation 

 

3.3.3 Procedure for Injector C liquid spray experiment 

 
The test procedures using the set-up in Figure 3-6 were repeated with injector C for 
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target conditions shown in Figure 3-9, but with a Phantom v710 high-speed camera. 

This ultra-fast camera and the high speed laser combination enhanced the capture of in-

cylinder liquid spray development at every 20µs from the start of injection. Liquid 

spray penetration, dispersion and axis were the spray parameters obtained for the 

injection sample. 

 

Table 3-5: Target test conditions for Injector C liquid spray tests 

 

Test TMAN Peak 

ICP 

Fuel P Fuelling 

Point (TP) (
o
C) (bar) (bar) (mm

3
) 

2 100 84 1600 36.31 

4 100 84 1000 35.31 

7 100 50 1600 45 

9 100 50 1000 25 

14 100 73 1600 50 

15 100 40 600 20 

 

 

 Spatial scale factor – 

 

Pre-test 

A = (125 pixels, 49 pixels) 

B = (118 pixels, 459 pixels) 

Vertical distance between planes A/B (pixels) 

=  

= 409.940 pixels 

Actual vertical distance between planes A/B (mm) = 45 mm 

Spatial scale factor =  

= 0.1098 mm/pix 

 

Post-test 

A = (90 pixels, 46 pixels) 

B = (99 pixels, 454 pixels) 

Vertical distance between planes A/B (pixels) 

=  

= 407.90 pixels 

Actual vertical distance between planes A/B (mm) = 45 mm 

Spatial scale factor =  

= 0.1103 mm/pix 
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 Spray orientation – with the method developed in Figure 3-9, the angles x (8.7
o
) 

and y (13
o
) were determined. For Injector C liquid spray experiments, only y (13

o
) 

applied. 

 

3.3.4 Procedure for Injector D liquid spray experiment 

 
The test procedures using the set-up in Figure 3-6 were repeated with injector D for 

target conditions shown in Table 3-6 with a Phantom v710 high-speed camera. 

Acquisition at every 20µs from the start of injection was also achieved. Liquid spray 

penetration, dispersion and axis were the spray parameters obtained for the injection 

sample. 

Table 3-6: Target test conditions for Injector D liquid spray tests 

Test TMAN Peak 

ICP 

Fuel P Fuelling 

Point (TP) (
o
C) (bar) (bar) (mm

3
) 

2 100 84 1600 36.31 

4 100 84 1000 35.31 

7 100 50 1600 45 

9 100 50 1000 25 

14 100 73 1600 50 

15 100 40 600 20 

 

 

 Spatial scale factor – 

 

Pre-test 

A = (125 pixels, 49 pixels) 

B = (118 pixels, 459 pixels) 

Vertical distance between planes A/B (pixels) 

=  

= 409.940 pixels 

Actual vertical distance between planes A/B (mm) = 45 mm 

Spatial scale factor =  

= 0.1098 mm/pix 

 

Post-test 

A = (90 pixels, 46 pixels) 
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B = (99 pixels, 454 pixels) 

Vertical distance between planes A/B (pixels) 

= 

 

= 407.90 pixels 

 

Actual vertical distance between planes A/B (mm) = 45 mm 

Spatial scale factor =  

= 0.1103 mm/pix 
 

 Spray orientation – the angles x (8.7
o
) and y (13

o
) were determined. For 

Injector D liquid spray experiments, only y (13
o
) applied. 

 

3.4 Vapour spray visualisation 

 

Vapour spray visualisation was conducted with Injectors B, C and D, using the set-up 

shown in Figure 3-10. The components essentially included a collimating lens and 

filter, with the high speed camera in a different position from that of liquid 

visualisation tests. Collimating lens selection depended on the laser diameter and 

desired collimated beam diameter. The beam divergence has a reciprocal relation 

with beam radius no matter the type of lens used. Nevertheless, a simple plano-convex 

lens was selected to provide an optimum trade-off and generate less spherical 

aberration. Plano-convex lens are simple and cheap: the appropriate diameter and 

focal length can easily be acquired. The laser beam used for this work was 

reasonably collimated with very small divergence. Beam divergence of a laser beam 

is a measure of how fast the beam expands far from the beam waist during 

propagation. The small beam divergence implemented for this application was therefore 

necessary to ensure an approximately constant beam radius over the propagation 

distance. The filters reduced the intensity of the high speed laser to eliminate image 

saturation. 
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Figure 3-10: Set-up for vapour visualisation 

 

 

The visualisation of vapour spray penetration is usually conducted with either 

Schlieren or shadowgraph technique. Figure 3-10 is a shadowgraphy set-up. This 

was confirmed by testing the sensitivity of the optical instrument to a density change: 

since a schlieren system is sensitive to the first derivative of density while 

shadowgraphy is sensitive to the second derivative of density. In the test conducted 

for the purpose, with the set-up in Figure 3-10, the image in Figure 3-11 (a) was 

acquired. A typical curve to illustrate the step change in density is constructed in (b), 

as the parent function (f(x)). The first (f’(x)) and second (f’’(x)) derivatives of f(x), 

shown in (c) and (d) respectively, were determined by identifying the points of 

inflection: horizontal (maxima and minima points) and vertical. With these points, it was 

possible to determine the changes in sign of the derivatives (as shown in (b) through (d)). 

Only (d) significantly matched the AA cross-section on the image in (a). Across AA, 

shades of white and grey are seen on either side of a continuous black band. The  

intensity plot at AA would show, the white and grey shades represented as peaks on  
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either side of a steady darker profile, to confirm the similarity of the section and the 

profile in (d). It should be noted that only one spray plume was isolated for the exercise, 

masking of other plumes will be explained later in the text during the actual image 

processing of the experimental results. 

 

 

Figure 3-11: Response to density changes 

 

 

The choice of the shadowgraph technique was informed by the need to get the best out 

of the high speed laser. Diffraction which is a major problem with the use of laser was 

reduced with absence of edges (e.g. knife edge and collecting lens). The 
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shadowgraphy implemented in this work was sensitive enough to capture the edge 

regions of the spray as shown in Figure 3-11(a). Thus the additional sensitivity of a 

Schlieren set-up, where knife edge and collecting lens are common features, was not 

desired because it typically enhances the dark or bright regions that should be 

avoided The pulsing nature of the high speed laser and its monochromatic brightness 

make it possible to instantly freeze a rapidly developing phenomenon for image 

acquisition, with short camera exposure. Camera exposure that is shorter than the 

pulse length prevents image blurring by high speed lasers. For shorter pulse length 

than the exposure, the freezing is achieved by the short illumination of the laser. Laser 

can also be used with suitable filters to separate combustion luminosity from 

developing spray. Other advantages of the laser include: improved image brightness, 

power efficiency and reduced size of the illumination source 

 

3.4.1    Procedure for Injector B vapour spray experiment 

The set-up in Figure 3-10 was used with injector B for target conditions shown in Table 

3-7. High speed laser was used together with the Phantom v12.1 camera to capture the 

in-cylinder vapour spray development at a sample rate of 41822 fps. Vapour 

penetration was the spray parameter obtained for the injection sample as described later 

in this chapter. 
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Table 3-7: Target test conditions for Injector B vapour spray tests 

 

Test TMAN Peak 

ICP 

Fuel P Fuelling 

Point (TP) (
o
C) (bar) (bar) (mm

3
) 

4 100 84 1000 35.31 

6 100 50 2000 45 

9 100 50 1000 25 

13 100 79 1800 60 

14 100 73 1600 50 

15 100 40 600 20 
 

 

 Spatial scale factor – 

 

 Pre-test 

 

A = (145 pixels, 22 pixels) 

B = (156 pixels, 342 pixels) 

Vertical distance between planes A/B (pixels) 

=  

= 319.810 pixels 

 

Actual vertical distance between planes A/B (mm) = 40 mm 

Spatial scale factor =  

= 0.141 mm/pix. This value did not change after the tests 

 

 Spray orientation – the angle x (12) was determined for this experiment. 

 

 

3.4.2 Procedure for Injector C vapour spray experiment 

 
The test procedures using the set-up in Figure 3-10 were repeated with injector C for 

target conditions shown in Table 3-8. High speed laser and Phantom v710 high-speed 

camera were used to capture spray development at a sample rate of 50000. Vapour 

penetration was the spray parameter obtained for the injection sample. 
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Table 3-8: Target test conditions for Injector C vapour spray tests 

 

Test TMAN Peak 

ICP 

Fuel P Fuelling 

Point (TP) (
o
C) (bar) (bar) (mm

3
) 

2 100 84 1600 36.31 

4 100 84 1000 35.31 

7 100 50 1600 45 

9 100 50 1000 25 

14 100 73 1600 50 

15 100 40 600 20 

 

 

 Spatial scale factor – 

 

Pre-test 

A = (125 pixels, 49 pixels) 

B = (118 pixels, 459 pixels) 

Vertical distance between planes A/B (pixels) 

=  

= 409.940 pixels 

 

Actual vertical distance between planes A/B (mm) = 45 mm 

Spatial scale factor =  

= 0.1098 mm/pix 

 

Post-test 

A = (90 pixels, 46 pixels) 

B = (99 pixels, 454 pixels) 

Vertical distance between planes A/B (pixels) 

=  

= 407.90 pixels 

 

Actual vertical distance between planes A/B (mm) = 45 mm 

Spatial scale factor =  

= 0.1103 mm/pix 
 

 Spray orientation – For Injector C vapour spray penetration experiments x (8.7
o
) 

was determined and applied. 
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3.4.3 Procedure for Injector D vapour spray experiment 

 
Testing was also conducted with Injector D using the set-up in Figure 3-10 for the 

target conditions in Table 3-9. The high speed laser and ultra-fast Phantom v710 

provided acquisition frequency of 50000 fps. Vapour spray penetration was the spray 

parameter obtained for the injection sample. 

 

Table 3-9: Target test conditions for Injector D vapour spray tests 
 

Test TMAN Peak 

ICP 

Fuel P Fuelling 

Point (TP) (
o
C) (bar) (bar) (mm

3
) 

2 100 84 1600 36.31 

4 100 84 1000 35.31 

7 100 50 1600 45 

10 100 50 1000 25 

14 100 73 1600 50 

15 100 40 600 20 

 

 

 Spatial scale factor – 

  

 Pre-test 

 

A = (125 pixels, 49 pixels) 

B = (118 pixels, 459 pixels) 

Vertical distance between planes A/B (pixels) 

=  

= 409.940 pixels 

 

Actual vertical distance between planes A/B (mm) = 45 mm 

Spatial scale factor =  

= 0.1098 mm/pix 

 

Post- test 

A = (90 pixels, 46 pixels) 

B = (99 pixels, 454 pixels) 

Vertical distance between planes A/B (pixels) 

=  

= 407.90 pixels 
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Actual vertical distance between planes A/B (mm) = 45 mm 

Spatial scale factor =  

= 0.1103 mm/pix 
 

 Spray orientation – using the developed method, x (8.7
o
) was determined and 

applied. 

 

 
3.5 Image processing 

 

This is a critical step in data analysis, where spray parameters are quantified with 

respect to time after start of injection (ASOI) for every spray plume. After each test 

regime, the video images (at least 50) generated were saved in the cine format of 

the phantom camera and stored in an electronic folder. These images were read into 

Matlab where the post-processing was implemented by opening the images, and 

subjecting them to enhancement (Figure 3-12 and Figure 3-13) and contour analysis. 

The post-processing is actually based on pixel thresholding and conversion of images to a 

binary format (Abu-Gharbieh, 2001). 

 

In order to open the images, an in-house adapter code was developed since there 

was no extension for the native camera format (-cine) in Matlab. The images were 

corrected for background artefacts and reflections. Since the injectors  u s e d  i n  

t h i s  w o r k  w e r e  multi-hole, with corresponding number of spray plumes, a mask 

was applied. Masking tells the software to recognise only a particular spray with inputted 

pixel coordinates of the orifice. This isolates the spray from other spray plumes. The 

spray image was then ‘binarised’ (converted to black and white) using a threshold 

determined based on the image intensity distribution. The threshold level was 

subjectively implemented by selecting a complete test run and varying the threshold level 

to achieve optimum results. This applied to all the images in a particular batch, since it 

was assumed that the quality of the spray images and the intensity of the laser energy did 

not change significantly. Masking and thresholding are not only beneficial in eliminating 
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background spray scatter, they also permit differentiation between interacting spray 

which reduces interference to measurement.  

 

However, a boundary was traced around the ‘binarised’ spray. The spray contour 

thus obtained was analysed with respect to spray penetration and (in some cases) 

dispersion angle characteristics, taking into account the corresponding spatial resolution 

and spray angle (where necessary). While the leading edge of the spray boundary 

defined the maximum liquid penetration, the dispersion angle (cone angle) was 

calculated as the angle included between the two lines that fitted a fixed portion of the 

spray contour (Figure 3-14). A detached spray slug was observed at the leading edge 

of the spray of some images. This detached slug was a discontinuous region of the 

liquid spray, and hence was not considered in defining the penetration length. 

 

(a)                                   (b)  

Figure 3-12: Liquid penetration image before (a) and after (b) correction and 

binarisation. Image captured with injector A in the steady period at TP06 conditions 

(in-cylinder conditions, 100 
o
C, 50 bar and injection pressure, 2000 bar ) 
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(a)                      (b) 

 

 

Figure 3-13: Vapour penetration image, before (a) and after (b) correction and 

binarisation. Image captured with injector B in the steady period at TP15 conditions (in-

cylinder conditions, 100 
o
C, 40 bar and injection pressure, 600 bar). 

 

 

 

 

 
Figure 3-14: Typical spray penetration profile [adapted from the vapour spray image 

captured with injector B in the steady period at TP15 conditions (in-cylinder conditions, 

100 
o
C, 40 bar and injection pressure, 600 bar)] 

 

The processing technique described above was executed for each frame of the spray 

video to determine the temporal variation of spray characteristics. Results were  

presented for the mean (and median) penetration as a representative value of the spray 

characteristics. These results were exported to an Excel spreadsheet. 
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3.6 Engine log analysis 

 

After each test, figures were recorded for various engine parameters. The figures for 

parameters of interest were processed with an Excel spreadsheet to evaluate the statistics 

and perform an uncertainty analysis. Through this approach, the actual conditions 

of the tests were determined. 

 

It is necessary to quantify the errors (which are usually inevitable in any experiment) 

encountered with the measurements. Standard deviation and the uncertainty analysis 

are important tools for the purpose. However standard deviation only suggests how 

measured values deviate from value that the data tends to (average value). As an 

indication of how precise the values are, standard deviation simply measures error in 

the data. Analysing the experimental uncertainties is required to take into account all 

sources of error, both random (error due to human or imprecise equipment) and 

systematic (error due to equipment or applied technique), that affect the measurement 

results. Standard deviation and all sources of error are components of uncertainty. Thus 

uncertainty statement assigns credible limits to the accuracy of a reported value, stating 

to what extent that value may differ from its reference value (Eisenhart, 1962). In 

this study, performing an uncertainty analysis is an important aspect of validating 

the experimental results with any reference (such as the comparison with the Naber JD 

et al., (1996) model conducted in the next chapter). The analysis will provide 

coverage with a high level of confidence, and large degree of freedom. In the 

calculations that will follow, 2 was chosen as the degree of freedom to approximate 

95% coverage, which is the probability that the actual value of the quantity estimated is 

within the interval defined by the confidence limits. 

 

3.6.1   Injector A engine logs for liquid spray test 

 
 Actual test conditions – Table 3-20 shows the actual conditions for the liquid 
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Injector: Injector A (Delphi), 7 holes (155⁰, 0.131mm, 2) 
Injector condition: Previously used 

Injector crank angle: TDC 

Skipped cycle strategy: 1 fired for every 10 cylces 

Camera frame resolution: 512 x 256 pixels, 12bit/pix 

Spatial scale factor: 0.0835 mm/pix (pre-test), 0.0832 mm/pix (post-test)

Injection samples: At least 50 recordings per test point 

spray tests conducted with Injector A. 

Table 3-10: Actual test conditions for Injector A liquid spray 

tests (a): Test summary 

 

 

 

 

 

 

 

 

 

 

(b): Actual test conditions as mean values with standard deviation 

 

 

Test point 

TP 

Fuel tank 

temperature 

T (
o
C) 

Intake air 

temperature 

TMAN (
o
C) 

In-cylinder 

pressure @ TDC 

ICP TDC (bar) 

 

Fuel pressure 

P (bar) 

1 36.7±1.1 99.5 ±0.7 83.3 ±0.9 1946.1 ± 

25.0 2 30.7±1.3 99.2 ±0.8 83.4 ±1.0 1590.6 

±17.4 3 32.2±0.9 99.9 ±0.5 83.6 ±1.0 1398.7 

±17.0 4 29.8±0.5 99.4 ±0.8 83.7 ±0.8 991.0 

±11.2 5 30.4±0.3 98.3 ±0.5 84.1 ±0.8 590.1 ± 9.0 
6 36.6±1.5 99.0 ±0.1 50.4 ±0.1 1991.5 

±17.6 
7 16.6±0.3 99.9 ±0.3 49.9 ±0.2 1596.8 ±8.8 

8 18.2±0.3 99.4 ±0.2 50.3 ±0.1 1394.8 ±9.8 

9 14.8±0.3 101.3 ±0.2 48.8 ±0.2 993.0 ±11.7 

10 34.4±1.4 100.5 ±0.3 65.0 ±0.6 1980.9 ±19.5 

11 16.9±0.3 99.8 ±0.5 65.5 ±0.6 1395.9 ±12.0 

12 16.4±0.3 100.1 ±0.5 65.5 ±0.6 989.6 ±9.6 

13 34.5±1.2 98.9 ±0.7 78.0 ±0.8 1789.4 ±17.1 

14 31.2±1.1 98.9 ±0.6 72.3 ±0.8 1589.1 ±18.2 

15 20.7±0.3 98.9 ±0.1 41.4 ±0.2 592.7 ±10.9 

 

 Engine log statistics – the values of the parameters shown in Table 3-20(b) 

were determined from the statistics (mean and standard deviation) of the raw 

engine logs, taking into account the firing conditions (Table 3-20(a)), at top 

dead centre (TDC). TDC was the reference point because it was the point of 

fuel injection. In addition, since the test points had more unfired than fired 

cycles, TDC presented a realistic position to study and quantify the actual test 
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conditions. The calculations are explained below. 

 

o Parameters: intake air temperature (TMAN/
o
C), in-cylinder pressure at 

top dead centre (TDC ICP /bar) and fuel pressure (P /bar). 

 Test points: 1, 2, 3, 4, 5, 10, 11, 12, 13 and 14 

№ of recorded cycles per test point per parameter = 500  

Skipped cycle strategy = 1 fired for every 10 cycles 

 

№ of fired cycle per test point per parameter = 
500

10
  = 50 

 

 

 № of observations for statistical computations, n = 50 fired cycles. 

 

For each test point, the median, mean and standard deviation of each 

parameter (T, TDC ICP and P) were computed with 50 as frequency 

Only the mean and standard deviation values were used in Table 3- 

 

20(b), as shown in sample calculation with test point 1 in Appendix B 

 

 

 Test points: 6, 7 and 8 

 

№ of recorded cycles per test point = 100 

 

Skipped cycle strategy = 1 fired for every 10 cycles 

 

№ of fired cycle per test point = 2 (TP06), 2 (TP07) and 4 

(TP08) Frequency, n = 2 (TP06), 2 (TP07) and 4 (TP08) 

Same statistics computation as above, for each test point 

See sample calculation with test point 6 in Appendix C 

 Test points: 9 and 15 

 

№ of recorded cycles per test point = 100 

Skipped cycle strategy = 1 fired for every 10 cycles 
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The fired cycles were difficult to extract 

Hence, frequency, n = 100 (TP09) and 100 9TP15) 

Same statistics computation as above for each test 

point See sample calculation with test point 15 in 

Appendix D 

 

o Parameter: fuel tank temperature, (T/
o
C) 

 Test points: 1 – 15 

 

№ of recorded cycles per test point = 60 

 

Skipped cycle strategy = 1 fired for every 10 cycles 

The fired cycles were difficult to extract 

Hence, frequency, n = 60 (TP 01 – 15) 

 

Same statistics computation as above for each test point 

See sample calculations with test point 1 in Appendix E 

 Uncertainty analysis - In order to calculate the uncertainty, it was determined that 

the Gaussian probability density function best modelled the data. Thus, from the 

engine log statistics calculated above, the standard deviation was divided by the 

square root of the number of observations, for each test point. The quotient (or 

uncertainty at 68% confidence) was multiplied by 2, to give the uncertainty at 95% 

confidence level. 
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Table 3-11: Actual test conditions for Injector A liquid spray tests with uncertainty at 

95% confidence level 
 

 

Test point 

TP 

Fuel tank 

temperature 

T (
o
C) 

Intake air 

temperature 

TMAN 

(
o
C) 

In-cylinder 

pressure @ TDC 

ICP TDC (bar) 

 

Fuel pressure 

P (bar) 

1 36.7±0.3 99.5 ±0.2 83.3 ±0.3 1946.1 ± 7.1 

2 30.7±0.3 99.2 ±0.2 83.4 ±0.3 1590.6 ±4.9 

3 32.2±0.2 99.9 ±0.1 83.6 ±0.3 1398.7 ±4.8 

4 29.8±0.1 99.4 ±0.2 83.7 ±0.2 991.0 ±3.2 

5 30.4±0.1 98.3 ±0.1 84.1 ±0.2 590.1 ±2.5 

6 36.6±0.4 99.0 ±0.1 50.4 ±0.1 1991.5 ±24.9 

7 16.6±0.1 99.9 ±0.4 49.9 ±0.3 1596.8 ±12.4 

8 18.2±0.1 99.4 ±0.2 50.3 ±0.1 1394.8 ±9.8 

9 14.8±0.1 101.3±0.1 48.8 ±0.1 993.0 ±2.3 

10 34.4±0.4 100.5 ±0.1 65.0 ±0.2 1980.9 ±5.5 

11 16.9±0.1 99.8 ±0.1 65.5 ±0.2 1395.9 ±3.4 

12 16.4±0.1 100.1 ±0.1 65.5 ±0.2 989.6 ±2.7 

13 34.4±0.3 98.9 ±0.2 78.0 ±0.2 1789.4 ±4.9 

14 31.2±0.3 98.9 ±0.2 72.3 ±0.2 1589.1 ±5.1 

15 20.7±0.1 98.9 ±0.1 41.4 ±0.1 592.7 ±2.2 

 

 

In Table 3-20(b) small deviations were recorded across the parameters. It is normal to 

have values slightly greater than or less than the mean value. The small deviations are 

therefore an indication of a very precise experiment, which means there are mainly 

systematic errors. However, the certainty of the results was quantified by narrow 

error limits in Table 3-11. Significant deviation was noticed for TP06 fuel pressure in 

both tables. 

 

3.6.2 Injector B engine logs for liquid spray tests 

 Actual test conditions – Table 3-12 shows the actual conditions for the liquid 

spray tests conducted with Injector B.  
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Injector: Injector B (Delphi), 8 holes (156⁰, 0.13mm, 1.5) 
Injector condition: New (unused) 

Injector crank angle: TDC 

Skipped cycle strategy: 1 fired for every 5 skipped 

Camera frame resolution: 256 x 416 pixels, 12bit/pix

Spatial scale factor: 0.106 mm/pix (unchanged) 

Injection samples: At least 50 recordings per test point 

Table 3-12: Actual test conditions for Injector B liquid spray tests  

  (a): Test summary 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b): Actual test conditions as mean values with standard deviation 

 

 

Test point 

TP 

Fuel tank 

temperature 

T (
o
C) 

Intake air 

temperature 
TMAN 
(
o
C) 

In-cylinder 

pressure @ TDC 

ICP TDC (bar) 

 

Fuel pressure 

P (bar) 

4 27.6±0.4 97.4±8.2 80.8 ±7.2 976.2±96.5 

6 38.9±2.3 100.4±0.1 50.5 ±0.2 1948.1±19.1 

9 25.5±0.3 100.2±0.1 50.2 ±0.2 990.8±9.6 

14 28.8±0.6 98.9±0.2 72.7 ±0.4 1595.7±21.4 

15 25.1±0.3 99.1±0.2 40.4 ±0.2 595.5±7.4 

 

 

 Engine log statistics – For each test point, 100 cycles were recorded. Fuel 

was injected at TDC, and one cycle was fired after every five for each test 

points. The values of the parameters shown in Table 3-12(b) were determined 

from the statistics calculations (mean and standard deviation) repeated with the 

recorded logs. Log data were extracted at TDC, where possible. Otherwise 

calculations with average cycle values applied. 

 

 Uncertainty analysis - Table 3-13 shows the mean values and standard 

uncertainties at 95% confidence. 
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Injector: Injector C (Bosch), 8 holes (155⁰, 0.137mm, 1.3) 
Injector condition: New (unused) 

Injector crank angle: TDC 

Skipped cycle strategy: 1 fired for every 5 skipped 

Camera frame resolution: 256 x 416 pixels, 12bit/pix 

Spatial scale factor: 0.1098 mm/pix (pre-test), 0.1103 mm/pix (post-test)

Injection samples: At least 50 recordings per test point 

Table 3-13: Actual test conditions for Injector B liquid spray tests with uncertainty at 

95% confidence level 

 

 
Test point 

TP 

Fuel tank 

temperature 

T (
o
C) 

Intake air 

temperature 

TMAN (
o
C) 

In-cylinder 

pressure @ TDC 

ICP TDC (bar) 

 

Fuel pressure 

P (bar) 

4 27.6±0.1 97.4±4.1 80.8 ±3.6 976.2±48.2 

6 38.9±0.6 100.4±0.1 50.5 ±0.1 1948.1±10.6 

9 25.5±0.1 100.2±0.1 50.2 ±0.1 990.8±5.0 

14 28.8±0.2 98.9±0.1 72.7 ±0.2 1595.7±10.7 

15 25.1±0.1 99.1±0.1 40.4 ±0.1 595.5±2.1 

 

 

Table 3-12(b) and Table 3-13show precise experiment for all the parameters but fuel 

pressure. Errors due to human factor/equipment are highlighted by the fuel pressure 

values. Increasing the number of test points (no of observation) is a probable remedy. 

 

3.6.3 Injector C engine log for liquid spray tests 

 

Actual test conditions - Table 3-14 shows the actual conditions for the liquid spray 

tests conducted with Injector C. 

Table 3-14: Actual test conditions for Injector C liquid spray tests  

(a): Test summary 
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(b): Actual test conditions as mean values with standard deviation 

 

 
Test point 

TP 

Fuel tank 

temperature 

T (
o
C) 

Intake air temp 

temperature 

TMAN (
o
C) 

In-cylinder 

pressure @ TDC 

ICP TDC (bar) 

 

Fuel pressure 

P (bar) 

2 24.4±0.3 100.5±0.1 85.1±0.2 1569.8±16.2 

4 24.5±0.3 100.7±0.1 85.0±0.2 994.5±11.6 

7 24.1±0.3 100.5±0.1 52.9±0.2 1593.0±15.6 

9 24.5±0.3 100.7±0.1 51.3±0.9 995.8±10.3 

14 24.6±0.3 98.4±0.1 77.6±0.3 1575.1±14.2 

15 25.6±0.3 103.2±0.1 43.7±0.2 597.7±10.8 

 

 

 

 Engine log statistics – For each test point, 100 cycles were recorded. Fuel 

was injected at TDC, and one cycle was fired after every five for each test 

points. The values of the parameters shown in Table 3-14 were determined 

from the statistics calculations (mean and standard deviation) repeated with the 

recorded logs. Log data were extracted at TDC, where possible. Otherwise 

calculations with average cycle values applied, as shown in the computations 

for the fuel tank temperature. 

 

 Uncertainty analysis - The table below shows the mean values and standard 

uncertainties at 95% confidence, for all the Injector B tests. 

 
 

Table 3-15:  Actual test conditions for Injector C liquid spray tests with uncertainty at 

95% confidence level 
 

 
Test point 

TP 

Fuel tank 

temperature 

T (
o
C) 

Intake air 

temperature 

TMAN (
o
C) 

In-cylinder 

pressure @ TDC 

ICP TDC (bar) 

 

Fuel pressure 

P (bar) 

2 24.4±0.1 100.5±0.1 85.1±0.1 1569.8±8.1 

4 24.5±0.1 100.7±0.1 85.0±0.1 994.5±5.8 

7 24.1±0.1 100.5±0.1 52.9±0.1 1593.0±7.8 

9 24.5±0.1 100.7±0.1 51.3±0.2 995.8±2.1 

14 24.6±0.1 98.4±0.1 77.6±0.1 1575.1±7.1 

15 25.6±0.1 103.2±0.1 43.7±0.1 597.7±5.4 
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Table 3-14(b) and Table 3-15 suggest precise and good results of the experiment. 

Again the errors with the fuel pressure are highlighted. 

 

3.6.4 Injector D engine logs for liquid spray tests 

 

 Actual test conditions – Table 3-16 shows the actual conditions for the liquid 

spray tests conducted with Injector D. 

. 

Table 3-16: Actual test conditions for Injector D liquid spray tests  

(a): Test summary 

 

 
 

 

 

(b): Actual test conditions as mean values with standard deviation 

 

 
Test point 

TP 

Fuel tank 

temperature 

T (
o
C) 

Intake air 

temperature 

TMAN (
o
C) 

In-cylinder 

pressure @ TDC 

ICP TDC (bar) 

 

Fuel pressure 

P (bar) 

2 24.5±0.3 100.8±0.1 85.5±0.2 1595.1±11.2 

4 24.6±0.3 100.5±0.2 84.8±0.2 999.6±10.7 

7 23.4±0.3 98.7±0.1 50.7±0.2 1602.4±10.6 

9 23.5±0.3 97.2±0.1 50.1±0.6 994.6±12.8 

14 24.0±0.3 100.7±0.1 79.0±0.2 1597.3±14.7 

15 23.8±0.2 96.8±0.1 42.9±0.2 598.7±6.4 

 

 

 Engine log statistics – For each test point, 100 cycles were recorded. Fuel 

was injected at TDC, and one cycle was fired after every five for each test 

points. The values of the parameters shown in Table 3-16were determined 

from the statistics calculations (mean and standard deviation) repeated with the 

recorded logs. Log data were extracted at TDC, where possible. Otherwise 

calculations with average cycle values applied, as shown in the computations 

Injector: Injector C (Bosch), 8 holes (155⁰, 0.137mm, 3.5) 
Injector condition: New (unused) 

Injector crank angle: TDC 

Skipped cycle strategy: 1 fired for every 5 skipped 

Camera frame resolution: 256 x 416 pixels, 12bit/pix 

Spatial scale factor: 0.1098 mm/pix (pre-test), 0.1103 mm/pix (post-test)

Injection samples: At least 50 recordings per test point 
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for the fuel tank temperature. 

 

 Uncertainty analysis - Table 3-17shows the mean values and standard 

uncertainties at 95% confidence. 

 

Table 3-17: Actual test conditions for Injector D liquid spray tests  with uncertainty at 

95% confidence level 

 

 
Test point 

TP 

Fuel tank 

temperature 

T (
o
C) 

Intake air 

temperature 

TMAN (
o
C) 

In-cylinder 

pressure @ TDC 

ICP TDC (bar) 

 

Fuel pressure 

P (bar) 

2 24.5±0.1 100.8±0.1 85.5±0.1 1595.1±5.6 

4 24.6±0.1 100.5±0.1 84.8±0.1 999.6±5.4 

7 23.4±0.1 98.7±0.1 50.7±0.1 1602.4±5.3 

9 23.5±0.1 97.2±0.1 50.1±0.1 994.6±2.6 

14 24.0±0.1 100.7±0.1 79.0±0.1 1597.3±7.3 

15 23.8±0.1 96.8±0.1 42.9±0.1 598.7±3.2 

 
 

Table 3-16(b) and Table 3-17 are further confirmation for the presicion implemented 

for all parameters except the fuel pressure, with all the injectors. As suggested an 

increase in the number of observations could improve the effects of human factor and 

imprecise equipment errors for the fuel pressure parameter. 

 

 
 

3.6.5 Injector B engine logs for vapour spray tests 

 
 Actual test conditions –Table 3-18 shows the test conditions reached with 

Injector B during the vapour spray tests. 
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Table 3-18: Actual test conditions for Injector B vapour spray 

tests (a): Test summary 

 
 

 

 

(b): Actual test conditions as mean values with standard deviation 

 

 

Test point 

TP 

Fuel tank 

temperature 

T (
o
C) 

Intake air 

temperature 

TMAN 

(
o
C) 

In-cylinder 

pressure @ TDC 

ICP TDC (bar) 

 

Fuel pressure 

P (bar) 

4 27.4±0.3 99.3±0.2 82.3 ±0.6 996.3 ±8.3 

6 31.2±1.7 100.1 ±0.1 48.2 ±0.2 1863.5 ±20.4 

9 21.8±0.3 98.4 ±0.4 49.8 ±0.3 998.2 ±7.7 

13 30.4±2.3 99.3±0.2 79.9±0.5 1802.9±27.0 

14 43.8±1.0 100.3 ±0.1 72.3 ±0.4 1595.7 ±21.4 

15 20.8±0.3 99.1 ±0.2 40.4 ±0.2 595.5 ±7.4 

 

 

 Engine log statistics – For each test point, 100 cycles were recorded. Fuel 

was injected at TDC, and one cycle was fired after every five for each test 

points. The values of the parameters shown in Table 3-18 (b) were determined 

from the statistics calculations (mean and standard deviation) repeated with the 

recorded logs. Log data were extracted at TDC, where possible. Otherwise 

calculations with average cycle values applied, as shown in the computations 

for the fuel tank temperature. 

 

 Uncertainty analysis - Table 3-19 shows the mean values and standard 

uncertainties at 95% confidence. 

 

Injector: Injector B (Delphi), 8 holes (156⁰, 0.13mm, 1.5) 
Injector condition: New (unused) 

Injector crank angle: TDC 

Skipped cycle strategy: 1 fired for every 5 skipped 

Camera frame resolution: 256 x 512 pixels, 12bit/pix

Spatial scale factor: 0.141 mm/pix (unchanged) 

Injection samples: At least 50 recordings per test point 
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Table 3-19: Actual test conditions for Injector B vapour spray tests  with uncertainty at 

95% confidence level 
 

 
Test point 

TP 

Fuel tank 

temperature 

T (
o
C) 

Intake air 

temperature 

TMAN (
o
C) 

In-cylinder 

pressure @ TDC 

ICP TDC (bar) 

 

Fuel pressure 

P (bar) 

4 27.4±0.1 99.3±0.1 82.3 ±0.3 996.3 ±5.1 

6 31.2±0.4 100.1 ±0.1 48.2 ±0.1 1863.5 ±4.9 

9 21.8±0.1 98.4 ±0.3 49.8 ±0.2 998.2 ±4.9 

13 30.4±0.6 99.3±0.1 79.9±0.3 1802.9±17.1 

14 43.8±0.3 100.3 ±0.1 72.3 ±0.4 1595.7 ±12.0 

15 20.8±0.1 99.1 ±0.1 40.4 ±0.1 595.5 ±1.4 

 

 

 

3.6.6 Injector C engine logs for vapour spray tests 

 

 Actual test conditions – Table 3-20 shows the test conditions reached with 

Injector C during the vapour spray tests. 

 
Table 3-20: Actual test conditions for Injector C vapour spray 

tests (a): Test summary 

 
 

 

(b): Actual test conditions as mean values with standard deviation 

 

 
Test point 

TP 

Fuel tank 

temperature 

T (
o
C) 

Intake air 

temperature 

TMAN (
o
C) 

In-cylinder 

pressure @ TDC 

ICP TDC 

 

Fuel pressure 

P (bar) 

2 23.4±0.3 99.4±0.2 86.7±0.2 1591.9±18.5 

4 24.2±0.4 99.7±0.2 86.5±0.2 997.3±9.7 

7 23.5±0.3 98.9±0.1 52.1±0.2 1598.0±18.5 

9 23.7±0.3 100.5±0.1 50.8±0.7 995.4±13.5 

14 23.8±0.3 100.2±0.1 75.9±0.2 1591.3±13.2 

15 21.7±0.3 99.8±0.1 42.8±0.2 595.6±12.8 

Injector: Injector C (Bosch), 8 holes (155⁰, 0.137mm, 1.3) 
Injector condition: New (unused) 

Injector crank angle: TDC 

Skipped cycle strategy: 1 fired for every 5 skipped 

Camera frame resolution: 256 x 512 pixels, 12bit/pix 

Spatial scale factor: 0.1098 mm/pix (pre-test), 0.1103 mm/pix (post-test)

Injection samples: At least 50 recordings per test point 
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 Engine log statistics – For each test point, 100 cycles were recorded. Fuel 

was injected at TDC, and one cycle was fired after every five for each test 

points. The values of the parameters shown in Table 3-20(b) were determined 

from the statistic calculations (mean and standard deviation) repeated with the 

recorded logs. Log data were extracted at TDC, where possible. Otherwise 

calculations with average cycle values applied, as shown in the computations 

for the fuel tank temperature. 

 

 Uncertainty analysis - Table 3-21 shows the mean values and standard 

uncertainties at 95% confidence. 

 

Table 3-21: Actual test conditions for Injector C vapour spray tests with uncertainty at 

95% confidence level 

 

 
Test point 

TP 

Fuel tank 

temperature 

T (
o
C) 

Intake air 

temperature 

TMAN (
o
C) 

In-cylinder 

pressure @ TDC 

ICP TDC (bar) 

 

Fuel pressure 

P (bar) 

2 23.4±0.1 99.4±0.1 86.7±0.1 1591.9±9.3 

4 24.2±0.1 99.7±0.1 86.5±0.1 997.3±4.9 

7 23.5±0.1 98.9±0.1 52.1±0.1 1598.0±9.3 

9 23.7±0.1 100.5±0.1 50.8±0.2 995.4±2.7 

14 23.8±0.1 100.2±0.1 75.9±0.1 1591.3±6.6 

15 21.7±0.1 99.8±0.1 42.8±0.1 595.6±6.4 

 

 

 

 

3.6.7 Injector D engine logs for vapour spray tests 

 

 Actual test conditions – Table 3-22 shows the test conditions reached with 

Injector D during the vapour spray tests. 
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Table 3-22: Actual test condition for Injector D vapour spray 

tests (a): Test summary 

 
 

 

 

(b): Actual test conditions as mean values with standard deviation 

 

 
Test point 

TP 

Fuel tank 

temperature 

T (
o
C) 

Intake air 

temperature 

TMAN (
o
C) 

In-cylinder 

pressure @ TDC 

ICP TDC (bar) 

 

Fuel pressure 

P (bar) 

2 23.8±0.3 95.4±0.1 86.6±0.2 1598.2±21.4 

4 23.1±0.3 97.5±0.2 86.2±0.1 1008.8±17.3 

7 22.7±0.3 98.8±0.1 52.5±0.1 1597.0±8.5 

9 22.3±0.3 97.0±0.1 52.9±0.5 995.6±10.7 

14 22.7±0.3 101.3±0.1 77.3±0.2 1601.0±8.9 

15 20.2±0.3 100.9±0.2 43.5±0.2 595.4±9.1 

 

 

 

 Engine log statistics – For each test point, 100 cycles were recorded. Fuel 

was injected at TDC, and one cycle was fired after every five for each test 

points. The values of the parameters shown in Table 3-22 were determined 

from the statistic calculations (mean and standard deviation) repeated with the 

recorded logs. Log data were extracted at TDC, where possible. Otherwise 

calculations with average cycle values applied, as shown in the computations 

for the fuel tank temperature. 

 

 Uncertainty analysis - The table below shows the mean values and standard 

uncertainties at 95% confidence, for all the Injector B tests. 

Injector: Injector C (Bosch), 8 holes (155⁰, 0.137mm, 3.5) 
Injector condition: New (unused) 

Injector crank angle: TDC 

Skipped cycle strategy: 1 fired for every 5 skipped 

Camera frame resolution: 256 x 512 pixels, 12bit/pix 

Spatial scale factor: 0.1098 mm/pix (pre-test), 0.1103 mm/pix (post-test)

Injection samples: At least 50 recordings per test point 
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Table 3-23: Actual test conditions for Injector D vapour spray tests  with uncertainty at 

95% confidence level 

 

 
Test point 

TP 

Fuel tank 

temperature 

T (
o
C) 

Intake air 

temperature 

TMAN (
o
C) 

In-cylinder 

pressure @ TDC 

ICP TDC (bar) 

 

Fuel pressure 

P (bar) 

2 24.5±0.1 100.8±0.1 85.5±0.1 1595.1±10.7 

4 24.6±0.1 100.5±0.1 84.8±0.1 999.6±8.7 

7 23.4±0.1 98.7±0.1 50.7±0.1 1602.4±4.2 

9 23.5±0.1 97.2±0.1 50.1±0.1 994.6±2.1 

14 24.0±0.1 100.7±0.1 79.0±0.1 1597.3±4.5 

15 23.8±0.1 96.8±0.1 42.9±0.1 598.7±4.5 

 

 

3.7    Conclusions of chapter three 

 

In this chapter, experimental measurements of in-cylinder spray development, using 

optical diagnostics, have been reported. The optical techniques employed were not 

intrusive, and have high temporal and spatial resolution that enabled transient fuel 

injection process to be recorded. The effects of the characteristic parameters are 

presented in  the next chapter. 

 

Clearly, the results obtained from the optical engine were influenced by compromises 

in the design of the combustion chamber geometry that satisfies the requirements for 

optical access. This fundamental difference between the optical engine and real 

(metal/production) engine, may lead to the introduction of errors. These errors should 

be quantified to ensure the results are useful and not misleading. 

 

Firstly, the single-cylinder mode and separated air management system for inlet air 

allows a significant flexibility in terms of inlet pressure, temperature and gas 

composition. Such flexibility could be unrealistic with real engines that have fixed 

turbocharger, air-cooler and EGR system. Secondly, the available load-speed range for 

the optical engine was limited due to concerns for the mechanical characteristics of 

certain parts. For example, the optical window material cannot sustain the high 
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pressures and pressure derivatives that go with the upper load range. Thirdly, due to 

the window material, which is a poorer conductor of heat than aluminium and steel, 

heat losses are lesser in the optical engine than the real metal engine. This can lead 

to higher combustion chamber wall temperatures. One of the reasons behind the 

skipped fire operation was to maintain moderate temperatures. As a result, it will not 

be possible to use the exhaust for EGR operation because it will be diluted by 

the motored cycle. Finally, diesel fuel used with real engines contains a large number 

of components such as poly-aromatic hydrocarbons that can disturb laser diagnostics, 

or other species that can cause unwanted laser-induced fluorescence. Consequently, 

this cannot be used on an optical engine. Instead a special type of diesel fuel is used 

(see Appendix A). This type is usually imparted with special properties, such as 

enhanced air-entrainment, for optimal performance. 

 

Errors due to measurement were quantified by the prediction limits of the standard 

deviation and confidence limits of the uncertainty statement. Small deviations 

indicated very precise experiments, whilst highlighting the effect of systematic 

errors. Experimental uncertainties generally arise from unavoidable difficulties in 

making a measurement, limitations of the equipment, or even ambiguities in the 

specification of what is to be measured. The uncertainty analyses provided acceptable 

credible limits in quantifying the relative effects of these factors at an expanded 

confidence level of 95%. 

 

However, optical diagnostics has led to the development of significant understanding 

of in- cylinder spray development. The rather simple and inexpensive traditional 

diagnostics techniques often use physical probes. This is inherently intrusive, and 

may lead to severe problems by causing chemical, temperature and flow disturbances. 

It must be mentioned that faithfully replicating real engine characteristics is difficult. 

The differences between optical and metal engines are inherently unavoidable. 
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Attempts were made in this work to provide optimal conditions for the optical 

diagnostics to be implemented. 
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4 SPRAY CHARACTERISATION 

 
 

The experiments of the previous chapter derived from the understanding that the 

efficiency of the combustion process of the HSDI diesel engine, from the point of view 

of either the engine efficiency itself or pollutant emissions, depends mainly on the 

injection process characteristics. Indeed, the injection process, together with air 

motion, is primarily responsible for the in-cylinder air/fuel mixture formation (Kato et 

al., 1989; Shenghua et al., 2000). The parameters that influence spray behaviour are 

grouped under: parameters of diesel fuel injection and parameters of the environment in 

which the spray is injected. Experimental data, such as that generated in previous 

chapter, are needed to understand the processes better, to identify the controlling 

parameters and to provide initial data and comparative values for computer models 

of actual sprays. 

 

 

Over the years, diesel spray characteristics have been studied with different 

techniques for different injection conditions. Quite often the results have not 

reflected real engine conditions, either due to simplified injection conditions (e.g. 

single shot or continuous steady process) or injection ambience that is far from 

engine-like. In addition, the atomisation process is known to be very different at 

atmospheric density and at high density (Reitz et al., 1982; Hiroyasu et al., 1989). In 

this chapter, an attempt is made to quantify and predict the spray behaviour as a 

function of the parameters governing the injection process. The experimental data was 

processed (see Appendix F) for analyses. Parameters studied were the injection 

pressure as influential system parameter, in-cylinder pressure as a representative 

parameter external to the system, and nozzle geometry. 



107  

4.1 Effect of injection pressure 

 

Figure 4-1, Figure 4-2 and Figure 4-3 show the effect of injection pressure on measured 

spray characteristics (penetration and dispersion) for injector A spray conditions. Only 

test points 1 through 5 were considered due to the wide injection pressure range 

(600-2000 bar) and common in-cylinder pressure of 84 bar. 

 

 

 

Figure 4-1: Effect of injection pressure (84bar gas pressure) 



108  

 

 
 

 

Figure 4-2: Image data showing liquid spray penetration at TP01 through TP05 
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Figure 4-3: Liquid spray dispersion with injector A measurements 

 

 

 

Changes in the fuel injection pressure do not show a clear trend in Figure 4-1. There 

is an indication that the time for the liquid tip to attain maximum liquid length 

increases as the injection pressure decreases from TP01 through TP05. In Figure 4-

2, the following key observations can be made: 
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 Liquid ligaments are seen in the spray periphery under both low and high 

injection pressure conditions, but tend to disappear quicker under the former 

than the latter due to improved aerodynamic interaction. 

 The spray under low injection pressure had larger jet diameter than under high 

injection pressure (see TP05). 

 Existence of vortices along the side surface of the spray, which is an 

indication of increasing air entrainment. 

 Reduction of liquid spray penetration as the injection pressure reduced from 

TP01 through TP05 (see Figure 4-2). The reduction in spray penetration is more 

marked for TP04 and TP05, which is due to increase in spray dispersion, 

especially for the two test points as shown in Figure 4-3. 

 

 

A clearer trend for the effect of injection pressure is shown in Figure 4-4, for liquid 

(L) and vapour (V) penetration measurements conducted with injector B at in-cylinder 

pressure of 50 bar. Only test points 6 and 9 are chosen for comparison due to the wide 

difference in injection pressure for the same in-cylinder pressure. The difference in time 

delay between the two test points, and the apparent reduction in liquid spray penetration 

constitute artefacts of the analysis.
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Figure 4-4: Effect of injection pressure (50bar ICP) 

 

 

Naber JD et al., (1996) developed spray penetration correlation by introducing length 

and time scales that took into account the parameter that are generally considered to 

have significant effect on spray penetration. This model was implemented in this 

work to enable comparison with the injector A measurements, which was conducted 

across a broad range of test points. Thus, in Figure 4-5, the results from injector A 

liquid spray penetration measurement, at different injection pressures and 95% 

confidence level, are compared with this model (shown in grey band). 
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Figure 4-5: Comparison of Injector A liquid spray penetration measurements with 

Naber model at different injection pressures. 

 

 

Under the conditions of the experiments, increase in injection pressure has no 

direct/visible effect on liquid spray penetration. It has been reported that the higher the 

injection pressure, the  higher  the  velocity/momentum,  which  causes  the  jet  to  

penetrate  further  into  the  combustion chamber (Naber JD et al., 1996). This effect is 

quite noticeable in the transient part of the liquid phase penetration as shown in 

Figure 4-1and Figure 4-4. Clearly from the same figures, the (quasi) steady part of the 

liquid spray penetration is not affected by change in injection pressure. The oscillations  

 



116  

observed at the steady part of the liquid spray penetration in Figure 4-1was due to 

processing algorithm, which was designed to pick up the undisrupted core liquid length 

attached to the injector tip. Moreover, a slight positive slope is observed at the steady 

period (Figure 4-1). Researchers (Pickett et al., 2010; Payri et al., 2012) have 

attributed the effect to two factors. Firstly, the temperature of the fuel at the 

beginning of the injection is higher because the injector sac is always in direct contact 

with the high temperature gas of the combustion chamber; during the injection the 

fuel flowing from upstream of the sac cools down the injector tip. This causes the 

temperature of the fuel at the orifice outlet to decrease during the injection, which 

impacts on liquid length (Payri et al., 2012). Secondly, for long injections, low 

temperature fuel–air mix is re-entrained in the spray causing a decrease in the 

effective ambient temperature and an increment in liquid length. Taking the large 

size of the chamber into account as well as the tendency of the slope to decrease at the 

end of the injection, the first fact was generally considered to be responsible for the 

observed phenomenon observed. 

 

Other significant trend can be found in Figure 4-4, which shows that the vapour spray 

travels further than the liquid part of the spray. The figure also shows that increase 

in injection pressure increases vapour spray penetration (Naber JD et al., 1996). In 

fact, vapour penetration profiles have been shown to depend on both injection 

pressure and in-cylinder density (Crua, 2002). It was further suggested that the 

mechanism for the vapour transport was the gas motion induced by the liquid phase 

momentum exchange, from the droplets to the gas phase. To support these facts, 

increased penetration of the vapour was observed at higher injection pressures and 

lower gas densities, which was when the liquid phase had a higher momentum. As 

regards the comparison in Figure 4-5, the liquid spray penetration measurements 

with injector A are in good agreement with the model, especially from TP01 through  
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TP14. The penetration results of TP15 did not conform to the grey band of the  

model. It should be noted that the injector has been used in the past for several tests. 

Consequently, the fidelity of some of its key parts, e.g. valve and nozzle, may not 

be as expected, which may be responsible for such variation. In addition, the apparent 

reduction in liquid penetration shown in some of the measurements in Figure 4-5 are 

artefacts of the analysis. 

 

On the effects of injection pressure, the application of the high-pressure injection 

system increases the amount of fuel injected per crankshaft angle, causing the liquid 

spray velocity to increase. With the high liquid spray velocity, the momentum 

interaction between the fuel droplets and the ambient gas is enhanced, causing the 

total entrained gas mass flow rate to increase significantly. The higher velocity 

induces higher level of dispersion (as seen in Figure 4-2), and consequently better 

atomization and air/fuel mixing. It has also been reported that the enhancement of the 

fuel droplet and ambient gas interaction depended on the ambient gas density: there is 

a tendency for the spray dispersion (or spreading angle) to increase with increase in 

ambient gas density, thus increasing the volume of hot gas entrained in the spray 

(Borthwick et al., 2002). However, the increased liquid spray momentum that is 

associated with an increased injection pressure is consumed in atomizing the fuel. 

Under lower injection condition, the turbulent energy that initiates spray interaction 

with the ambient air is reduced. This leads to the reduced liquid spray penetration 

observed for TP05 in Figure 4-2. Interestingly, the apparent increase in liquid spray 

diameter in TP05 (Figure 4- 2), which agrees with the increased spray dispersion in 

Figure 4-3, suggests significant air entrainment. Thus increased dispersion leads to 

shorter liquid spray penetration. 

 

Another key observation from Figure 4-4, mentioned earlier, suggests that the liquid 
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phase of the spray reaches a maximum penetration distance (liquid length) soon 

after the start of injection, while the vapour phase of the spray continues to penetrate 

downstream. This agrees with understanding from literature (Naber JD et al., 1996; 

Johnson et al., 2013). Liquid length depends on the ambient and fuel injection 

conditions (Browne et al., 1986; Kim et al., 2003), and has been shown to be 

limited by mixing (Siebers, 1999). This means that significant thermal energy and mass 

are mixed into the spray to produce local thermodynamic conditions where the fuel is 

vapour phase. An explanation of why vapour spray penetrated more than the liquid 

phase can be given using the spray transport medium. For the liquid phase of the 

spray, penetration is possible so long as droplet`s average size remains the same. 

By increasing the injection pressure, the Sauter Mean Diameter (SMD) of the spray 

decreases. This is because the higher injection pressure not only causes higher 

momentum; it also provides more energy due to higher injection velocity which 

results in smaller droplet sizes. Consequently, droplets evaporate faster, and hence 

suppress the penetration of the liquid tip. Thus vapour penetration is related to the total 

air entrainment rate and fuel-air mixing. 

 

In diesel engines, it is crucial for the diesel fuel to be completely vaporised before 

hitting the piston bowl wall or cylinder liner. This is because over-penetration of liquid 

fuel sprays and cylinder-wall wetting can be a serious concern, especially at low-

temperature environments (Stanton et al., 1998) or at low-density in-cylinder conditions 

(Genzale et al., 2010). Actually, the dilution of liquid fuel spray into the cylinder 

wall oil film can increase piston-to-wall friction and component wear (Oinuma et al., 

2005) and degrade the quality of bulk engine oil (Morcos et al., 2009). Cylinder wall-

wetting also contributes to higher emission of unburned hydrocarbons (UHC) and  
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carbon monoxide (CO), which reduces combustion efficiency (Drake et al., 2003; 

Kashdan et al., 2007; Martin et al., 2008).  

 

4.2 Effect of in-cylinder pressure 

 

The Figures below, from experiments with injectors A and B, show the effect of in-

cylinder pressure (ICP) on spray penetration.. 

 
 

Figure  4-6:  Spray  measurement  with  injector  A  at  different  ICP  (insert)  and  

common injection pressure of 2000 bar. 
 

 

 

Figure 4-7: Image data from injector A measurements for the selected test points 



120  

 

Figure 4-8: Spray measurement with injector B at different injection pressure (insert) 

and different ICP of 84, 50 and 40 bar for TP 04, TP06 and TP15 respectively. 
 

 

 

 
 

Figure 4-9: Liquid (L) and vapour (V) image data from injector B spray measurement 

acquired for TP04 (84 bar in-cylinder pressure and 1000 bar injection pressure), TP06 

(50 bar in-cylinder pressure and 2000 bar injection pressure) and TP15(40 bar in-cylinder 

pressure and 600 bar injection pressure). 

 

 

 

The trend of decrease in spray penetration with increase in in-cylinder pressure is 

clearer in Figure 4-6 than in Figure 4-8. It is also evident that the time to reach the 

maximum penetration decreases with increasing in-cylinder pressure. These trends are 

due mainly to the effects of air (cylinder) temperature on the fuel droplet evaporation 

process. 
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In the dilute spray region, increased in-cylinder pressure and temperature cause spray 

evaporation in the combustion chamber (Soljo et al, 2011). Researchers (Siebers, 

1999; Siebers, 2009) reported that vaporisation was mixing limited. This proposed 

that the liquid fuel spray would be completely vaporised at an axial distance where 

the total hot entrained air contained adequate energy to vaporise the spray. From the 

point of view of fluid mechanics, the evaporation of droplets involves simultaneous 

heat and mass transfer processes. The heat of evaporation is transferred from 

surrounding hot gases to the drop surface by conduction and convection, while 

vapour is transferred to the surrounding by convection and diffusion. The 

evaporation rate is dependent on the thermo-physical properties of the fuel and the 

surrounding air. For very high in-cylinder pressure and temperature, evaporation is 

quick since the latent heat drastically decreases for high temperatures (Soljo et al, 

2011). As the hot entrained air initiates evaporation of the spray, the fuel cools and 

contracts. These processes significantly reduce droplet dispersion and hence liquid 

spray penetration as shown in Figure 4-6, Figure 4-8 and Figure 4-9 (Bougie et al., 

2005; Arcoumanis et al., 2008). 

 

The role of the ambient density in the context of the evaporation is identified. For 

the contraction initiated by the fuel cooling, the combustion chamber volume is 

reduced thus increasing the ambient density (Naber JD et al., 1996; Johnson et al., 

2012). Studies have also shown that a combination of high injection pressure and 

low ambient density (or low injection pressure and high ambient density) enhances 

spray penetration (Bruneaux et al., 1999). This is because high injection pressure 

leads to larger momentum transfer from spray to surrounding gas, while high ambient 

density is associated with increase in spray dispersion. From earlier discussions, the 

former has the tendency to increase (liquid) spray penetration, while the latter has 

the tendency to reduce (liquid) spray penetration due to increased aerodynamic  
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interaction. Actually with high ambient density, the higher density of the volume of 

gas entrained, due to increased dispersion, requires more kinetic energy to complete 

the momentum transfer, and this reduces the liquid spray penetration. The contraction 

on cooling and effect of ambient density is possible for a vaporising condition. Under 

non-vaporising condition, the hot entrained gas would be diluted within the spray. This 

would result to low ambient density that would enhance (liquid) spray penetration 

(Johnson et al., 2012). 

 

4.3 Effect of nozzle geometry 
 

The effect of injector nozzle geometry was investigated by comparing the  spray 

characteristics of the conicity of all the nozzles used in this work. In Figure 4-10, 

injector A is compared with injector B, Figure 4-11compares injector C with 

injector D, while an excerpt from the image sequence of liquid spray penetration 

from the injectors is shown in Figure 4-12. 
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Figure  4-10:  Comparison  between  injectors  A  and  B  liquid  spray  tip  

penetration measurements 
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Figure 4-11: Comparison between injectors C and D spray (liquid and vapour) 

penetration measurements 
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TP04 TP14 TP15 
 

 

 
 

 

 

 

 

  

 
 

 

 

 
 

Figure 4-12: Image sequence for selected liquid spray penetration from all the 

injectors 

 

Earlier in Table 3-2, the k-factor for all the injectors A to D were specified as: 2, 1.5, 1.3 

and 3.5 respectively. These values define the conicity of the injectors since, the 

Injector A 

Injector B 

Injector C 

Injector D 
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higher the k- factor the greater the injector conicity. Results from the plots and 

observations of the image sequence indicate that nozzles with higher k-factor cause 

higher spray (liquid and vapour) penetration as well as increased nozzle exit velocity 

and density with increase in conicity (Petkar et al., 2004; Montanaro et al., 2013). 

 

By the definition in Equation 2-9, k-factor can have a negative, zero or positive value. 

Spray hole (or orifice) with a negative conical shape factor exhibit an orifice with 

increasing diameter towards the nozzle exit. With a positive value of the conical shape 

factor, the orifice diameter decreases towards the exit (Figure 4-13). These two 

configurations implement a conical (or tapering) profile. A zero value for k (i.e. no 

conicity) indicates a cylindrical orifice since the diameters are equal. This and the 

negative k-factor nozzle profiles give rise to cavitation since the fuel flow pressure is 

very much likely to fall below the vapour pressure of the liquid and lead to the 

formation of vapour bubbles. Excessively strong cavitation can cause damage to the 

nozzle by inducing erosion. A controlled amount of cavitation would not damage the 

nozzle, but would provide some advantages such as increased turbulence and fuel 

atomisation, as well as keep the nozzle free of coke deposit that may otherwise interfere 

with the fuel flow. 

      

 
 

 

Figure 4-13: k-factor nozzle configuration 

 

The nozzles used for this work are conical nozzles with positive k-factor. The observed 

trend of increased spray penetration for high k-factor, was because conicity reduces 
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cavitation and turbulence levels inside the nozzle orifice, which slows down primary 

breakup, leading to larger droplets, increased spray penetration, and smaller 

dispersion. Consequently, the vaporization rate and fuel air mixing are reduced, and 

in the event of combustion, ignition will occur further downstream. However under 

conditions of high injection pressure, the improved spray velocity which leads to 

high spray (liquid and vapour) penetration will result in better mixture formation and 

hence better combustion. Studies have shown that compared to cylindrical nozzles, 

conical nozzles have higher exit density, velocity and discharge coefficient, even 

though the fuel injection rate is lower due to smaller exit diameter (Ohishi et al., 2001; 

Petkar et al., 2004; Montanaro et al., 2013). These characteristics can be attributed to 

the suppression of cavitation by conical nozzles. Due to the tapered cross section of a 

conical nozzle, the maximum cross sectional area of the spray hole is utilized. This 

means same hydraulic (fuel) flow quantity with smaller geometric hole diameter (i.e. 

higher discharge coefficient), hence the tendency of bubble formation is minimized. 

 

Since the pressure gradient in a diesel nozzle orifice can be over 2000 bar/mm of 

orifice length the occurrence of cavitation is unavoidable. High injection pressure 

results in different degree of turbulence and cavitation in internal flow, as well as 

changing aerodynamic interactions. The intensity of cavitation depends on the 

degree of conicity. Thus between injectors A and B (with k = 2 and 1.5 respectively) 

the liquid spray penetration with the latter is higher because of the reduced effects of 

cavitation and turbulence, and hence improved spray velocity. The same explanation 

applies to injectors C and D (with k =1.3 and 3.5 respectively). From the image 

data, no cavitating spray is observed: since there is no spray with the diameter at 

the nozzle exit bigger than the nozzle diameter. Spray with larger diameter than 

the exit nozzle contains high vapour content and suggests cavitation in the flow. 

However, liquid sprays are observed to penetrate further with increased jet diameters at 
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low in-cylinder pressure (e.g. TP15), as the k-factor increases. An explanation for 

this observation is that since the nozzle hole converges towards the exit as the k-factor 

increases, the fuel injection rate continues to reduce. In the absence of cavitation and 

turbulence that facilitate break-up and atomisation, the liquid density increases. 

Under this condition, low ambient density will favour liquid spray penetration. This 

observation should be investigated further. 

Vapour penetration also improved, even ever so slightly, for higher k-factor nozzles as 

shown in TP02, TP04 and TP14 in Figure 4-11. There is not much vaporisation for 

the other test points. Low in-cylinder pressure was responsible for the poor 

vaporisation in TP15. However, the TP04 plot, in particular, shows significant 

deviation from the expected. It was observed that during the transient injection, the 

liquid spray from the lower k-factor nozzle (Injector C) penetrates more than liquid 

spray from the high k-factor nozzle (Injector D) at some point. This observation 

should also be investigated further. 

 

4.4 Uncertainty analysis for the penetration length 

 

The  degree  of  measurement  uncertainty  of  the  spray  penetration  was  greater  for  

the  earlier  part  of  the spray development, as shown with the sample calculation in 

Appendix G. In any image the measurement of the penetration may be inaccurate by ±1 

pixel. This translates into a larger percentage of the total spray length when the spray 

length is shorter, which would be during the early part of the spray. For most of the 

penetration measurements, excluding the first image of the spray tip from the orifice, the 

degree of uncertainty ranged from 0.25-3.5%. The maximum uncertainty in the 

measurement of the penetration was determined as 7.12% for Injector A. This was for the 

first spray image. Similar analysis applies to other injectors with uncertainty 

measurements calculated as follows: 9.06% (Injector B), 9.41% (Injector C) and 9.41%  
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(Injector D). 

 

4.5    Conclusions of chapter four 

 

The spray characterisation of high pressure injectors has been analysed by 

investigating the effects of change in injection pressure, in-cylinder pressure and 

nozzle geometry. It was observed that increasing the injection pressure did not 

significantly increase the liquid spray penetration. High injection pressures create fast 

atomization due to high turbulence inside the nozzle and bigger aerodynamic 

interaction outside the nozzle. Consequently, the increased fuel spray momentum 

induced by the increased injection pressure was consumed in the fuel atomizing 

process. Vapour spray penetration was observed to increase with increase in injection 

pressure. In-cylinder pressure affects liquid spray penetration depending on droplet 

evaporation caused by increase in air temperature and ambient gas density and its 

effect on spray dispersion. High in-cylinder pressure induces increase in air 

temperature that enhances spray evaporation and hence suppresses liquid spray 

penetration. On the other hand, the ratio of ambient density to the injected liquid 

density depends on the in-cylinder pressure. Even though cavitation in diesel injector 

nozzle occurs mainly due to pressure variations, observations in this work have 

shown that k-factor nozzles can reduce cavitation tendencies and improve spray 

velocity by slowing down primary break-up to enhance liquid spray penetration 

(reducing dispersion) for better mixture formation, and hence better combustion. 

Furthermore the comparison of the injector A measurements with the Naber model, 

which was in good agreement is important. The positive result gives a quantitative 

guidance for a future use of the injector and data. It also confirms the reliability of the 

experimental methodology employed 

 

From this spray characterisation, the significant influence of injector design and  
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characteristics (nozzle geometry and injection pressure) and ambient condition (in-

cylinder pressure) on HSDI diesel engines spray development was established. This 

concerns the propagation and dispersion of a high-speed liquid fuel jet into a highly 

charge in-cylinder environment: its break-up into droplets, vaporization, and in the 

event of combustion, its ignition. These are processes that directly affect subsequent 

combustion, soot formation and exhaust gas emission. As a result research studies 

continue to investigate in-cylinder parameters and optimize characteristics. For 

example, vapour penetration is an important in- cylinder parameter. The cessation of 

the penetration of the liquid phase of the spray after liquid length is achieved, and 

the further penetration by the vapour phase have important implications for direct-

injection diesel engines. Increase in vapour penetration improves mixing, results in 

greater premix burning and faster combustion, which will cause an increase in NOx 

emission, but with less PM emissions. Under favourable conditions, optimisation in 

this area will aim to achieve adequate liquid spray penetration and further penetration by 

only the vapour spray until it impinges on the chamber walls. This is because both 

under- penetration and over-penetration of liquid spray have been mentioned to have 

adverse effects. In contrast the impingement of vapour spray on the chamber walls is 

desirable, and will lead to the formation of a wall jet. Eventually the jet would 

wrap around to form vortex and influence air entrainment of the free jet. More 

vortexes enhance air entrainment rate. One way of improving the chances of vortex 

formation is to guide the vapour spray upon impingement. Based on this, and under 

favourable in-cylinder conditions (e.g. high injection pressure), it is intuitive to suggest 

that a well-designed combustion chamber with optimised internal contours would 

facilitate the development of these vortexes for efficient air/fuel mixing. Thus in this 

context, the effectiveness of the injector system to a large extent depends on the 

combustion chamber geometry. 
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5 CONCLUSIONS 

 
In this study, experiments were carried out to characterise the spray from selected 

injectors by applying optical techniques on an optical research engine, the Ricardo 

Proteus. Spray propagation offers significant opportunity to optimise diesel engine 

combustion for pollutant emission reduction, and hence ensure compliance with 

emission laws. It is difficult to study all the factors affecting spray development, 

however an effort was made here to investigate three key parameters (injection 

pressure, in-cylinder pressure and nozzle geometry) that could provide the necessary 

insight on in-cylinder spray behaviour. The results of the spatially and temporally 

resolved optical diagnostic measurements of spray propagation were processed and 

analysed to discuss the effects of these key parameters. 

 

5.1 Optical technique 

 

Optical diagnostics using high speed image acquisition equipment were developed and 

optimised around the Ricardo Proteus, to visualise in-cylinder spray penetration. 

Shadowgraph and Mie scatter techniques were successfully implemented to generate 

useful data from the spray characterisation. This study has proven that a spray can be 

characterised in situ rather than inferring spray behaviour from fixed volume 

combustion chamber investigations. As a result, this study can validate the data 

obtained from fixed volume chambers to predict spray behaviour. The key differences 

between the optical and the production engine were identified. An improved 

understanding of the differences between optical and production engines facilitates 

the development of appropriate strategies to compensate for these differences on the 

optical engine. Some of these differences are however unavoidable as they are 

necessary compromises for the implementation of optical accessibility.   Most 

importantly, the ability to ensure fully representative in-cylinder spray behaviour at  
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different conditions and the flexibility of applying different optical techniques 

ultimately increase the value of optical engine data, highlighting the importance of using 

such engine as a veritable research tool. 

 

5.2 Spray characterisation 
 

The results of the measurements conducted in this study have provided answers for the 

two research questions presented in chapter one. It has been possible to identify three 

key parameters that drive in-cylinder spray behaviour: injection pressure, in-cylinder 

pressure and nozzle geometry. The effects of these parameters have been quantified by 

interpreting observed trends with support from the understanding gained from literature. 

 

The results suggest that increase in injection pressure induces increase in momentum 

which controls the transient injection stage of liquid spray penetration up to the 

liquid length. During the steady state injection, which starts from the liquid length, the 

increase in injection pressure has no effect on liquid tip penetration. For liquid spray, 

the high energy provided by the increased injection pressure is compensated by an 

equivalent increase in air entrainment, and therefore evaporation. An expected trend 

is observed for vapour penetration, which increases with increase in injection 

pressure. The effect of nozzle geometry is based on the k- factor. The higher the k-

factor: the greater the conicity, the lesser the cavitation and the longer the spray 

penetration. 

 

Spray penetration is crucial for diesel combustion. It has been shown to be a 

process of momentum transfer between spray droplets and the ambient gas. This will 

continue to make high injection pressure an appealing parameter. High injection 

pressure provides the capability that enables characterisation of high pressure diesel fuel 

sprays and combustion for emission (PM and NOx) reduction to satisfy legislative 

requirements. Higher injection pressures improve atomisation and fuel-air mixing, 
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enabling increased EGR application, for simultaneous reduction of PM and NOx.. A 

well optimised injector nozzle, with highly conical characteristics will facilitate the 

realization of these important benefits of high pressure injection, especially if 

complemented with optimised piston bowl geometry. This is why the measurements 

conducted in this study, with the sophisticated equipment and techniques employed, are 

crucial. The characterisation of in-cylinder spray is very useful in determining the 

geometric design of high speed direct injection diesel engine combustion chamber. 

For example, under low speed and light load conditions, the unburned hydrocarbon 

emissions will be reduced greatly if contact between the fuel spray (liquid length) and 

the combustion chamber wall is avoided. Under a high speed regime and heavy 

load, the requirement is different. 

 

The liquid spray measurements that was compared with Naber`s model showed a 

close match. Such comparison is very important for this work as it provides a 

quantitative guidance for a future use of the data generated, and at the same time, it 

confirms the reliability of the experimental methodology employed. Based on this 

understanding, one can conclude that the data generated in this work could be used in 

place of real engine data, if the latter is not available. 

 

5.3 Recommendations for further work 
 

This work did not only provide an insight into in-cylinder spray behaviour, it has 

also provided data for validating spray model. It would be more beneficial to repeat 

the characterisation with a piston bowl for impingement studies. The understanding 

provided from the present work will provide the necessary guidance and basis for 

comparison. The next logical step is to select some of the experimental conditions 

and replicate them on a conventional research engine. This will provide the 

opportunity to assess the effect of the piston bowl, especially in terms of  
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understanding the percentage reduction in pollutant emissions that could be achieved. 

 

 

It has also been observed that the Matlab code used to process the image data would 

need to be developed further, to make it a standardised in-house processing 

algorithm. During the processing of image, some data were lost due to incomplete 

code. 

 

Image processing with Matlab was quite challenging during the present study. Other 

challenges were encountered in trying to create engine-like ambient condition in the 

Proteus, and running at very high injection pressure (especially 2000 bar) without 

damaging the cylinder gasket. There was also the incessant cleaning of the optical 

windows due to fouling, during which valuable time was wasted, since the engine was 

stopped and re-started on each occasion. Nevertheless, the research skill acquired far 

outweighed these challenges. Through my training on experimental research methods 

covered, I was able to review past literature to gauge current understanding, learnt 

about the key parameters and techniques I would be working with and narrow down 

my research area. With the knowledge gained from literature review, I was able learn 

how to set-up for experiment, control the key quantities (air, water and oil) for engine 

start-up, reflect the operating conditions on the engine, conducting the actual 

experiment with the chosen technique, generating and processing data. Setting-up for 

the spray characterisation was also instructive, as the final result depended so 

much on getting every detail right. Besides, the collimated laser shadowgraphy 

technique employed for this work, until now, had not been implemented in the 

laboratory, here in Brighton, unlike the Mie-scattering technique. As a result time was 

spent conducting series of mock trials and researching relevant literature to develop 

the necessary understanding. The critical task for the technique is to optimise the 

system sensitivity (based on the high speed laser and camera employed) for quality  
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image acquisition. My training also taught me how to handle and process large 

amount of data in the form of images and engine logs. Excel and Matlab were the 

sofwares deployed for the tasks. It is indeed gratifying to know that all the efforts 

culminated in the generation of data that are relevant and useful. 
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Appendix A: Diesel fuel sample certificate 

 

 
 

This certificate specifies the components of the diesel fuel used for the spray 

measurements in the present study. 
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Appendix B: Sample calculation (TP01) 

 
 

The table below shows the fired conditions for the extracted 50cycles with respect to 

three parameters (in-cylinder pressure, fuel pressure and intake air temperature) and 

the statistics calculations thereof, for Test Point 01 of injector A liquid spray 

measurements. 

 

 

 

 

   Intake air 
Fired 

cycle 

TDC ICP 

(bar) 
Fuel pressure 

(bar) 

temperature 

(°C) 

Cycle1 83.47837293 1940.215665 100.1199245 

Cycle11 82.93625399 1997.705383 100.2466073 

Cycle21 82.69728953 1940.215665 100.1199245 

Cycle31 82.67237672 1969.737412 100.1199245 

Cycle41 82.24504709 1974.398741 100.1199245 

Cycle51 82.31219538 1966.62986 100.1199245 

Cycle61 82.58992128 1955.753427 100.2466073 

Cycle71 81.96904711 1988.382726 100.1199245 

Cycle81 82.26405128 1932.446784 100.2466073 

Cycle91 81.71429621 1979.060069 99.86655899 

Cycle101 82.43784808 1954.19965 99.86655899 

Cycle111 82.16530789 1920.016575 100.1199245 

Cycle121 82.37959047 1951.092098 100.1199245 

Cycle131 82.49461387 1954.19965 99.99324176 

Cycle141 82.59262166 1940.215665 100.3732901 

Cycle151 83.00563447 1988.382726 100.3732901 

Cycle161 82.92638568 1952.645874 100.1199245 

Cycle171 83.31964283 1934.00056 100.1199245 

Cycle181 82.96760547 1943.323217 99.99324176 

Cycle191 83.21471866 1989.936502 99.86655899 

Cycle201 83.62944946 1958.860979 99.86655899 

Cycle211 84.31351858 1940.215665 99.86655899 

Cycle221 83.90419964 1972.844964 99.86655899 

Cycle231 83.4751536 1972.844964 99.86655899 

Cycle241 83.92864108 1913.80147 99.73987622 

Cycle251 84.40928624 1946.43077 99.73987622 

Cycle261 84.30164741 1991.490278 99.61319345 

Cycle271 84.52284479 1949.538322 99.61319345 

Cycle281 84.24165753 1924.677903 99.48651067 

Cycle291 84.64330069 1935.554337 99.48651067 
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Cycle301 84.73957938 1947.984546 99.48651067 

Cycle311 84.89584161 1958.860979 99.48651067 

Cycle321 84.68007989 1921.570351 99.61319345 

Cycle331 84.88992665 1918.462799 99.3598279 

Cycle341 84.84598903 1930.893008 99.23314513 

Cycle351 84.74205359 1935.554337 99.23314513 

Cycle361 84.1513049 1958.860979 98.97977958 

Cycle371 84.12884728 1934.00056 98.97977958 

Cycle381 83.93235082 1946.43077 98.97977958 

Cycle391 83.69165409 1934.00056 98.72641404 

Cycle401 83.54156312 1943.323217 98.85309681 

Cycle411 82.98785153 1923.124127 98.59973127 

Cycle421 82.73037645 1907.586366 98.59973127 

Cycle431 82.67383206 1940.215665 98.34636572 

Cycle441 83.08068313 1946.43077 98.34636572 

Cycle451 82.84739636 1876.510842 98.21968295 

Cycle461 82.32725098 1941.769441 98.21968295 

Cycle471 82.27812131 1949.538322 98.34636572 

Cycle481 82.20234657 1918.462799 98.21968295 

Cycle491 82.52029877 1893.60238 98.09300017 

Median 83.04 1944.88 99.74 

Mean 83.31 1946.12 99.51 

StDev 0.926 24.963 0.687 

Count 50 50 50 
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Appendix C: Sample calculation (TP06) 

 
 

The table below shows the fired conditions for the extracted 2cycles with respect to 

three parameters (in-cylinder pressure, fuel pressure and intake air temperature) and 

the statistics calculations   thereof,   for   Test   Point   06   of   injector   A   liquid   

spray   measurements. 

 

 

 
   Intake air 
Fired 

cycle 

TDC ICP 

(bar) 
Fuel pressure 

(bar) 

temperature 

(°C) 

Cycle16 50.48138664 1979.060069 99.10646236 

Cycle46 50.41399632 2003.920488 98.97977958 

Median 50.44769148 1991.490278 99.04312097 

Mean 50.44769148 1991.490278 99.04312097 

Stdev 0.047652156 17.57897057 0.089578248 

Count 2 2 2 
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Appendix D: Sample calculation (TP15) 

 
 

The table below shows the conditions for all the cycles with respect to three parameters 

(in- cylinder pressure, fuel pressure and intake air temperature) and the statistics 

calculations thereof, for Test Point 15 of injector A liquid spray measurements. 

 

 

 

 

   Intake air 

 

Cycle 

TDC ICP 

(bar) 
Fuel pressure 

(bar) 

temperature 

(°C) 

Cycle1 41.27788793 591.5379566 98.85309681 

Cycle2 41.28430756 585.322852 98.85309681 

Cycle3 41.25863536 579.1077473 98.72641404 

Cycle4 41.24110713 576.000195 98.72641404 

Cycle5 41.44403116 583.7690758 98.72641404 

Cycle6 41.13026166 591.5379566 98.85309681 

Cycle7 41.41514914 579.1077473 98.85309681 

Cycle8 41.34601861 586.8766281 98.72641404 

Cycle9 41.34527825 582.2152996 98.72641404 

Cycle10 41.20999927 596.1992851 98.72641404 

Cycle11 41.35145427 613.2908229 98.85309681 

Cycle12 41.47612141 593.0917328 98.85309681 

Cycle13 41.28948692 614.844599 98.85309681 

Cycle14 41.20185371 588.4304043 98.85309681 

Cycle15 41.07767856 610.1832706 98.72641404 

Cycle16 41.38107507 588.4304043 98.85309681 

Cycle17 41.20777501 593.0917328 98.59973127 

Cycle18 41.28874973 586.8766281 98.97977958 

Cycle19 41.08977112 600.8606136 98.97977958 

Cycle20 41.36157413 599.3068374 98.97977958 

Cycle21 40.96757027 586.8766281 98.97977958 

Cycle22 41.23147609 589.9841805 98.97977958 

Cycle23 41.33639392 599.3068374 98.97977958 

Cycle24 41.10582498 579.1077473 98.97977958 

Cycle25 41.52006379 589.9841805 98.85309681 

Cycle26 41.33071305 610.1832706 98.85309681 

Cycle27 41.41810424 582.2152996 98.97977958 

Cycle28 41.21617212 594.6455089 98.97977958 

Cycle29 41.41687823 602.4143897 98.97977958 

Cycle30 41.36231291 599.3068374 98.85309681 
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Cycle31 41.28430756 610.1832706 98.97977958 

Cycle32 41.35910943 603.9681659 98.97977958 

Cycle33 41.49488358 597.7530613 98.85309681 

Cycle34 41.49562235 588.4304043 98.97977958 

Cycle35 41.18555783 597.7530613 98.85309681 

Cycle36 41.70348371 586.8766281 98.97977958 

Cycle37 41.3608306 596.1992851 98.97977958 

Cycle38 41.58424906 599.3068374 98.85309681 

Cycle39 41.65608631 582.2152996 98.85309681 

Cycle40 41.35046871 607.0757182 98.97977958 

Cycle41 41.16136159 603.9681659 98.97977958 

Cycle42 41.54154061 605.5219421 98.85309681 

Cycle43 41.36206929 591.5379566 98.85309681 

Cycle44 41.45538178 607.0757182 98.85309681 

Cycle45 41.55635419 611.7370467 98.85309681 

Cycle46 41.48994149 603.9681659 98.97977958 

Cycle47 41.68718783 613.2908229 98.97977958 

Cycle48 41.25986295 579.1077473 98.97977958 

Cycle49 41.37268114 579.1077473 98.97977958 

Cycle50 41.39341918 603.9681659 98.97977958 

Cycle51 41.42131406 603.9681659 98.97977958 

Cycle52 41.50426307 583.7690758 98.97977958 

Cycle53 41.40057918 579.1077473 98.97977958 

Cycle54 41.694351 594.6455089 98.85309681 

Cycle55 41.39169009 597.7530613 98.85309681 

Cycle56 41.41464446 580.6615235 98.97977958 

Cycle57 41.28282208 583.7690758 98.97977958 

Cycle58 41.36799377 589.9841805 98.85309681 

Cycle59 41.36157096 603.9681659 98.85309681 

Cycle60 41.46056589 588.4304043 98.97977958 

Cycle61 41.3610758 582.2152996 98.97977958 

Cycle62 41.36527594 585.322852 98.85309681 

Cycle63 41.27269747 597.7530613 98.97977958 

Cycle64 41.46279015 572.8926427 98.85309681 

Cycle65 41.38576085 600.8606136 98.97977958 

Cycle66 41.56869354 605.5219421 98.97977958 

Cycle67 41.38724633 580.6615235 98.97977958 

Cycle68 41.41242655 591.5379566 98.97977958 

Cycle69 41.62695433 586.8766281 98.97977958 

Cycle70 41.44649427 588.4304043 99.10646236 

Cycle71 41.40921832 591.5379566 98.97977958 

Cycle72 41.38872547 574.4464188 98.97977958 

Cycle73 41.36403883 583.7690758 98.97977958 

Cycle74 41.56819997 614.844599 98.97977958 
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Cycle75 41.58942683 580.6615235 99.10646236 

Cycle76 41.4499477 600.8606136 98.97977958 

Cycle77 41.43365817 605.5219421 98.97977958 

Cycle78 41.27220231 596.1992851 98.97977958 

Cycle79 41.56893874 577.5539712 98.97977958 

Cycle80 41.66348516 585.322852 99.10646236 

Cycle81 41.79111851 603.9681659 98.97977958 

Cycle82 41.50080329 585.322852 98.97977958 

Cycle83 41.51438134 585.322852 99.10646236 

Cycle84 41.5412859 608.6294944 98.97977958 

Cycle85 41.95898766 577.5539712 98.97977958 

Cycle86 41.66447548 585.322852 99.10646236 

Cycle87 41.57609874 608.6294944 98.85309681 

Cycle88 41.86789626 586.8766281 99.10646236 

Cycle89 41.67040155 582.2152996 98.97977958 

Cycle90 41.75557006 599.3068374 98.97977958 

Cycle91 41.54622957 576.000195 98.97977958 

Cycle92 41.7570492 582.2152996 98.97977958 

Cycle93 41.52771261 611.7370467 99.10646236 

Cycle94 41.53881644 594.6455089 99.10646236 

Cycle95 41.51956387 582.2152996 99.10646236 

Cycle96 41.70521122 591.5379566 98.97977958 

Cycle97 41.61411664 603.9681659 99.10646236 

Cycle98 41.29639696 586.8766281 98.97977958 

Cycle99 41.41538641 588.4304043 99.10646236 

Cycle100 41.59658841 579.1077473 99.10646236 

Median 41.4135355 591.5379566 98.97977958 
Mean 41.42993266 592.7188265 98.9392411 

StDev 0.176591075 10.92926326 0.103247814 

Count 100 100 100 
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Appendix E: Sample calculation (TP01) 

 
 

The table below shows the fuel tank temperature conditions and the statistics 

calculations thereof, for Test Point 01 of injector A liquid spray measurements. 

 

 

 

 

 

Time(s) 

Fuel tank T 

(°C) 

1 34.74699887 

2 34.93779887 

3 35.00139887 

4 34.93779887 

5 35.70099888 

6 35.76459888 

7 36.08259888 

8 35.95539888 

9 36.08259888 

10 36.46419888 

11 36.40059888 

12 35.82819888 

13 35.06499887 

14 35.89179888 

15 35.70099888 

16 35.06499887 

17 35.44659888 

18 36.08259888 

19 35.95539888 

20 35.57379888 

21 35.95539888 

22 36.01899888 

23 35.51019888 

24 35.95539888 

25 36.08259888 

26 35.89179888 

27 36.14619888 

28 36.40059888 

29 36.78219888 

30 36.20979888 

31 36.01899888 

32 36.33699888 

33 36.14619888 
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34 36.59139888 

35 36.65499888 

36 37.22739888 

37 37.29099888 

38 37.41819888 

39 36.84579888 

40 36.97299888 

41 37.29099888 

42 37.10019888 

43 36.84579888 

44 37.10019888 

45 37.22739888 

46 36.59139888 

47 37.48179888 

48 38.43579888 

49 38.05419888 

50 38.49939888 

51 38.62659888 

52 38.49939888 

53 38.30859888 

54 38.37219888 

55 38.49939888 

56 38.75379888 

57 38.75379888 

58 37.79979888 

59 37.60899888 

60 38.24499888 

Median 36.40059888 
Mean 36.65393888 

StDev 1.109119746 

Count 60 
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Appendix F: Spray penetration 

results Injector A 
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Injector B 
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Injector C 
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Injector D 
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Appendix G: Uncertainty analysis for spray penetration 

 

A  sample  calculation  illustrating  how  the  measurement  uncertainty  of  spray  

penetration  was  determined  can  be  found  in  this  section.   The measured diesel fuel 

spray penetration achieved with Injector A under TP06 conditions is presented in the table 

below.  

 

Time 

[µs] 

Penetration 

[mm] % Uncertainty 

431.99 3.5 2.38 

456 7.09 1.18 

479.99 8.87 0.94 

504 10.87 0.77 

551.99 15.04 0.55 

576 17.79 0.47 

600 20.51 0.41 

623.98 22.36 0.37 

647.99 23.47 0.36 

 

The measurement of spray penetration was inaccurate by ±1 pixel. One pixel was found to 

be equal to 0.08335mm, using the scale factors for Injector A. The degree of uncertainty 

was then determined as follows 

 

 

% Uncertainty = 
𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛
  x 100 

 

 

For the penetration at t= 431.99 µs and t= 551.99 µs : 

 

 

     % Uncertainty = 
0.08335

3.5
   x 100 = 2.38 % 

 

 

  % Uncertainty = 
0.08335

15.04
    x 100 = 0.55%                                                                                                                                                                                                                                                                                                                                                                                                                                              


