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Abstract
Combustion homogenization of a fuel spray utilizing porous media (PM) has only recently been
proposed and can be regarded as an untouched area of research. In this PhD program, the fundamental role of porous ceramic media on homogenization process of high pressure diesel fuel spray will
be evaluated in diesel engine-like condition. In the study of high pressure diesel fuel spray combustion
in presence of porous media, two main questions can be posed; what is the effect of porous media on
fuel and air mixing process? How can porous media homogenize the diesel fuel spray combustion
process? To answer these questions, cold (non-evaporating spray) and hot (combusting spray)
experiments were conducted in a constant-volume chamber.
Through the application of ultra-high speed imaging (UHSI) technique for cold flow experiment
and developed image processing techniques, new insight into the transient nature of the fuel spray in
different phases of spray interaction with a porous medium was gained. Besides developing a code for
investigating the macroscopic characteristic parameters of the spray, a code was also developed to
process the images for evaluating the probability density function (PDF) of the light intensity.
Through PDF analysis, a discernible improvement of multijet dispersion and fuel atomization at
higher chamber pressures in the last phase of spray interaction with the porous medium was
achieved, irrespective of the injection pressure. This was interpreted as having a higher chance of
uniform fuel distribution and a well homogenized mixture preparation for the combustion process,
the first requirement for combustion homogenization, in both conventional as well as new diesel
engine combustion concepts such as low temperature combustion (LTC).
The combustion experiments were then conducted to shed light on the combustion characteristics of
diesel spray in the presence of a porous medium with specific emphasis on combustion visualization
and heat release analysis of the burning spray. Combustion imaging results showed the validity of the
v

previous hypothesis gained from PDF analysis of cold flow results by showing the rapid development
of homogenous combustion in the last phase of fuel interaction with the PM. Similar to the results of
LTC combustion with retarded injection timing, a longer ignition delay, with a flatter and wider heat
release rate pattern, compared to conventional diesel combustion, was observed in this study indicating the potential of PM assisted combustion in simultaneous reductions in soot and NOx emissions.
Although more extensive experimentation will be required to determine performance over a wider
range of conditions, these results suggest that porous media could be used to promote a distributed
fuel air mixture resulting in slower, but more homogeneous heat release within the cylinder of an
engine. The thesis provides detailed information for the experimental methodology developed in the
Laboratory for Turbulence Research in Aerospace and Combustion (LTRAC) at Monash University.
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How to climb mountains:
Choose the mountain you want to climb
Find out how to reach the mountain
Learn from someone who has been there before
Dangers, seen from close to, are controllable
The landscape changes, so make the most of it
Respect your body
Respect your soul!
Be prepared to go the extra mile
Be joyful when you reach the top
Make a promise
Tell your story

Paulo Coelho,
From the book “Like the Flowing River “
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1. Introduction

1.1 Background
It is thought that the diesel engine started its journey when a curious student, Rudolf Christian Karl
Diesel, became inspired by the traditional fire piston from the Malay Peninsula in his school’s
laboratory around 1875 (Grosser, 1978). Nearly 17 years later, after struggling with his designs for
years and nearly being killed when one exploded, Rudolf diesel patented his compression ignition
prime mover in 1892 which came to be called the diesel engine (Diesel, 1895). Not long after he
disappeared on a voyage to England in 1913, the diesel engine had become one of the most significant sources of propulsion; revolutionising the railroad and many other heavy machinery industries
after World War II (Grosser, 1978). Yet there have been various modifications and improvements
since its initial development, resulting in the traditional combustion process in compression ignition
(CI) engines being significantly optimised in the last century.
There is now growing interest in the benefits of one particular optimisation-that of homogeneous
charge compression ignition combustion in diesel engine (Saxena and Bedoya, 2013). Newer solutions
to reduce emissions and increase efficiency in diesel engines, are based on dilute premixed or partially
premixed homogenous charge compression ignition (HCCI) combustion (Musculus et al., 2013). It
has been shown that, with diesel fuel, the classic premixed HCCI mode in which the homogeneous
mixture is prepared by port fuel injection, cannot be achieved practically due to the diesel fuel’s low
volatility and low autoignition resistance as a result of high cetane number (Xianyin et al., 2010, Dec,
2009, Saxena and Bedoya, 2013).
An alternative approaches to achieve HCCI-like combustion for diesel fuel is commonly referred to
as diesel low temperature combustion (LTC); realized mainly by late direct injection (Dec, 2009,
Saxena and Bedoya, 2013). It is believed that the traditional definitions of SI and CI diesel combus1

tion will be blurred as LTC engines develop (Saxena and Bedoya, 2013). One of the main challenges
facing the LTC method is the short time available for preparation of a homogenous fuel-air mixture
(Kimura et al., 2001, Dec, 2009, Fang and Lee, 2011).
By retarding the injection timing in the LTC method, the mixing process takes place in the early
stages of the expansion stoke; slowing autoignition. As Weclas and Cypris (2011) explain, the critical
factors for homogenization of the charge are quick fuel distribution in space and its vaporization.
Recent experimental studies show the possibility of enhancing the combustion characteristics of late
injection LTC using porous media (Shahangian et al., 2013, Weclas and Cypris, 2011). It is worth
mentioning that, as maintaining the combustion phasing between knock and misfire/stable limits and
achieving low NOX and PM emissions becomes increasingly difficult at high engine loads, practical
LTC engine operation is currently limited to about half of the load that is typical for diesel engine
operation. Extending the high-load limit of LTC operation is an area of active research (Sjöberg et
al., 2004, Olsson et al., 2002). Extending the high-load limit of LTC operation is an area of active
research (Dec, 2009, Saxena and Bedoya, 2013).
Application of a porous medium (PM) to internal combustion (IC) engines is a novel approach for
achieving a HCCI-like combustion process under variable engine loading conditions (Durst and
Weclas, 2001, Weclas and Cypris, 2013). There has been much research focused on the experimental
and numerical aspects of diesel spray combustion in both conventional and HCCI modes, however
the body of research in the new field of porous medium assisted homogeneous combustion process
and its application to engines is very limited.
Experimental and theoretical studies in the last 15 years have examined the non-evaporating as
well as evaporating/igniting spray interaction with porous mediums of different thermal and geometrical properties to highlight the benefits of PM application in internal combustion engines (Durst and
Weclas, 1997, Park and Kaviany, 2001, Durst and Weclas, 2001, Weclas, 2008, Weclas, 2010, Cypris
et al., 2012, Weclas and Cypris, 2013).
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The initial observations of diesel jet impingement on a porous structures showed that diesel spray
may be very quickly dispersed in space across the impingement direction according to a process
called multi jet splitting (Weclas et al., 2003, Weclas and Faltermeier, 2007, Weclas et al., 2008).
Through experimental studies in a constant volume chamber at atmospheric pressure and temperature conditions, a phenomenological model was developed to explain the morphology of the spray
after interaction with the PM (Weclas, 2005, Weclas, 2008, Weclas et al., 2003); studies involving
spray evaporation after interaction with the PM were published more recently and include the latest
studies (Weclas and Cypris, 2010, Weclas and Cypris, 2011).
The evaporation process was studied using the evolution of the instantaneous projected area in
addition to light intensity of the spray around the porous element. The conditions used in these
studies were varied in terms of PM properties (porous rings of different pore densities and thickness
in addition to wire packing structures of different wire diameter and mass), chamber temperature
conditions; ranging from 20°C to 500°C, and injection pressures of Pinj=300 and 900bar.
To gain an insight to the heat release process in a real PM-engine, the thermodynamic properties
of a porous combustion reactor under various chamber temperature conditions at the start of injection (SOI), ranging from 300-600°C, air pressure at SOI of 8-20bar (equivalent to excess air fuel ratio
of λ=0.6-1.9) and mass of injected fuel were studied using an adiabatic constant volume chamber
filled with SiC porous ceramic foams of various pore densities (8-30PPI) and macro-cellular SiC
reactors in (Weclas et al., 2012, Cypris et al., 2012, Weclas and Cypris, 2013).
In these experiments the temperature of the porous medium and the intake pressure of the air
were controlled individually and the heat loss during the heat release process was considered
negligible (Weclas et al., 2012). As shown, the maximum combustion temperature in these experiments was relatively low (Tmax< 1300K). The role of the porous structure’s temperature on different
stages of ignition process including cool and blue flame as well as hot flame were highlighted in the
most recent studies (Weclas and Cypris, 2013).
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An experimental study under a high SOI temperature and pressure environment coupled with
combustion process is more complex than those available in the literature, but is however more
desired as it is closely resembles which that occurs in the real engine processes.
Due to availability of very few comprehensive studies, there are still unresolved issues in the
literature. Because of the difficulty of taking the accurate, time-resolved measurements necessarily
prescribed by highly complex spray flow structure after interaction with the PM as well as lack of
uncertainty analysis, the non-evaporating spray results achieved so far are not sufficiently accurate to
allow any quantitative conclusion about the effect of porous media on fuel distribution/mixture
homogenization processes. Little is also known about the spatio-temporal distribution of the fuel
after the spray interaction with PM in highly pressured environment similar to the end of the
compression process in diesel engine. Moreover, the evolution of the spray after interaction with the
PM in different phases according to the proposed model by Weclas (2008) is still largely speculative
due to limitations of temporal and spatial resolution of the previous studies.
Regarding the combustion studies, apart from the limited number of evaporation and oxidation
results; there is no combustion visualization or detailed heat release analysis results at diesel enginelike conditions to show the real effect of PM on transient fuel burning processes. Because of the
weakness of literature in this field it is not still possible to draw any conclusions about the actual
effect of porous media on combustion homogenization in an engine. These issues and unknowns in
the literature prompt the undertaking of the present study.
To shed light on the effect of the PM on mixture homogenization, the understanding of the spatial
distribution of the non-evaporating spray after interaction with the PM is essential. The spatial
evolution of a diesel spray tends to experience many transitory macroscopic stages that directly
influence the mixing process (Patel et al., 2011). These transient macroscopic stages become more
complicated after the spray has interacted with the PM. Non-invasive optical measurement techniques relying on a single and/or double shot high speed camera are commonly used to study the
spray characteristic parameters. Using these camera systems, an image sequence of spray progression
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is built up through recording a series of injection events at a progressive delay time from the start of
injection (Klein-Douwel et al., 2007, Delacourt et al., 2005, Patel et al., 2011). Principally, such a
method requires a high repeatability of the injection process and therefore it is not suitable for
examining the effect of transient/short-lived spray growth process (Delacourt et al., 2005).
Given these limitations, it is very difficult or even impossible to use any of the existing single shot
imaging systems to investigate the time resolved evolution of spray/PM interaction. Recent studies
have shown the benefit of using ultra-high-speed cameras to capture spray evolution and its transient
dynamics (Eagle et al., 2014, Patel et al., 2011, Kostas et al., 2011, Kostas et al., 2009b, Kostas et
al., 2009a). In this study an ultra-high speed imaging (HSI) technique is used which permits a time
resolved acquisition of each non-evaporating and combusting spray/PM interaction event. The high
speed camera chosen for this study is capable of recording 102 consecutive frames with a fixed
resolution at a framing rate of up to 1MHz (Goji Etoh et al., 2003).
An optically accessible constant-volume chamber (CVC), designed to simulate the in-cylinder
conditions of a real engine in TDC, was configured to allow direct imaging of diesel sprays. Dedicated
image processing algorithms were developed to examine the evolution of the spray through timeresolved measurement of macroscopic quantities e.g. spray tip penetration, velocity, projected area as
well as fuel distribution after spray impingement onto the PM. As important as it is, the accuracy
and repeatability of the entire system has been evaluated for the measurement of spray parameters
with assessment of the limit of the technique being also provided.
To simulate the high temperature/pressure conditions of the combustion chamber in a real engine,
a chemical preheating process was performed in the CVC before the start of injection. The high
speed volume imaging technique was then used for the first time to record the time resolved images
of the spray combustion progress in the presence of the PM. In addition to combustion visualization,
an experimental study was conducted to characterize the heat release behaviour of the diesel fuel
spray with and without interaction with the PM, using the transient pressure sensor readings.
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For this type of study, there are many parameters that can affect the spray behaviour such as nozzle
size and/or configuration, nozzle standoff distance, injection pressure, chamber temperature and/or
pressure condition, porous medium thermal and/or geometrical properties, and etcetera. However,
the experimental task in this study is limited to the study of injection pressure, pore density/size of
the porous medium, chamber pressure and temperature conditions and standoff distance. Recent
developments in experimental and post processing techniques by Nguyen and Honnery (2008), Kostas
et al. (2009), Ghojel and Tran (2010) and Kostas et al. (2011) as well as new ultra-high speed
imaging technology provided a strong basis for this research.

1.2 Aim of this research
The present research aim to answer the following question: “can porous media be used to homogenize
diesel spray fuel combustion”. So the objective of this study is to describe an experimental investigation to examine the fundamental role of the PM in homogenization of combustion process of liquid
fuel spray under engine-like pressure/temperature conditions. The result of this study can be used for
further development of the future generation of diesel engines for automotive or power generation
applications.

1.3 Thesis structure
This thesis is structured to provide, in Chapter 2, the background to the field of porous medium
combustion in the last two decades, in addition to an overview of different methods of combustion
homogenization in diesel engines; as well as analysis of their benefit and limitations. Previous studies
on the application of PM in engines, experimental investigations and numerical analyses, as well as
measurement techniques are also reviewed within this chapter. Chapter 3 then details the experimental procedure; various components of the associated rigs used for cold and hot experiments in
addition to the developed post-processing analysis. The first part of the cold experiment results and
findings are subsequently presented in Chapter 4.
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Chapter 5 forms the second part of the cold experimental results and is devoted to the analysis of
imaged light intensity, while Chapter 6 presents the combustion visualization as well as the associated heat release analysis results. The major conclusions drawn from this research and their relevance
to future diesel technologies are presented in Chapter 7.
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2. Background

2.1 Introduction
This chapter presents an overview of the related studies and detailed objectives of the present
research. An introduction to the porous medium (PM) combustion in gas/liquid fuel burner applications is presented in Section 2.2. The combustion homogenization concept in a typical direct injection
diesel engine, novel methods for homogenizing fuel/air mixture and resultant diesel combustion
process are briefly reviewed in Section 2.3. A survey on the major experimental studies on various
types of PM engines is also presented in this section. Unique properties of PM for IC engine application, in addition to a brief survey of porous material especially ceramics used in high temperature
applications with their operating and limiting parameters, are presented in Section 2.5. A phenomenological model describing different phases of spray interaction with the PM, in addition to the
relevant cold flow and combustion test results available in the literature, are reviewed in Section 2.6.
Different methods of heat release analysis in diesel engines are described in Section 2.7. Finally, the
unresolved issues besides proposed research aims and the experimental methods/tools used in this
study are discussed in Sections 2.8 and 2.9 respectively.

2.2 Porous medium combustion
It is projected that world energy demand will rise to 1000EJ (1EJ=1018J) or more by 2050 if
economic growth continues its course of recent decades (Moriarty and Honnery, 2012). From the
perspective of fossil fuel consumption, we are interested in extracting as much as energy as possible
from a fixed amount of burned fossil fuel, while having the lowest negative impact on the environment. The porous medium combustion has been the subject of a significant amount of research and
development over the last three decades as an alternative technology for burner applications to

9

achieve higher efficiency and lower exhaust gas emissions (Avdic et al., 2010, Bakry et al., 2009, Gao
et al., 2014, Trimis et al., 2006, Howell et al., 1996, Raymond, 2005).
Several advantages associated with this method of combustion are low combustion temperature,
stability of combustion process, reduction of CO and NOx emissions, extended lean flammability
limit, gaseous and liquid fuels operational flexibility, high heat production per unit burner crosssection and low level of combustion noise (Trimis and Durst, 1996, Avdic et al., 2010, Sathe et al.,
1990, Durst and Weclas, 2001). In contrast to a conventional free flame burner, a stable combustion
of CH4/air mixtures has been achieved using PM for equivalence ratios of ϕ=0.53-0.91 (Avdic, 2004).
However, this method of combustion has a number of drawbacks. The main problems facing the
application of ceramics in burners are related to long-term stability of ceramics in high-temperature
combustion environments (Klemm, 2010, Füssel et al., 2011).
As shown in Figure 2.1 (a), porous medium burner operation is based on a constant flow of an airfuel mixture that reacts in the 3D porous structure (Avdic et al., 2010). From the perspective of
combustion process, the most important operating parameter for combustion process within the PM
volume is the pore size (Durst and Weclas, 2001). As illustrated in Figure 2.1 (a), a sufficiently small
pore size is usually selected for region A to prevent flashback to the downstream of the flow (Bakry
et al., 2009). After flowing through region A, the premixed charge enters region C with larger pore
size causing the flame to propagate and stabilize within this region (Avdic et al., 2010). The critical
pore size may be determined according to a Peclet Number criterion which gives the ratio of heat
flow by transport to heat flow by conduction, Equation 2.1. If Pe≤65, then the flame structure
extinguishes since heat is transferred to the porous medium at a higher rate than it is produced
(Babkin et al., 1991). In this equation, SL, dp, cp, ρg and λg are the laminar flame velocity, mean pore
diameter, specific heat, density and conductivity of the gas mixture respectively. The Peclet number
is thus substantially independent from the material properties and only dependent on porosity.

P =

    


Equation 2.1
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Figure 2.1 (a) Flame stabilization in a porous reactor using a pore size gradient: A- fuel-air premixing zone; Bflame stabilization plane; C- combustion zone, (b) heat recirculation process in porous burners using the

heat borrowed from the combustion zone (Mujeebu et al., 2009b, Trimis and Durst, 1996).

Based on the definition of Peclet number, the flame front can only propagate through the PM
volume while the heat release rate is higher than the rate of heat transport from the gas mixture to
the solid structure of the porous medium (Durst and Trimis, 2002). The heat transfer mechanism in
region C by both the solid phase (through radiation and conduction) and the gas phase (through
convection), is known as the key feature of combustion in a PM burner (Durst and Weclas, 2001). It
is thought that the lower combustion temperature in PM burners is due to this effective heat transfer
to the solid phase of the PM and its high heat capacity which yields to reduced thermal NOx
formation (Durst and Weclas, 2001). The typical value of NOx and CO emission is reported to be in

the range of 2-20ppm and less than 10ppm respectively, for ϕ= 0.55-0.9 (Trimis and Durst, 1996).

Besides high thermal conductivity and radiation characteristics of the solid phase of the PM, the
superb qualities of a PM burner are also due to induced aerodynamic and turbulence effects of the
porous structure on the gas flow (Avdic et al., 2010, Durst and Weclas, 2001). Heat transfer properties of the PM mainly depend on the type of base material; the heat conduction increases by
choosing a metal base PM (Durst and Trimis, 2002). As shown in Figure 2.1 (b), one important
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characteristic of combustion in a PM burner is heat recirculating by which the reactants (gaseous
mixture or combustion air) is preheated using heat borrowed from beyond the combustion zone
(Raymond, 2005, Weinberg, 1971). This kind of combustion systems which use the heat recirculation
are sometimes being referred as excesses enthalpy or super-adiabatic flame temperature combustion
(Raymond, 2005, Park and Kaviany, 2001). As Durst and Weclas (2001) explain, most of the research on PM combustion technology relates to gaseous fuels. Applicability of the steady state PM
burners operating with liquid fuels such as petrol and diesel was demonstrated more recently,
however due to its complexity in operation, this technology is still not fully adopted in practical
applications (Mujeebu et al., 2009a, Durst and Weclas, 2001).
As shown by Durst and Weclas (2001), PM combustion application was gradually extended from
stationary gas/liquid fuel burners to unsteady state PM oil burner and finally internal combustion
(IC) engines. Successful employment of PM combustion technology to unsteady combustion was
verified through the calculation of characteristic cooling/heating response time of the moving gas
through the pores of a PM and the measurement of effective combustion velocity within the PM
(Pinaev and Lyamin, 1989, Durst and Weclas, 2001). The characteristic time scale in low velocity gas
flow is of the order of 10-4s. This response time for heat transfer process in porous media can be
further reduced to 10-5s at higher pressure conditions (Durst and Weclas, 2001).
Measurements of combustion velocity under normal pressure condition showed substantial increase
of the combustion velocity (up to 10 times) in the porous medium relative to the free volume (Durst
and Weclas, 2001). It was predicted that boosting pressure can proportionally increase the combustion velocity and results in small characteristic combustion times of the order of 10-4s (Durst and
Weclas, 2001). The above time-scales can be favorably compared with the typical time-scales in IC
engines (Hao et al., 1995, Kato et al., 1989). Durst and Weclas (2001) conclude that the use of PM
in IC engines yields complete combustion despite the unsteady flow and combustion conditions due
to shorter vaporization, heat transfer and combustion time-scales.
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2.3 Combustion homogenization in diesel engines
One possible way of using the benefits of diesel engine including high thermal efficiency and low CO2
emissions and on the other hand preventing the formation of harmful exhaust emissions especially
NOx and soot particles, is the use of homogeneous combustion (Zhao F. et al., 2003). Homogenization of the combustion process by complete or partial decoupling of the injection event from the
combustion process has been one of the novel combustion research topics in direct injection engines,
especially diesel engines, over the last decade (Musculus et al., 2013, Weclas, 2010).
The late-injection strategy commonly used in a conventional diesel engine permits control of the
ignition timing, but, on the other hand, limits the time for mixture formation/homogenization
processes (Schlier et al., 2011, Weclas and Cypris, 2010). A promising method for realizing clean
combustion in diesel engine could be achieved by combination of a late injection strategy combined
with an enhanced mixture homogenization process (Weclas and Cypris, 2011).
A homogenous combustion process is defined in the literature as combustion in which a simultaneous 3D ignition of a homogeneous mixture is followed by volumetric heat release (no flame front)
in a combustion chamber leading to a homogeneous temperature field (Weclas, 2010, Cypris et al.,
2012). A more uniform combustion temperature distribution inside the chamber directly affects the
formation of thermal NOx and soot emissions. For future engines, fulfillment of such conditions over
the wide range of engine loads and speeds is likely to be a requirement (Weclas, 2010, Durst and
Weclas, 2001).
Homogenization of the combustion process in direct injection compression ignition (DICI) diesel
engines has been the subject of numerous combustion studies since the advent of new combustion
modes; such as active thermo atmospheric combustion (ATAC) and more recently homogenous low
temperature combustion (LTC) (Onishi et al., 1979, Dec, 2009). It has been shown that new methods
of combustion such as homogenous charge compression ignition (HCCI), which operates with a
homogenous air/fuel mixture can be a possible solution to the problem of diesel engine out emissions,
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especially NOx and soot particles (Zhao F. et al., 2003, Shahangian et al., 2007). The conventional
method of mixture preparation in diesel engines relies primarily on the kinetic energy of the fuel
spray as well as turbulence as it leaves the nozzle resulting in a heterogeneous fuel/air distribution
inside the chamber (Choi et al., 2005). The combustion process of this non-uniform, time-space
dependent mixture by compression process causes high temperature gradient.
Even though diesel engines are overall lean burn, the classical heterogeneous nature of the high
temperature combustion (HTC) process contributes to the formation of nitrogen oxides (NOx) and
particulate emissions (Zheng et al., 2007). Hence, complying with new emission standards for achieving ultra-low soot and NOx emissions has been a challenge for diesel engine manufacturers. Although
these emissions have been significantly reduced in recent years using pre and post combustion
treatment technologies, further reductions are still required to meet the very stringent EURO-VI
regulations in 2014 (Brijesh et al., 2013).
Typical practical technologies applied to conventional diesel DICI engines combustion systems to
solve the emission problem particularly through enhancing mixture formation are use of intense swirl
and squish air motions, high pressure injection, pilot injection, common rail systems and different
nozzle hole configurations and sizes (Kamimoto and Kobayashi, 1991, Heywood, 1988, Weclas et al.,
1998). Hence, special attention has been focused on different parameters which exert considerable
influence on the fuel-air-mixing process e.g. spray characteristics such as spray tip penetration, spray
cone angle, atomization and air motion (Heywood, 1988). The mixture homogenization problem in
conventional diesel engines becomes even more critical in the case of the homogenous charge compression ignition engine (HCCI) where air fuel mixture must be homogenously distributed before the
start of combustion (Weclas and Faltermeier, 2007).
In this new mode of combustion, depending on the injection strategy, the time required to achieve
nearly complete mixing can be shorter than the time required for fuel auto-ignition (Xianyin et al.,
2010). In direct injection diesel engines, the main strategies for lowering soot formation, e.g. use of
high pressure common rail injection system or multi hole nozzles, also aim to increase the mixing
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rate by improving the spray characteristics and air entrainment. It has been shown that accelerating
the fuel-air mixing process can decrease the amount of fuel in high-temperature zones within the
flame and thus the production of soot (Heywood, 1988). However, a by-product of more rapid mixing
to achieve reduced soot formation is higher levels of NOx emission (Kamimoto and Kobayashi, 1991).
2.3.1 Principle of diesel-HCCI engine
In HCCI, the premixed charge of fuel and air is compression ignited; however, the mixture is made
very dilute either by being lean with fuel/air equivalence ratios (ϕ), typically less than 0.45, or
through the use of high levels of EGR for equivalence ratios up to stoichiometric (Musculus et al.,
2013, Dec, 2009, Shahangian et al., 2008, Saxena and Bedoya, 2013). According to the literature,
with diesel fuel, the classic premixed HCCI mode in which the homogeneous mixture is prepared by
port fuel injection is not readily implemented due to the fuel low volatility and low autoignition
resistance as a result of high cetane number (Xianyin et al., 2010, Dec, 2009).
Numerical and experimental studies on the premixed HCCI mode burning diesel/diesel surrogate
fuels shows that while port fuel injection can provide the most homogeneous mixture, it faces a
couple of problems such as difficulty in controlling ignition timing, an excessive rate of heat release
and high levels of unburned HC and CO emissions (Xianyin et al., 2010, Duret, 2002, Shahangian et
al., 2009). An alternative approaches to achieve HCCI-like combustion for diesel fuel is commonly
referred to as diesel low temperature combustion (LTC), Dec (2009).
It is believed that the traditional definitions of SI and CI diesel combustion will be blurred as
LTC engines develop (Saxena and Bedoya, 2013). Similar to conventional late injection diesel combustion, the goal of the LTC concept is to combine a late-injection strategy for controlling the selfignition timing with homogenization of the charge (Carlucci et al., 2014). There are two approaches
to low-temperature diesel combustion based on the injection timing: very early direct-injection and
near top dead centre (TDC) direct-injection LTC. As Xianyin et al. (2010) explain, besides suffering
from low fuel conversion efficiency, the early injection strategy causes cylinder wall wetting and oil
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dilution, resulting in high level of HC and CO emissions. The authors add that a late injection
strategy using a conventional multi-hole injector, can on the other hand, decrease these emissions;
however, it leads to the formation of a partially rich mixture. This can cause a significant increase in
NOx and PM emissions (Xianyin et al., 2010). As stated in Dec (2009), the late injection LTC
approach, commonly known as modulated kinetics (MK), is more desirable as it offers direct control
over the combustion phasing through the injection timing and can prevent the overly advanced
combustion that can occur with diesel-fuelled HCCI. In MK mode, air/fuel mixture must be well
homogenized before the start of the combustion process so that combustion temperature and equivalence ratio combinations that lead to soot and NOx formation are avoided (Dec, 2009).
The longer ignition delays and lower combustion temperatures of MK combustion, compared to
conventional diesel combustion are promoted by the use of a retarded injection timing, excess charge
gas (to create mixtures that are more fuel-lean than stoichiometric), moderate to high levels of
EGR, charge cooling and lower compression ratios (Musculus et al., 2013, Dec, 2009, Kimura et al.,
2001). However, the drawbacks with MK combustion are the short available time for homogenization
of the charge before the initiation of the combustion process and abundance of CO and HC emissions
due to high EGR (Kook et al., 2005, Fang and Lee, 2011).
It is thought that shorter residence time of the fuel by late injection, before the start of the
combustion, reduces the risk of fuel condensation on cold surfaces leading to the formation of
unburned hydrocarbons (UHC) (Wåhlin, 2006). To overcome the main drawback of late-injection
timing , the short available time for charge homogenization, a method should be considered to boost
the mixing rate of fuel and air (Wåhlin, 2006).
Figure 2.2 (a) shows the images of MK combustion as compared with those of the conventional DI
combustion process in addition to the heat release rate curves measured for each combustion process.
The NOx reduction rate and particulate emissions in conventional and MK combustion are compared
in Figure 2.2 (b). As can be seen in this figure, NOx reduction rate (NOx/NOx baseline) of MK
combustion is over 98% while it is 90-92% for conventional combustion.
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(b)

(a)

Figure 2.2 (a) Heat release rate and associated images of combustion process (b) comparison of NOx and
particulate matters emissions of MK combustion vs. conventional DI Diesel (Kimura et al., 2001).

2.3.2 Principle of porous media (PM) engine
There have been numerous patent works from 1917 on application of porous media for improving
individual engine processes in direct and indirect injection engines including mixture formation,
ignition, combustion and heat recuperation (Weclas, 2005, Shahangian, 2012, Weclas, 2010). A
comprehensive overview of the most important concepts in the field of PM application to IC engines
is available in (Weclas, 2010, Weclas, 2005).
The novel concept of utilizing porous media (PM) in DICI engines to achieve a homogenous
combustion of a well premixed charge was proposed by Durst and Weclas (Weclas, 2010, Durst and
Weclas, 1997). In this concept, the whole combustion chamber can be limited to the porous reactor
volume with fuel injection, vaporization, mixture formation, ignition, and heat release can be partially or completely realized in the porous-medium volume (Weclas, 2010). As per Weclas et al. (2012),
the hot PM reactor, when applied to an engine, is used as a 3D hot-spot ignitor, and the heat release
process could be performed in the PM volume only. One of the important features of the PM engine
is that the mixture formation conditions can be practically independent of fuel spray microstructure
(Weclas, 2010, Weclas, 2006).
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Figure 2.3 Flowchart showing the possible effects of porous ceramic on homogenization of combustion process.

Figure 2.3 shows the requirements of homogeneous combustion process and the possible influence
of porous media on homogenization of the combustion. Durst and Weclas (2001) defined two different
versions for PM engine design: open and closed chamber systems. In the open chamber configuration
the PM reactor has permanent contact with the cylinder content (gas). In the case of a closedchamber, it is assumed that a valve in the PM chamber opens near the end of the compression stroke
and remains open during the expansion stroke to provide a periodic contact of the cylinder content
with the PM (Durst and Weclas, 2001).
Figure 2.4 (a) shows the proposed open and close chamber concepts. Associated details of these
configurations are available in (Weclas, 2010). According to Weclas (2010), another classification
criterion for the PM engine is the positioning of the PM-reactor in the engine. Accordingly, three
locations of cylinder head, cylinder wall, and piston head were suggested. In order to prove the
feasibility of the PM engine, Durst and Weclas (2001) modified a single-cylinder, air cooled diesel
engine (Hatz 1D81) to incorporate a PM in the cylinder head. The resultant engine had a compression ratio of 16.8 due to the modifications. The compression ratio of the original engine was 20.5
according to the manufacturer (HATZ-diesel, 2012). A porous silicon carbide (SiC) of 10PPI pore
density was mounted in the cylinder head opposite the nozzle, between the intake and exhaust valves
and bowl of the piston was also removed. Figure 2.4 (b) shows a view of the porous media inserted in
the cylinder head of the test engine. As stated by the authors, the engine test was conducted for
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several hours without showing any evidence of damage to the PM material or any uncontrolled
operations. Authors stated that the volumetric efficiency was not affected by the presence of the PM
in the cylinder head. They added that low cylinder pressure and power output in their experiment
was due to low compression pressure caused by gas leakage through valve seats. Although the
emission measurement is not within the scope of this study, a general discussion on the emissions is
included in this chapter to provide a better insight to the effect of PM on combustion and heat
release in diesel engine.
Based on the PM engine test result, at lean to stoichiometric (ϕ=0.3-1) conditions and engine
speed of less than 2500rpm, Durst and Weclas (2001) reported up to 31% reduction in peak cylinder
temperature, 89% reduction in thermal NOx, almost 84% reduction in CO emission and very noticeable reduction in soot formation compared to the diesel engine operation mode. They explained that
lower soot emission including a case of no excess air ratio (ϕ=1) is attributed to the homogenous
mixing of air and fuel inside the combustion chamber. Much lower combustion noise reported in the
case of the PM engine operation is believed to be due to the reduction in the maximum cylinder
pressure (Durst and Weclas, 2001). As stated by the authors, the simultaneous reduction of soot and
thermal NOx emissions reported for PM engine operation mode, cannot be easily achieved in conventional diesel engine operation even with the combined use of EGR, pilot injection and multi hole
nozzles due to the tradeoff between NOx and soot emissions (Nehmer and Reitz, 1994).
The NOx emission of the PM engine reported in Durst and Weclas (2001), for ϕ=0.3-1, was

compared with that of the original diesel engine operating in a different range, ϕ=0.14-0.25. As the
diesel engine is operating in the higher excess air ratio, the production of higher NOx emission can
be expected. Another factor which may contributes to the lower NOx emission of the PM engine is
the lower compression ratio of this engine relative to its diesel engine counterpart (18% lower). To be
able to equally compare the NOx emission of the PM engine and the original diesel engine, the effect
of lower compression ratio of 16.8 and higher range of ϕ (0.3-1) needs to be considered on NOx
emission of the conventional diesel engine.
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Figure 2.4 (a) PM engine concepts with open (right) and closed (left) chamber configuration (b) a view of the
permanent contact (open concept) PM engine with PM reactor mounted in (b) cylinder head and (c) piston
head (Weclas, 2010, Durst and Weclas, 2001, Chien et al., 2006), (d) comparison of PM engine and conventional DI diesel engine temperature trajectories (e) PV diagram of PM engine vs. diesel (Chien et al., 2006).

As shown by the authors, the engine test results of both open and closed chamber configurations
showed that the maximum temperature of the chamber was nearly 33% lower than the conventional
diesel engine working under the same operating conditions. The authors suggested that the overall
combustion temperature is kept low by the very effective heat transfer to the PM with its extremely
high heat capacity (compared to surrounding gasses) and this allows the heat release to be achieved
at approximately constant temperature, Figure 2.4 (d). The temperature profile was calculated using
the recorded pressure readings. The significant effect of relatively lower maximum cycle temperature
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on preventing NOx formation and on the other hand decreasing thermal efficiency of the PM engine
has been numerically shown by Polasek and Macek (2003). The authors stated that in PM engine
operation the combustion enthalpy is utilized to increase the internal energy of the cylinder charge,
with part of the energy diverted into the porous medium to be used in the next cycle for charge
heating and fuel vaporization. Therefore, the heat recirculation process can enhance the chance of
mixture homogenization. No measurement results were found in the literature to assess the capability
of the PM for heat regeneration or recirculation during diesel engine combustion process.
Regarding the performance characteristic parameters of the engine, Durst and Weclas (2001)
concluded that lower chamber pressure in the case of the PM engine caused lower brake power
compared to diesel engine operation. As reported by the authors, the engine power at 2000rpm was
3kW. As per the manufacturer, the power output of the original HATZ diesel engine at 2000rpm is
7.6kW; indicating almost 60% reduction in the brake power of the PM engine relative to the diesel
counterpart.
In another engine test using a permanent contact PM engine, a porous SiC reactor with the
porosity of 91% was mounted in the piston head of a single cylinder DICI engine as shown in the
Figure 2.4 (c)(Chien et al., 2006). The engine test results performed at two different engine speed of
1200-1500rpm showed approximately 30% reduction in maximum engine cylinder pressure, Figure 2.4
(e). Up to 90% reduction in the thermal NOx emission was also reported, which is in good agreement
with the findings of Durst and Weclas (2001). However, decreasing NOx emissions was achieved
together with increasing CO, unburned hydrocarbons (UHC) and particle matters which was conflicting with the previous results by Durst and Weclas (2001). In particular, Chien et al (2006)
reported 85% and 75% increases in particulate matter emissions respectively at 1200 and 1500rpm.
They suggested that this phenomenon may be caused by unequal distribution of fuel over the PM
surface which can be lowered by surface treatment of PM reactor by N2O plasma treatment system
(Chien et al., 2006). However, their own results with the surface treatment did not show any noticeable improvement in terms of exhaust emissions. The authors mentioned that the turbulence
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generated by the location of the PM in the chamber (moving or stationary), injection timing and the
spray angle, can be the possible solution for further reduction of exhaust emissions. These speculations may somehow justify the discrepancy between this result and those of Durst and Weclas (2001).
In another engine test, Kannan and Tamilporai (2009) mounted a cylindrical hollow porous
ceramic material on the top of the piston cavity of a single cylinder, naturally aspirated, direct
injection diesel engine to investigate the performance and emission characteristics of PM engine
concept from idle to 50% of peak load condition. According to the authors, the porosity of the
medium in this study was 18% and pores were evenly distributed all around the material volume.
The mean pressure history in this study was obtained by averaging 100 engine cycles in sequence.
Comparing the soot emission measurements at idle and 25% load showed that the smoke level was
62 to 15mg/m3 for the PM engine, while for the diesel engine, it was 3 and 8mg/m3 respectively. At
50% load, the corresponding values for the PM and diesel engines were 17 and 27mg/m3 which
showed up to 30% reduction in soot for the case of the PM compared to the conventional diesel
operation (Kannan and Tamilporai, 2009). The reduction in soot emission at higher engine load
condition was accompanied by 30% NOx emission reduction.
As the authors explain, this result signified the effect of porous ceramic on heat absorption from
the reaction zone. Kannan and Tamilporai (2009) mentioned that the effective evaporation of the
liquid fuel through heat absorption from the reaction zone by the solid phase of the porous ceramic,
in addition to the homogenization of fuel air mixture via porous structure, are the possible reasons
for soot emission reduction at higher engine load conditions. However, the authors provided no
evidence to support this statement. Based on the fuel consumption and brake thermal efficiency
results, they concluded that the porous medium engine has an inferior performance characteristics
compared to conventional diesel operation. The authors stated that this is due to the restriction of
the incoming air inside the cylinder by the porous medium and suggested the use of supercharging or
turbo charging to overcome this problem.

22

There are a number of issues that can be raised regarding the measurement results of Kannan and
Tamilporai (2009). The compression ratio of the PM engine (21:1), as reported by the authors, is
higher than the original diesel counterpart (17.5:1). The higher compression ratio can improve the
thermal efficiency and emission characteristics of the PM engine. The shape of the porous medium
used in this study and its porosity, is completely different from 3D porous ceramic structures used in
the Durst and Weclas (2001) study where the mixture and combustion homogenization could be
realized within the PM itself. While the authors compared their results with that of Durst and
Weclas (2001), they fail to provide any comment on possible effect of using a highly porous medium
on their findings.
Regarding the emissions, the results of soot emission measurement at low load condition shows 21
times higher soot readings at cold start condition which can be an indication of incomplete evaporation/combustion process. Having said that, it is expected to have higher CO and HC emissions at
these loading conditions. Contrary to the expectation, the presented results indicate lower values for
both CO and HC emissions. As expected from higher soot reading in cold start conditions, there is a
tendency for sooty residue accumulation on the surface of the porous medium. However, the authors
provide no explanation/measurement result on the possibility of soot residue formation on the porous
medium insert. It seems that there is a contradiction between the results of unburned hydrocarbon
and thermal efficiency in this study. The HC emission results of PM engine shows approximately
45% reductions relative to the original diesel engine while the thermal efficiency of this engine is 14%
lower than the diesel counterpart.
CFD simulations of PM engine fuelled with methane and hydrogen was carried out to explore the
potentials of the PM engine concept in terms of efficiency and emissions (Polasek and Macek, 2003,
Mohammadi et al., 2011). The simulation results of Polasek and Macek (2003) showed the presence
of very strong gas stratification within the PM in addition to a rapid consumption of available
oxygen by the flame before all fuel is burned.
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The authors recommended a careful optimization of excess air, volume of the PM and compression
ratio to achieve sufficient temperature for burning of the unburned fuel discharged from the PM
reactor during combustion and the expansion stroke. They also found that low temperature of the
PM during cold start can cause premature heat supply to the PM during the compression process in
addition to intensive heat loss during the combustion process; both of which are unfavorable in terms
of thermal efficiency and emission production. However, no experimental analysis was provided to
validate the results of this CFD analysis.
While preliminary, the result of CFD simulation study by Polasek and Macek (2003) is important
as for the first time in the literature the negative effect of low temperature of the PM in cold start on
performance and emission of the engine has been discussed. This finding could explain the formation
of higher unburned hydrocarbon/soot emissions in the experimental results by Chien et al. (2006)
and higher soot emission reported by Kannan and Tamilporai (2009).
In another CFD analysis by Zhao et al. (2008), the working process of a periodic contact PM
engine fuelled with natural gas (methane) was investigated using KIVA-3V. Results showed that
variation in PM structure affects the convective heat transfer between the gas and solid phase and
the fuel dispersion in space (Zhao and Xi, 2008). The interaction between two types of fuel sprays
and a hot porous medium has been also numerically studied using KIVA-3V (Zhao and Xie, 2008).
Results of their study showed that regardless of the type of fuel spray, the fuel spray can be split,
which can improve the evaporation of fuel droplets and the mixing process of fuel vapor with air.
Based on the reviewed studies, it can be concluded that there is a clear contradiction between the
reported engine test results in terms of performance and emission characteristic parameters. This can
be due to the complexity of combustion process in the PM engine superimposed by cyclic variation
in the engine. Yet, it appears that no study on the heat transfer and heat release characteristics of
PM engine (in engine like condition) has been done. Therefore, there is a need for research on the
combustion characteristics of the spray in the presence of the porous media in conditions relevant to
engines.
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2.4 Properties of porous ceramics
Many studies have been carried out to identify suitable materials which can withstand high combustion temperatures in different applications (Füssel et al., 2011). The combination of high gas
temperatures and velocity with aggressive gas flow can cause hot corrosion which can degrade the
PM (Fritsch and Klemm, 2008, Opila and Jacobson, 2008). Ceramic materials such as silicon carbide
(SiC), zirconium dioxide (ZrO2) and aluminum oxide (Al2O3) in the form of foam are some of the
most often used materials for combustion applications due to their resistance to thermo-mechanical
stress caused by high temperature gradients (Weclas, 2010).
The high temperature-resistant porous ceramic materials which are applicable to burner application can be also used in IC engines (Weclas, 2006). However the mechanical stability of the porous
material seems to be more critical for the IC engine application due to cyclic temperature/pressure
variations. The selected porous materials for engine application should have the following properties:
excellent heat transfer properties, large porosity, large specific surface area, high heat capacity and
high mechanical and thermal stability (Weclas, 2006). A number of correlations have been derived to
calculate the mechanical and thermal properties of the porous media based on the porous structure
and its relative density (Gibson and Ashby, 1999, Sharafat et al., 2006).
2.4.1 Heat transfer properties
One of the crucial features of PM combustion systems is the heat transfer process between the solid
and the fluid phase inside the porous medium during the heat release process (Weclas and Cypris,
2013). In terms of heat transfer properties, Durst and Weclas (2001) stated that, even with the
porosity of 95 percent, the overall conductivity of these porous ceramics will be 300-500 times higher
than the gas mixture resulting in 16 to 20 times higher combustion velocities due to better axial and
radial temperature distribution. The high thermal conductivity of porous ceramic material can
contribute to a more uniform spatial distribution of temperature and lowering of cycle peak temperature which are the major sources of NOx formation in diesel engines (Durst and Weclas, 2001).
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The effect of heat transfer properties of porous ceramics on evaporation enhancement in liquid fuel
burners has also been numerically and experimentally studied (Periasamy and Gollahalli, 2010,
Periasamy et al., 2007).
2.4.2 Porosity and pore density
The term porosity defines the fraction of void space in the porous medium while the pore density
expresses the number of pores per unit length, typically expressed in pores per inch (PPI), Figure 2.5
(a). The cells of porous ceramic can be idealized as a pentagonal dodecahedron in which the edges
are the interconnected struts of the porous ceramic, Figure 2.5 (b)(Sharafat et al., 2006). Struts in
porous ceramics connect the non-uniform dodecahedron-like cells together.

Closed pore
1 inch

(a)

(b)

(c)

Figure 2.5 (a) Definition of pore density (b) dodecahedron-like structure of the cells and (c) close and open pore
cell structure in a SiC porous ceramic.

As stated by Weclas (2010), porous structures for engine application are characterized by porosity
of more than 80% and open cell structures; for example, see foam structure in Figure 2.5. The lower
porosity of porous structure may prevent homogeneous spreading of the fuel throughout the PM
volume and can significantly increase pressure losses during the engine cycle (Weclas, 2010). Recent
CFD simulation of a PM showed that a porous medium of lower porosity e.g. 70% can be used to
accelerate the heating process of fuel air mixture during the compression stroke.
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This can be achieved due to stronger heat transfer from the PM to the mixture leading to a more
complete combustion with lower average gas temperature (Zhou et al., 2014). They showed that
besides the equivalence ratio of the mixture the average temperature of combustion is also a function
of the pore density of the medium. It was also shown that with decreasing porosity, the heat storage
capacity in the PM will be enhanced, which reduces the temperature variation in the PM and can
lower the maximum gas temperature during combustion.
The consensus view is that the high porosity permits large transparency to gas flow, spray and
flame as well as low pressure losses in fluid flow through the porous ceramic material volume.
Although the effect of pore density on the PM burners has been intensively studied (Howell et al.,
1996, Schlier et al., 2011), the body of literature on the effect of pore density on transient combustion process of liquid fuel spray is very limited. As stated by Weclas (2010), for supporting engine
processes it is very important that the cells of the PM have open connections with their surrounding
pores. Figure 2.5 (c) exhibits an example of open and close pore cells of a porous medium. The
closed cells may increase pressure loss, may block liquid fuel distribution in a porous-medium volume,
and increase the mass (heat capacity) of the foam (Weclas, 2010). It has been suggested that porous
ceramic with pore densities of 8-30PPI are the most appropriate choices for engine applications
(Weclas, 2010).
2.4.3 Specific surface area
The specific surface area of a PM is the amount of surface area within its given volume. A large
specific surface area (of the order if 102-104 m-1) helps the porous ceramic to act as a vaporizer by
permitting the distributed wall film of fuel to be easily heated and vaporized over a large surface
(Weclas, 2010). The inner surface area depends on the pore density of the PM, its geometry and the
basic polymer structure used for manufacturing of the PM. A large specific surface area will be
utilized to achieve inter-phase heat transfer, fuel (spray) distribution, and liquid vaporization in the
PM volume (Weclas, 2005, Weclas and Cypris, 2011).
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2.4.4 Heat capacity
High heat capacity of the ceramic material contributes to having high combustion stability and much
lower cyclic variability (Avdic, 2004). The effect porosity on flame stability and combustion characteristics has been extensively studied in porous burners equipped with a bundle of narrow ceramic
tubes (Kotania et al., 1985, Kotania and Takeno, 1982). It has been shown that heat capacity of SiC
increases from 680J/kg.K at 20°C to 1400J/kg.K at 1600°C which signifies the heat absorption
ability of this ceramic material at high combustion temperatures (Pelissier et al., 1998).
It is stated that, accumulation of heat due to high heat capacity of SiC foam during the combustion can substantially affect the initiation of combustion process besides lowering the peak
combustion temperature (Weclas, 2005). By measuring the temperature distributions within a porous
aluminum oxide of 87.5% porosity, Okuyama and Abe (2000) showed that the stored energy in the
highly porous medium was about 100 times larger than that for a medium that was not highly
porous. The authors presumed that the heat energy in the highly porous medium was maintained
not only in the flow channel but also in the highly porous medium itself by convection in the complex flow path (Okuyama and Abe, 2000).

2.5 Ceramic material
Table 2.1 shows the properties of a few high-temperature resistant materials for the application in
combustion environments. The ceramic materials can be divided into two groups: oxide and nonoxide. Examples of important oxide and non-oxide ceramics are provided in this section.
Aluminium oxide (Al2O3) is one of the most often used materials for burner applications because of
its durability, high temperature rating, chemical stability, and economic cost and can be used up to
approximately 1900°C in atmospheric condition (Avdic, 2004, Gao et al., 2014). Because of its high
thermal expansion coefficient and an average thermal conductivity, the thermal shock resistance of
Al2O3 ceramics is moderate, Table 2.1. Thermal shock happens when temperature gradient leads to
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thermal stress due to the non-uniformity of thermal expansion in a piece of material (Fend et al.,
2006). In engine applications thermal shock can occur due to cyclic operation of the engine and the
large number of heating/cooling cycles. Fracture occurs when the thermoelastic stress exceeds the
fracture strength (Colombo and Bernardo, 2008). Thermal shock resistance (TSR) refers to a
material's ability to withstand rapid temperature gradient without being fractured. The robustness
of a material to thermal shock is characterized with the thermal shock parameter, RT.

R =

 


Equation 2.2

In Equation 2.2, λ, σT, υ, α and E denote thermal conductivity, maximal tension the material can
resist, Poisson ratio, thermal expansion coefficient and Young's modulus, respectively. The hard and
soft shock parameters (TSP) in Table 2.1 refer to conditions in which a material is exposed to a
sudden temperature gradient and when the temperature gradient is maintained over time respectively. Long term damage is better represented by the soft shock parameter. As can be seen in Table 2.1,
SiC has the highest soft thermal shock parameter. In engine application, an additional factor concerning thermal shock for engine application is the cyclic operation of engine and a large number of
heating/cooling cycles. Mechanical stress and vibrations should also be considered.
Zirconium oxide (ZrO2) is one of the most often used materials for high temperature applications
and can be used up to 1800°C. As stated by Füssel et al. (2011), the change in crystalline structure
of pure ZrO2 during heating at 1170°C and during cooling at 950°C, causes a proportional change in
volume of up to 5-8%, making ZrO2 vulnerable to crack propagation and failure. One solution to this
problem is the addition of sintering materials e.g. yttrium to ZrO2 (Füssel et al., 2011). Propagation
of cracks through the porous structure made of ZrO2 at high temperature has shown to deteriorate
the uniformity of the flow in the gas burner causing the flame to tilt (Hsu et al., 1993, Wood and
Harris, 2008).
Metallic materials such as nickel-based or FeCrAl alloys are less suitable for high temperature
applications where Tmax≥1500K because of their inadequate thermal stability (Avdic, 2004).
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Table 2.1 Properties of important ceramic materials (Füssel et al., 2011).

Thermal conductivity 20–1000 °C (b) linear coefficient of thermal expansion 20–1000°C (c) thermal shock parameter ‘‘hard shock’’ (d)
thermal shock parameter ‘‘soft shock’’ (e) thermal application limit (in air, short time).

As shown in Table 2.1, these materials are suitable for applications with the operating temperatures of less than approximately 1300°C.
Silicon carbide (SiC) has been found to be one of the most desirable ceramic materials for high
temperature applications based on its high thermal conductivity and emissivity as well as superior
thermal shock resistance (Weclas, 2006, Gao et al., 2014, Pickenacker and Trimis, 2001). This
ceramic material has a relatively better resistance to thermal shock compared to the above mentioned materials due to the low expansion coefficients and the high thermal conductivity of this
ceramic and can be used up to 1750°C (Avdic et al., 2010, Avdic, 2004). Description of different types
of SiC ceramic material and their metallurgical properties are explained in (Füssel et al., 2011).
2.5.1 Properties of Silicon carbide (SiC)
As a non-oxide material, SiC is thermodynamically unstable under oxidizing conditions (Füssel et al.,
2011). Regarding the high temperature resistance properties, Schlier et al. (2011) state that oxidation
processes in SiC or silicon infiltrated SiC (SiSiC) ceramics start at temperatures of around 600°C,
however, a protective amorphous silica layer is formed on the surface which serves as an effective
oxygen diffusion barrier which allows these materials to be used up to reasonably high temperatures.
Füssel et al. (2011) argue that the formation of protective silica layer depends on the intrinsic
properties of the material and the environment it is used in. There are three major types of oxidation
reactions for SiC: 1-passive (parabolic) oxidation kinetics in stationary atmospheres with high oxygen
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partial pressure in which a silica layer is formed on the surface, 2-active oxidation kinetics at low
oxygen partial pressure and high gas velocities in which no protective silica layer exists, and 3paralinear kinetics as a combination of passive and active oxidation in which a silica layer is formed
but depending on the environmental conditions (temperature, high water vapor, gas velocity) it is
continuously degraded by the formation of volatile silicon hydroxides (Adler et al., 2005, Füssel et al.,
2011). Equation 2.3, 2.4 and 2.5 show the parabolic, passive and paralinear oxidation kinetics of SiC
ceramic. According to Füssel et al. (2011), for combustion applications, the porous SiC material
should show the parabolic or at least paralinear oxidation behaviour, otherwise the struts of the
porous structure will lose their mechanical strength after a very short operating time.
SiC
SiC

#$%
#$%

SiO*

+ 3⁄2O*+,- = SiO*

#$%

+ CO+,-

Equation 2.3

+ O*+,- = SiO+,- + CO+,-

#$%

Equation 2.4

+ 2H* O = SiOH0+,-

Equation 2.5

Porous silicon carbide (SiC) offers low bulk density, high stiffness to weight ratio, fracture and
thermal shock resistance, both electrical and thermal conductivity and low coefficient of thermal
expansion (Sharafat et al., 2006). This contrasts substantially with other porous ceramics which are
usually relatively fragile and non-conductive. These properties are requisite for applications such as
catalyst supports, molten metal’s and hot gas filtration, heat exchangers, thermal insulation systems,
and even porous implants in the area of biomaterials (She et al., 1993). The bending strength varies
as a function of the foam porosity and can reach 7.5 MPa for a sample of 70 % of porosity (Mouazer
et al., 2005).
2.5.2 Porous SiC manufacturing techniques
Different techniques of open-cell porous ceramic manufacturing can be classified into three general
categories: sponge replication, foaming agents, or space holder method. The procured porous SiC
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material in this experiment has been manufactured based on positive sponge replication or "polymeric sponge" process which is the most popular method for the production of porous ceramics (Binner,
2006). In this method the pores of the polymeric foam are filled with aqueous slurry of ceramic
powder with appropriate amounts of gelling, anti-foaming and dispersing agents. The sponge is
compressed to ensure the void space is completely filled with slurry, and then passed through a set of
rollers to remove the excess slurry. After removal of the excess slurry, the sponge is burnt out and the
ceramic material is sintered, resulting in a replica of the original sponge.
In replication methods, polymer foam structure and pore size and the viscosity of the ceramic
slurry, containing all the additives are critical in determining the properties of the final component,
for example, its density and permeability (Binner, 2006). As Weclas (2010) explain, there is still an
open question about the suitable materials and structures for application to real engine conditions,
due to the complex thermal and mechanical loading conditions which a porous reactor must withstand in real engine conditions.

2.6 Spray/PM interaction
Because of the importance of spray-wall interaction on mixture preparation in conventional DICI as
well as HCCI engines, many researchers have studied the impingement of a fuel spray on to a solid
wall (Moon et al., 2011, Kokjohn and Reitz, 2010, Gavaises et al., 1996). Formation of liquid fuel
deposits on the wall of a combustion chamber has a negative effect on the combustion process and
gives rise to emission of high levels of unburned hydrocarbons and ash, especially in small high speed
diesel engines (Heywood, 1988, Arifin and Arai, 2010, Eilts, 1990).
The interaction between a high pressure fuel spray and a highly porous medium has significantly
different features to those observed in spray solid wall impingement, a finding supported by numerical studies (Weclas, 2008, Zhao and Xie, 2008). Figure 2.6 shows the effect of porosity on the spray
propagation in space.
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2.6.1 Phenomenological model
Figure 2.6 (b) shows the proposed phenomenological model describing the different phases of spray
interaction with a porous medium (Weclas, 2008). The first phase (A), concerns the formation of a
free jet in the space between the nozzle and the PM; the second phase (B) represents the spray
interaction with the PM-interface resulting in partial propagation into the PM-volume and partial
deflection from the surface. In the third phase (C), fuel spray distributes throughout the PM-volume.
Distribution of the injected fuel inside the PM in phase C is an important component in the homogenization of the injected fuel. This effect is related to multi-jet splitting (Weclas and Cypris, 2011,
Weclas, 2008). The last phase (D) is characterized by the spray leaving the PM after flowing
throughout the PM. The degree to which each phase dominates during this interaction depends on
such factors as the injector standoff height, fuel injection pressure and the properties of the PM
itself. Although not originally considered, a further factor is the chamber pressure condition.

Injector
nozzle

Phase A

Fuel
spray

Phase A

Phase A

Phase B

Phase B

Phase C

Solid surface

Phase D

(a)

(b)

(c)

Figure 2.6 Characteristic phases of spray (a) free propagation in space (b) interaction with a porous medium
and (c) interaction with a solid plate. Porosity decreases from (a) to (c).

2.6.2 Cold experiment tests in a controlled environment
Weclas (2003) performed the first qualitative experiment on diesel fuel spray distribution inside a
PM, constructed of a number of porous plates, utilizing a mixture of diesel fuel and florescent
particles. The recorded distribution of the fluorescent traces inside the individual plates indicated
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significant spreading of the fuel inside the porous medium (Weclas et al., 2003). However, results
obtained were not sufficiently accurate to enable any quantitative conclusions to be drawn. Considering the effect of different parameters, Weclas (2008) stated that radial distribution of the
impingement jet is enhanced by the PM volume and this can significantly improve the spatial
homogenization of the cylinder charge in late direct injection diesel engines.
To analyze the development of the spray inside the porous medium in phase C, Weclas and
Faltermeier (2007) simulated the porous structure by various arrangements of parallel cylinders
positioned perpendicularly to the spray axis and then experimentally investigated the interaction of a
single fuel spray with them. They stated that besides greater distribution of the fuel, higher air
entrainment can be achieved compared to a free jet by the formation of a multi-jet structure in phase
D after spray interaction with the cylindrical obstacles (Weclas and Faltermeier, 2007).
The authors also showed that the characteristic parameters of the first obstacle e.g. diameter,
distance from the nozzle tip, in addition to injection pressure have the dominant role on distribution
of the spray in space. The findings of this study highlighted a potential role that PM can play in
mixture homogenization processes in diesel engines, which is the first step in combustion homogenization. The concept of “distribution nozzle” based on the interaction of a diesel jet with a porous
element (ring) positioned in proximity to the nozzle outlet was suggested later on to demonstrate the
features of highly porous, open cell structures for promoting mixture homogenization and fuel
vaporization processes, Figure 2.7 (Weclas and Cypris, 2010, Weclas and Cypris, 2011).
It was shown that the 3D distribution of the jet due to the multi-jet splitting effect can result in a
wide radial distribution of the jet. These findings were supported with the future experimental
results using a high speed imaging technique in (Shahangian and Ghojel, 2012). The numbers of wall
junctions as well as junction’s thicknesses are critically important for the effect of multi-jet splitting
on charge homogenization (Weclas and Cypris, 2011). Their experimental results showed a significantly reduced axial penetration and increased jet surface area as compared to the free spray case
(Weclas and Cypris, 2010). Similar to early experiments on free sprays, use of relatively slow frame
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rate cameras in the previous measurements meant important time resolved detail of spray interaction
events was lost through phase averaging techniques (Qi et al., 2006).
In early fuel PM spray studies, due to the relative slow framing cameras employed it was not
possible to record the complete time resolved acquisition of every injection shot. So the spray
interaction process had to be reconstructed through image sequences taken in different injection
cycles by considering a temporal shift at the same experimental conditions (Klein-Douwel et al.,
2007, Delacourt et al., 2005). Principally, such a method requires a high repeatability of the injection
process and therefore it is not suitable for examining the effect of irregular, transient or relatively
short-lived dynamic phenomena which are part of the spray growth process (Delacourt et al., 2005).
2.6.3 Combustion tests in a controlled environment
To analyze the thermodynamic conditions and possibility of combustion homogenization in a PM
engine, two series of experiments were performed in a constant volume chamber. The first series of
experiments were carried out using distribution nozzles (PM rings) to understand the evaporation
and mixture homogenization in the presence of the PM (Weclas and Cypris, 2010, Weclas and
Cypris, 2011). The second series of experiments were performed to simulate the ignition and combustion process in a PM engine cylinder at TDC position (Cypris et al., 2012, Weclas et al., 2012,
Weclas and Cypris, 2013).
Performing the first systematic study on the effect of porous structure (porous ring) temperature,
Weclas and Cypris (2010) showed the critical effect of PM-ring temperature on acceleration of
vaporization process through measuring the surface area of the spray. In their experiment, the
chamber was filled with cold nitrogen and the porous ring temperature could be increased up to
500°C, Figure 2.7. Weclas and Cypris (2011) concluded that at higher injection pressures
(Pinj=900bar relative to 300bar) the spray surface area, penetration length, and exit velocity are less
temperature dependent. However the intensity level showing the vapors concentration was found to
be a function of temperature, independent of injection pressure. The intensity in their experiment
was represented by the maximum number of pixels measured above a given threshold value.
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Figure 2.7 Bottom view of diesel fuel spray interaction with a porous ring of two different temperatures,
TPM=20°C and 250°C, at different time frames after SOI and chamber pressure condition of Pc=1bar (Weclas
and Cypris, 2011).

It was found that the vapor concentration increases non linearly with increasing distributionelement temperature (Weclas and Cypris, 2011). The authors stated that there was no significant
wall wetting on the medium surface due to high heat transfer properties of the porous structure. It
was found that the vapor concentration increases non-linearly with increasing distribution-element
temperature (Weclas and Cypris, 2011, Weclas and Cypris, 2010).
One main limitation of these studies was performing only the tests in an ambient chamber
pressure condition which could make the process different from that of real engine processes. It was
also claimed that at much higher PM temperatures the fuel could be vaporized completely prior to
leaving the distribution element leading to acceleration of vaporization process (Weclas and Cypris,
2010). A second series of experiments were performed using a CVC filled by porous SiC ceramic or
fabricated SiC lattice (Weclas and Cypris, 2013, Cypris et al., 2012, Weclas et al., 2012). Considering
the constant volume chamber as an adiabatic system during a short period of ignition and combustion, the change in internal energy du/dt was associated with the heat release rate in the chamber
dQ/dt, which in turn can be related to the chamber pressure (Weclas and Cypris, 2013, Cypris et al.,
2012).
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(a)
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Figure 2.8 (c) Rate of pressure rise in a porous reactor (SiC macro-cellular structure of 80% porosity) as
compared to free spray combustion; PSOI=14bar, TSOI=400°C, Pinj=600bar, mfuel=23.7mg (d) comparison of
pressure histories and (e) distribution of maximum combustion temperature versus initial pressure in a
combustion chamber with and without (FV) having a porous medium. Two porous reactors (8PPI and 30PPI)
were fitted in the chamber volume and electrically heated to initial temperatures of 400°C, 500°C, and 600°C
for a constant mass of injected fuel (Cypris et al., 2012, Weclas et al., 2012).
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Results of pressure trajectories showed a noticeable reduction in maximum pressure compared to free
spray combustion, with increasing pore density acting to reduce the pressure proportionally, Figure
2.8 (a, b). This behaviour was explained by heat accumulation in the porous reactor due to the effect
of heat capacity and spray distribution in the reactor volume as a result of high specific surface area
of the PM (Weclas and Cypris, 2013).
Figure 2.8 (c, d) shows the similarity of the heat-release process, corresponding pressure history as
well as heat-release rate of a fabricated macro-cellular reactor and a porous foam of low pore density
(Cypris et al., 2012). It was shown that maximum combustion temperature in the case of a porous
reactor reduces with increasing reactor heat capacity, pore density and specific surface area, Figure
2.8 (e) (Weclas and Cypris, 2013). The effect of the PM on maintaining the maximum temperature
at different initial pressure conditions, is thought to be due to the heat accumulated in the porous
reactor (Weclas et al., 2012).
One question that needs to be asked, however, is the possibility of formation of unburned hydrocarbon or particulate matter emissions on the surface of the porous reactor in these studies. The
effect of heat capacity of the PM on lowering the maximum combustion temperature was also
highlighted using different wire packing media as compared to a foam reactor (Cypris et al., 2012).
Weclas and Cypris (2012) performed the first systematic study on the effect of pressure and temperature condition at SOI and pore density of the medium on different stage of ignition process in a
constant volume chamber.
It was concluded that at initial temperature of less than 400°C, the heat release process in all
reactors show a single-step distribution, while at higher initial temperature of more than 500°C, the
reaction is characterized by a multistep distribution. However, no explanation is available in their
study for the reliability of the smoothing methods applied to the pressure data for recognizing
various stages of ignition. It is worth mentioning that no heat loss analysis result was done nor was
combustion visualization results presented in any of the previous studies of diesel fuel spray combustion in the presence of a porous medium.
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2.7 Heat release analysis in diesel engine
Combustion research studies in diesel engines are mainly performed using an optical engine or a
constant volume chamber that has optical access to the combustion process. Constant volume
combustion chambers (CVC) have already shown to be an advantageous experimental tool for
research on fuel spray and combustion processes at engine-like conditions (Heywood, 1988, Galle et
al., 2013, Andersson et al., 2001, Nguyen and Honnery, 2008). The major benefits of using a constant
volume chamber are the simplicity of gaining optical access to the combustion process which is
difficult to achieve with an optical engine due to complications imposed by a moving piston and
reproducibility of quantitative experiments due to ease of controllability of the initial conditions of
the test e.g. temperature and pressure of the chamber.
A widely accepted method to describe the progress of the combustion process is the heat release
rate. It defines the rate of release of the fuel's chemical energy through the diesel engine combustion
process and can be calculated directly from the cylinder pressure data. The classical model of diesel
combustion obtained from heat release analysis identifies two main stages of combustion: the premixed and mixing-controlled (Heywood, 1988). Heat release process during the premixed phase,
where prepared fuel burns quickly, is dependent on the amount of prepared fuel/air mixture during
the ignition delay period while the rate of burning during the mixing-controlled phase depends
mainly on the air motion and fuel spray momentum (Kamimoto and Kobayashi, 1991, Lewis and von
Elbe, 1934, Garforth and Rallis, 1978). For accurate heat release analysis the heat loss rate needs to
be accounted for.
To analyze the heat release (HR) and heat loss during the combustion process, a large number of
methods have been suggested using the cylinder pressure records, with earliest studies back in 1930s
(Rassweiler and Withrow, 1938, Annand and Pinfold, 1980, Woschni, 1967). The HR is usually
calculated from the cylinder pressure data using a single zone model based upon the application of
the First Law of thermodynamics and ideal-gas equation of state to the content of the combustion
chamber (Heywood, 1988, Ferguson and Kirkpatrick, 2000, Andersson et al., 2000).
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The cylinder contents in a single-zone model is treated as homogeneous and can be sufficiently
described by property values representing the average state (Andersson et al., 2000), Other models
such as 2-zone (burned and unburned), multi zone, and 3D models are usually used for calculations
that require local information, such as pollutant formation (Egnell, 1998, Jung and Assanis, 2001,
Takada and Kusaka, 2008, Wiedenhoefer and Reitz, 2003).
For heat release calculation a global temperature and mixture composition will be adequate,
therefore a single zone model is sufficient. Even though the assumption made in this model may not
be able to capture the complicated in-cylinder engine processes such as spray propagation or droplet
evaporation, the single zone thermodynamic model is popular because of its simplicity and efficient
calculation of the parameters showing the progress of the combustion, the heat release rate.
In a diesel engine, the difference between the heat energy available in the fuel and the apparent
(cumulative) heat release represents all losses including heat transfer from the gases to the engine
cylinder walls, incomplete combustion, gas leakage and dissociation (Ghojel and Honnery, 2005). The
heat losses due to incomplete combustion, gas leakage and dissociation are usually ignored and heat
transfer losses by convection and radiation are estimated using empirical correlations. Both radiative
and convective heat flux are a function of the gas temperature in the near-wall region and the
temperature of the combustion chamber walls, Equation 2.6, 2.7, 2.8 (Wiedenhoefer and Reitz, 2003).
As Ghojel and Honnery (2005) explain, the reason for using empirical correlations is the complex
nature of heat transfer during combustion and expansion stages in diesel engine. The large variation
in the values of the heat transfer coefficient predicted by different models makes the selection of an
appropriate model for the heat losses problematic (Annand and Pinfold, 1980, Woschni, 1967, Ghojel
and Honnery, 2005). Equation 2.6 and Equation 2.7 show a model for estimating the rate of heat
transfer through convection in diesel engines and the Woschni model for estimating heat transfer
coefficient. In these equations, A, hC, Tw and T are respectively the combustion chamber surface
area, heat-transfer coefficient, cylinder wall temperature and the gas temperature (Woschni, 1967).
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The ivc, m, SP, C1 and C2 denote inlet valve closing and motoring operation, mean piston speed
and empirical constants. Equation 2.8 represents a model for estimating radiation heat loss through
chamber walls (Edwards and Matavosian, 1984).
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In Equation 2.8, α, ε, g and s represent total absorptivity, emissivity, gas and solid surface. The
subscript 1 denotes properties for the mean beam length of the enclosure and subscript 2 for two
mean beam lengths which include the effect of one reflection (Ghojel and Tran, 2010). As can be
seen in these equations, due to large number of empirical coefficients involved, experimental analyses
are required to determine these coefficients. These coefficients might be also specific to a particular
engine which makes the application of the model to different diesel engines model considerably
complex. It is worth noting that the heat transfer models in the literature are mainly derived for the
combustion process in an engine, while the combustion process of fuel in a constant volume chamber
is slightly different from that of a real engine. The difference is mainly because of absence of piston
work and quasi-quiescent movement of the gas in a CVC.
Nguyen and Honnery (2008) have developed a single-zone heat release model for combustion in
constant volume chambers based on the First Law of thermodynamics. In these models the work
done by piston and the effects of crevice and the enthalpy of the injected fuel are excluded. The heat
transfer values in this model are taken so that the heat loss by convection during the cooling process
matches the energy released by the fuel injected. Using this lump heat transfer model, the effect of
radiative heat loss during combustion process of the diesel fuel spray cannot be estimated.
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As shown in the literature, the lack of radiation term in the heat transfer model can reduce the
calculated gross cumulative heat release by around 10% in the case of the free spray (Andersson et
al., 2000).
In addition to heat release analysis, high speed imaging diagnostics has been used extensively to
study the progression of combustion process in diesel engines, with earliest studies back in 1960s
(Alcock and Scott, 1962, Heywood, 1988). The direct combustion visualization studies have been
carried out using optical engines, rapid compression machines and constant volume chambers under
normal engine operating conditions (Nguyen, 2006, Tran, 2008, Pickett and Siebers, 2006, Pickett et
al., 2009b, Matsuoka et al., 1984). In diesel engine combustion, the natural luminosity signal is
generally comprised of the radiant emissions from the hot soot particles and gas phase species and
the chemiluminescence from the electronically excited gaseous molecules produced during the
exothermic low temperature chemical reactions (Kim et al., 2013, Dec and Espey, 1998).
While early spray combustion studies employed high-speed film photography that necessitated
short image acquisition periods and long delays for film development, recent advances in highly
sensitive digital cameras have made it possible to perform high-speed imaging with improved pixel
resolution and framing rates (Edwards et al., 1992, Naber and Siebers, 1996, Lillo et al., 2012,
Pickett et al., 2009b). The development of laser diagnostic techniques has contributed significantly to
the understanding of diesel fuel spray combustion process (Zhao, 2012, Dec, 1997, Dec and Tree,
2001).
Laser-based techniques can provide more quantitative and spatially-resolved information about
mixing, temperature, or combustion radical concentration e.g. OH, HCHO. However, imaging the
time history using laser-based techniques is difficult because of limitations of lasers and/or intensified
cameras and most systems resort to a single image acquisition during the event thereby providing
little information about the time sequence leading up to the particular image (Pickett et al., 2009b).
High-speed imaging diagnostics can help with this issue because they capture the time record leading
up to the spray combustion event. Compared to the considerable amount of literature published on
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high speed imaging of diesel fuel spray combustion process, there has been no published work on
visualization of the spray combustion process in the presence of the porous media. The mentioned
lack in the literature in this filed prompted the undertaking of the present study.

2.8 Unresolved issues and Aims
The aim of this study is to investigate whether the porous media can homogenize the combustion
process of a high pressure diesel fuel spray. To achieve this aim the role of PM on enhancing the fuel
distribution and homogenization of the fuel/air mixture should be first studied, as the primary
requirements for combustion homogenization. As the early cold experiment results were only demonstrated at atmospheric pressure, and there are no combustion visualization or detailed heat release
analysis results available in the literature to show the effect of PM on transient fuel burning processes of a diesel fuel spray, it is not possible to draw conclusions about the actual effects of porous
media on combustion homogenization in an engine.
Thus in this empirical study it is necessitated that an improved method of non-invasive measurement of spray/PM interaction in both non-evaporating and evaporating/combusting environment be
developed, and thorough error analysis be carried out. Referring to the Section 2.6.2, the transient
behaviour of the spray after interaction with the porous medium is still not very well understood.
Thus, it is also necessary in this research program to consider a more thorough experimental analysis
to investigate the time resolved distribution of the injected fuel in different phases after spray
impingement onto the PM.
As shown in Section 2.6.3, the available research in the literature aims to verify the capability of
HCCI-like operation of PM engine; however very little is known about the heat release behaviour of
the diesel fuel spray after interaction with the PM in diesel engine-like pressure/temperature conditions. As mentioned in 2.3.2, the effect of PM on heat recirculation has been scarcely investigated
from the point of combustion homogenization. Therefore, it is also within the aim of this study to
assess the effect of porous media on heat recirculation process.
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Recent developments in experimental techniques by Nguyen and Honnery (2008), Kostas et al.
(2009b), Ghojel and Tran (2010) as well as new ultra-high speed imaging technology open new
opportunities for undertaking this research. This study builds on the work by Durst and Weclas
(2001), Weclas and Cypris (2011), Cypris et al. (2012) and Weclas and Cypris (2013) and contributes
to the body of knowledge in the PM combustion technology as applied to internal combustion
engines e.g. diesel-LTC, conventional direct injection (DI) as well as indirect injection (IDI) diesel
engines).

2.9 Methods for study
An optically accessible constant volume chamber facility was chosen for this study due to its easy
optical access, flexibility and the absence of moving parts. Common rail fuel injection was used to
deliver the fuel throughout the experiment. In this regard, two series of experiments were carried out
on non-evaporating and combusting spray as it propagates inside the chamber with/without the
presence of a PM.
To analyze the effect of porous media on mixture homogenization process, there was a need for a
method to capture the impingement and egress events with sufficient spatio-temporal resolution. To
achieve this aim, the ultra-high speed imaging technique was chosen in this study. The use of ultrahigh speed imaging system enabled capture of the whole injection and combustion process of the
diesel fuel spray at 125000 frames per second (125kfps) with frame integration time of 2µs at a fixed
resolution. This technique permits a time resolved acquisition of each spray-PM interaction event in
both cold and combustion environments.
As applied to liquid fuel spray studies, early example of the use of ultra-high speed volume
imaging technique in different forms were that of Kostas et al. (2009a) and Kostas et al. (2009b).
They used the Shimadzu hypervision camera to study the transient behaviour of diesel fuel spray in
the initial 0.5ms of the injection process. Most recently the evolution of a transient gaseous helium
jet issuing from a multi-hole nozzle was studied using the ultra-high speed camera for Schlieren
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imaging (Hajialimohammadi et al., 2013). The use of laser based methods e.g. laser light scattering,
laser induced fluorescence was not considered for this study mainly due to the low pulse rate of laser
beams which makes it practically impossible to investigate the transient behaviour of the high
pressure diesel fuel spray propagation in the chamber.
In the cold experiment section of this study, the effect of initial chamber pressures, ranging from
ambient to 50bar, was investigated with special emphasis on the macroscopic characteristic parameters of non-evaporating diesel fuel spray as it propagates inside the chamber, with/without the
presence of a porous medium. This experiment was important as it could shed light on the effect of
engine-like pressure condition on spatial distribution of the spray and mixture formation. Dedicated
image processing codes were developed to investigate the characteristic parameters of the spray, fuel
distribution on top and bottom side of the porous medium during the injection process in different
phases.
A subsequent experimental study was then conducted to characterize the transient behaviour of
diesel fuel spray combustion process with/without interaction with the PM using high speed imaging
of naturally emitted light and heat release analysis. The NL of the diesel spray was recorded in this
study to compare the development of combustion with/without the presence of the PM in the
chamber. By filling a fraction of the chamber’s volume with the PM, as opposed to the previous
studies in the literature, the combustion process is only partially affected by the presence of the PM
in this study. Hence, the rest of the burning process is completed in the free volume of the chamber;
allowing the availability of combustion visualization in addition to heat release analysis of the
combustion process. The HR results along with recorded NL images were used to draw a conclusion
on the effect of PM on mixture/combustion homogenization.
A single-zone combustion method proposed by Nguyen and Honnery (2008) was applied to
analyse the heat release process in this study due to its simplicity and efficiency in calculating
combustion parameters. A further advantage of this model is that it makes use of a heat loss submodel whose coefficients are tuned to the conditions of the experiments. Thus, it is able to account

45

for the role of the PM in transferring heat. This is particularly important as the PM is expected to
accumulate heat from the chemical preheating process used to initiate the high pressure and temperatures conditions in the chamber necessary to ignite the fuel spray. Finally, Scanning Electron
Microscope (SEM) images of the sooty residue layer deposition on the surfaces of the PM are
presented for further discussion on different phases of combustion development in the presence of the
porous media.
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3. Methodology

3.1 Introduction
This chapter deals with the experimental methodology and apparatus used in this study. An optically accessible constant volume chamber was configured to provide optical access to the injection and
combustion events under diesel engine-like conditions. Section 3.2 describes the design of the cold
flow and combustion setups in which the experiments were conducted. High-speed volume imaging, a
non-intrusive measurement technique, was used throughout the flow visualization and quantitative
characterization of the diesel sprays. Apparatus was altered to perform the experiment with and
without the presence of the porous medium. As the technique is well known, only those peculiar
aspects to the current experimental set up will be described in detail.
Section 3.3 describes the high speed imaging technique and the image processing algorithm
developed to investigate the macroscopic properties of the spray. A discussion on the image thresholding and outline extraction methods is also included in this section. The performance analysis of
the edge detection algorithm is presented in Section 3.4. The detail of PDF analysis method for
studying the behaviour of multijet structure and its effect on mixture homogenization is explained in
Section 3.5. The combustion analysis technique and the method used for measurements is described
in Section 3.6 This includes the chemical preheating procedure and the detail of the thermodynamic
method applied for heat release analysis. The results of the cold/combustion measurements are
presented in Chapters 4, 5 and 6.
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3.2 System Description
3.2.1 Cold flow test
The experimental setup consists of a stainless steel constant volume chamber (CVC), the porous
medium and its holder, a common rail diesel fuel injection system, a trigger circuit, a high-speed
camera system and illumination units.
3.2.1.1

Constant volume combustion chamber (CVC)

The CVC used in this study has a cylindrical internal volume of 2.385 liter with a diameter of
150mm and height of 135mm. The CVC is optically accessible via eight glass windows around the
cylindrical periphery of the chamber with an effective diameter of 39mm. The purpose of the vessel is
to allow optical access to the injection and combustion process under diesel-like conditions, which
would be difficult to achieve with a real diesel engine due to complications imposed by a moving
piston.
For the purpose of the cold experiment, three glass windows were placed in the viewing ports for
optical access. The remaining windows were occupied by a pressure transducer and steel blanks. The
fuel injector unit was mounted centrally to the top of the chamber. The CVC is designed to withstand up to 100bar chamber pressure (Pc). However the maximum pressure in the experiment was
limited to 60bar.
A relief valve (RV) prevents the chamber pressure exceeding the threshold value, Pc=60bar.
Figure 3.1 (a) and (b) illustrate two schematic views of the experimental setup showing the position
of the flash units, injector, porous media, static pressure transducer, thermocouple as well as the
camera. Figure 3.1 (c) shows an overview of the experimental setup for the cold flow test. The PM
was placed centrally across the entire vessel cross-section, Figure 3.1 (b). The distance of the PM
upper surface to the injector nozzle tip can be varied. A thermocouple and a static pressure transducer were used to monitor the initial temperature and pressure of the chamber respectively, Figure
3.1 (a).
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Figure 3.1 (a) Top view of the chamber showing the associated positions of the illumination units, high-speed
camera, pressure transducer and injector (b) a view of experimental setup showing (A) high speed camera, (B)
constant volume chamber, (C) illumination units, (D) injector and (E) safety shield.

3.2.1.2

Common rail fuel injection system

The high pressure fuel injection was provided by a common-rail system comprising a low pressure
pump, a high pressure pump, a common rail connected to an injector mounted on top of the CVC
plus a heat exchanger to cool the excess return flow. The CMG high pressure diesel pump was used
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to pressurise the common rail (Bosch part#: 0 445 214 063). The pump speed was regulated by a 3phase inverter/controller powered by a 3kW, 3-phase electric motor. A closed loop proportional
integral-derivative (PID) controller adjusted the motor to allow the rail pressure to be controlled
within ±5bar by varying the motor speed and/or a pressure control valve fitted to the common rail.
Experiments were conducted at chamber pressures of Pc=1, 10 and 50bar and the rail pressure of
Pinj=500 and 1000bar. A solenoid driven Bosch common rail diesel fuel injector, (Bosch part#:0 445
110 107), was used along with a micro-sac injection nozzle in this experimental work. The driving
current is controlled by the ‘peak and hold’ method (Lee et al., 2006). The pulse width of the current
defines the injection period. When there is no current applied, the solenoid is no longer energised and
the injector needle is forced back against its seat by a spring, thus stoping injection.
The injector nozzle used in this study has a single 0.2mm orifice with a (l/do) ratio of 6, at the
center of the tip which directs the spray vertically downward in the vessel. This ensures better
visualization of the spray and facilitated more accurate measurements (Lai et al., 2011). The result of
this study are unique to single hole nozzle and no simple extrapolation between the results of single
hole and multi-hole nozzle can be done after spray interaction with a PM. Similar to Kostas et al.
(2009b), the average discharge coefficient of the nozzle was estimated from the average mass of fuel
discharged per injection event using a relatively long injection time (10ms here) which was considered representative of a quasi-steady flow condition through the nozzle. A value of 0.8 was obtained
using this technique which compares favourably with values in the literature that are typically in the
range of 0.7-0.8 (Lee et al., 2006, Kostas et al., 2009b, Cipolat and Valentim, 2013). Fuel pressure
monitoring and control was performed using the pressure control valve and pressure transducer fitted
to the common rail (Bosch part#: 0 445 214 063). Fuel temperature was controlled to around 20°C
via a heat exchanger.
3.2.1.3

Fuel

Australian standard automotive diesel fuel (conforming to Australian standard AS3570-1998) was
used in the experiment. Important physical properties of the fuel are summarized in Table 3.1.
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Table 3.1 Physical properties and test methods of Australian standard diesel fuel (Environment, 2001).
Property
Density
Cetane index
Viscosity
Water& sediment
Sulphur content
Distillation T95
Ash and suspended solids
Carbon residue (10% distillation residue)
Flash point

3.2.1.4

National standard
820–850 kg/m3
46
2–4.5cSt @ 40°C
0.05 vol% (max)
50 ppm (max)
360°C
100 ppm (max)
0.2 mass % (max)
61.5°C (min)

Test method
ASTM D4052
ASTM D4737
ASTM D445
ASTM D2709
ASTM D5453
ASTM D86
ASTM D482
ASTM D4530
ASTM D93

Measured value
821 kg/m3 @40°C
N/A
3.27cSt @ 40°C
N/A
N/A
N/A
N/A
N/A
N/A

Camera system

An ultra-high speed digital camera (Shimadzu Hyper Vision HPV-1) fitted with a 200mm, F-mount
Nikon-AF-MICRO NIKKOR lens was used to capture injection and impingement events. Utilizing a
new type of charge-coupled device (CCD) imaging sensor known as in situ storage image sensor
(ISIS), this camera is capable of recording up to 1 million frames per second (1,000kfps) at a fixed
resolution of 312 pixels×260 pixels with 10bit dynamic range. Although, lower frames rate were used
in this study. The pixel size of the camera is 66.3×66.3µm2. The finite resolution in this type of
sensor is caused by the large local memory built within each pixel of the image sensor (Hijazi and
Madhavan, 2008). The storage elements in the ISIS CCD image sensor occupy 87% of the total area
of each pixel which means that the photosensitive area of each pixel (i.e., the fill factor) is only 13%
(Goji Etoh et al., 2003). At any acquisition rate, 102 monochrome frames can be acquired in BMP,
TIF or AVI formats. The number of obtainable frames in a sequence is limited by the number of
storage element installed in each pixel within the imaging sensor (Hijazi and Madhavan, 2008).
The reason for selecting 200mm, F-mount Nikon AF-MICRO NIKKOR lens was the capability of
the lens to focus all the way down from infinity to macro 1:1 life size reproduction (at 0.5m closest
distance) without the need of adding any attachment or extension ring. The extended distance also
provides a safe and comfortable working distance for capturing potentially hazardous injection and
combustion events. The working distance of the lens from the focused centre plane of the chamber
was nearly 0.81m for a reproduction ratio of 1:2.5. Based on the associated depth of field tables of
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the selected lens, the depth of field for the cold spray experiment for f/11 and focused distance of
0.8m is ±3mm and for f/4 setting is ±1mm. Only long focal lenses were used in this study as
opposed to a macro short distance lens to provide enough view for evaluation of spray behaviour and
its characteristic parameters before and after interaction with the PM. The shallow depth of field is
thought to minimize the effects of window contamination by fuel. Maximum aperture setting of f/4
was used for capturing the naturally emitted light of the burning diesel fuel spray during the combustion test while the smaller aperture setting, f/11, was chosen for the cold experiment. This setting
allows better visualization of the multijet dispersion in space for later quantitative analyses.
To minimize blur in the captured images, camera exposure time was adjusted to achieve the same
frame integration time of 2µs for the 125 and 63kfps framing rates during the cold flow test. Dissimilar to existing techniques in the literature which used phase averaged image acquisitions, the high
speed camera used in this investigation permits a time resolved acquisition of each spray-PM interaction event in both hot and cold environments (Jeong et al., 2007, Weclas, 2008, Weclas and
Faltermeier, 2007, Qi et al., 2006). Since the field of view is limited by the size of the windows the
acquisition rate of the camera was tuned to capture each entire injection process, from SOI until the
spray passed the viewing boundary.
3.2.1.5

Illumination technique

Due to the short exposure time inherent to high-speed imaging, very high illumination intensities
were needed. Two photographic flash units, Metz Mecablitz 44 AF-4i, were used as the illumination
source as shown in Figure 3.1. The flash units were positioned at each side of the chamber at 90
degree relative to the spray axis to provide homogenous volume illumination as presented in Figure
3.1 (a). The flashes were fired using a Transistor-Transistor logic (TTL) signal via a hot-shoe adaptor. The duration of the flashes is of the order of 7 milliseconds so a relatively uniform intensity of
illumination was assured during the image acquisition time (Kostas et al., 2009b). The colour
temperature is the temperature of an ideal black body radiator that radiates light of comparable hue
to that of the light source. The chromaticity diagram of black-body light sources of various tempera-
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tures is shown in Appendix A-1. According to the manufacturer, the colour temperature of the
Mecablitz flash unit is approximately 5600K. This colour temperature is classified as cool colors
(blue-white) since it is over 5000K. This homogenous white-like light generated by the flash units
provides a suitable contrast between the spray plume and the background which is essential for later
image processing process for quantifying spray characteristics parameters.
3.2.1.6

Trigger circuit

To capture the impingement events, the flash units, camera and injector were required to be synchronised in such a way that the fuel injection occurs at the highest and most uniform luminosity of
the flash lights and the camera begins the recording of the event slightly before the start of injection
process. The trigger circuit consisting of two signal generators in conjunction with custom-made
delay generators was used to synchronize the camera, flash units and fuel injector. A master signal
generator created a square wave of pulse width 1.65s and a period of approximately 17s. The period
between injection events was chosen cautiously to allow enough time to the flash units to recharge,
the camera to cool down and the images to be transferred to the computer.
The signal then passed into the second function generator which altered the signal to one with a
pulse width of 52ms and the same period. The signal was then passed into a custom made delay
generator which altered the pulse width of the signal to 1ms. The achieved signal was then passed
into the flash units and through the trigger box into the injector and high speed camera correspondingly. The luminosity of the flash units was seen to rise rapidly once fired, attain a constant level for
a noticeable period of time and then decline slowly.
Figure 3.2 shows the flowchart of the trigger circuit used in this study. The camera has a built in
delay circuit. The delay used throughout the experiment was 100µs and 150µs for Pinj=500 and
1000bar respectively. Table 3.2 shows the experimental conditions and camera settings for the cold
experiments. Fuel was injected into quiescent nitrogen kept at 20°C. Compressed air was used to
purge the chamber periodically during the experiment to prevent a buildup of diesel fumes which
could fog optical access.
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Figure 3.2 Flowchart of the trigger circuit for the cold test.

Table 3.2 Camera settings and test conditions for the cold test.
Property
Frame rate (kfps)
Relative aperture
Exposure time (µs)
Injection pressure (bar)
Ambient pressure (bar)
Injection duration (ms)
Injection quantity Diesel at Pinj=1000bar (mg)
Nozzle l/do ratio
Nozzle hole diameter (mm)
Nozzle discharge coefficient
Ambient chamber temperature (°C)
Fuel reservoir temperature (°C)
a)

3.2.1.7

Values
63, 125
11
2
500, 1000
1, 10, 50
1.2
12
≈6 a)
0.2
≈0.8
21±2
25±2

According to Kostas et al. (2009b)

Porous ceramic

The term porosity defines the fraction of void space in the porous medium literature. Porous structures for engine application are characterized by high porosity (80% and more) and by open cell
structure (Weclas, 2010). The term pore density has been used in the literature to characterize the
porous media in terms of the pore diameter (Sharafat et al., 2006). The term PPI is used in this
study to define the pore density. Different porous silicon carbides (SiC) used in this study are shown
in Figure 3.3. Table 3.3 presents the relevant settings and properties of SiC porous ceramic used in
this study.

54

1 inch

1 inch

(a)

(b)

1 inch

(c)

Figure 3.3 Porous SiC with different pore densities of (a) 10PPI, (b) 20PPI and (c) 30PPI used in this study.

Table 3.3 Properties of SiC porous ceramic.
Property
Distance of the nozzle tip from PM (mm)
Thickness of PM (mm)
Pore density (PPI)
Porosity (%) measured
Density bulk (g/cm3)
Specific heat capacity (J/g. K)
Coefficient of thermal expansion a) 10-6/K
Maximum allowable temperature in air (°C)
Thermal conductivity a) (W/m. K)
a)
20–1000°C (Füssel et al., 2011)

Values
11, 4
14.1 ±0.1
10, 20, 30
65
3.1-3.2
0.7–0.8
4-5
1600
80-160

3.2.2 Combustion test
Figure 3.4 shows the experimental set up for the combustion tests. To simulate the high temperature
and pressure condition of the combustion chamber towards the end of compression stroke in a diesel
engine, a chemical preheating process is performed by burning a mixture of air, oxygen and carbon
monoxide in the vessel before the start of injection. The chemical heating process is usually kept as
very lean so that sufficient oxygen concentration remains for the subsequent spray combustion. After
each combustion test, the chamber was carefully flushed with compressed air so as to remove all
residual combustion products. A GE Druck static pressure transducer model PMP 4311 with dynam-
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ic range of 2.8MPa was used to monitor the pre-injection heating process and at the required condition acts to trigger the fuel injection. The static transducer is a linear automotive absolute pressure
transducer with a traceable calibration (R2=1). A PCB Piezotronics transient pressure transducer
model 112B11 records the vessel pressure rise for use in a First Law of thermodynamics analysis of
the fuel burning process. The dynamic range and rise time of the transient pressure transducer were
20MPa and 3 µs respectively (Tran, 2008). Two acquisition PCs were employed to record the synchronizing TTL signal generated by a trigger circuit, injection pressure, chamber pressure and
captured images of combustion, Figure 3.4 (a).
It is necessary to calibrate the transient transducer against the static transducer. This calibration
is done by a regression analysis to time response matched part of the static signal and transient
signals (Nguyen and Honnery, 2008). The output from the transient transducer is fed to a PCB©
charge amplifier F462A which converts the charge output to a voltage. The outputs of the charge
amplifier together with the signal from the static pressure transducer were sent to the 16bit Ni-Daq
A/D converter. Besides collecting signal from the static pressure transducer, the A/D converter also
collects the signal from the common rail fuel pressure transducer and trigger signal from the threshold box. The commercial VI-logger software package was used to control the A/D converter. The
sampling rate was set to 30kHz for each channel. The voltage range was set from 0-5 to have the
best resolution. During the experiment it was found that the fuel pressure signal showed only small
variation during the injector opening time so the injection pressure is assumed to be constant for the
associated calculations. The injection pressure stability in the common rail was ensured by consistent
injector delay time (dwell time).
Two different types of thermocouples were used in the combustion experiments: type K for
measuring the mixture temperature before the start of preheating process and type N for measuring
the initial temperature of the porous medium before the start of preheating. To measure the initial
temperature of the medium before the start of premixed combustion, two N type thermocouples were
inserted at two different radial positions within the PM, Figure 3.4 (b).
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(a)

(c)

(b)
Figure 3.4 (a) Schematic view of experimental setup for the combustion test (b) schematic view of the CVC for
combustion test, (c) top view of the chamber showing the mounted porous ceramic after the combustion test.
For improved flame kernel propagation during premixed combustion process some portions of the porous
ceramic in the vicinity of the spark plugs were removed (dotted circles in (c)).
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The major advantages of using a constant volume chamber for diesel combustion studies are the
simplicity of gaining optical access to the combustion zone and achieving a rapid and simple preheating process (Andersson et al., 2000). Although the experiment was designed to resemble as closely as
possible the conditions in a diesel engine, there are clear differences. The main drawback of heating
the charge by combustion is that the atmosphere created is not representative of air.
The composition of the oxidant at the moment of injection process in diesel engine is mainly air
while in the constant volume vessels, it is made of approximately 18% oxygen, 28% carbon dioxide,
and 54% nitrogen by mass (Tran, 2008, Andersson et al., 2000). Since the heat capacity of CO2 is
70% higher than that for N2, the combustion temperatures are lower than those for combustion in
normal air (Andersson et al., 2000). Hence the presence of CO2 in the combustion products renders
the mixture different to that typically found in a diesel engine except when a relatively high level of
exhaust gas recirculation is used (Nguyen and Honnery, 2008).
Another difference between the engine and CVC test results originates from the charge air
motion. The higher injection pressures and swirl air motion typically employed in diesel engines yield
a more rapid mixing, which can be expected to result in fast combustion, producing higher peak
temperatures in real engine condition (Andersson et al., 2000). In a constant volume vessel, there is
no gas movement due to the reciprocating piston motion which induces a wide range of flow velocity
levels in a real engine condition during every individual combustion cycle (Disch et al., 2013).
Therefore, the bulk gas movement is usually considered as quasi-quiescent (Tran, 2008).
The heat release shape of spray combustion in diesel engines has been found to be different to
that in a constant volume combustion chamber (Nguyen, 2006, Tran, 2008). The calculated heat
release rate curve by the authors showed that there is no significant portion of premixed combustion
in the vessel when the fuel is burned. No sudden rise in pressure curve was also noticed after ignition
delay period in these studies. Tran (2008) concluded that due to the large volume of air available at
the moment of fuel injection, the combustion in the constant volume vessel is dominated by gradual
or diffusion combustion similar to large diesel engines.
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Variation in the composition of the mixture in a CVC allows for different pre-injection pressure/temperature combinations. Table 3.4 shows the experimental conditions and camera settings for
the combustion experiments. Values of the other parameters and settings were kept the same as
shown in Table 3.2.
During the preheating combustion phase, the author often observed misfire and stalled premixed
charge combustion processes. The possible reasons for the failure may include: poor mixing and
formation of stratified gas layers in the chamber due to the large difference in gas density, too small

local equivalence ratio (ϕ) near the spark plug (Zhang, 2011), total low ϕ of carbon monoxide/air
mixture in the premixed combustion phase (nearly 0.35 here) and insufficient ignition power. The
presence of the PM in the chamber could also add more complexity to the preheating combustion
initiation by quenching the flame kernels.

Table 3.4 Camera settings and test conditions for the combustion test.
Property
Frame rate (kfps)
Relative aperture
Camera gain (X)
Exposure time (µs)
Chamber pressure at SOI (bar)
Chamber temperature at SOI (K)
Injection duration (ms)
Injection quantity Diesel at Pinj=1000bar (mg)
Injection quantity Diesel at Pinj=500bar (mg)
Pore densities used (PPI)
Distance of the nozzle tip from PM (mm)

values
16, 125
4
2
16, 1
25
≈950, 1070, 1300
5
50.3
35
10, 20
11

Several methods were considered to improve the ignition of the lean mixture such as using a fan
inside the chamber to enhance the mixing process, an internal mounting inside the chamber to add
some swirl-type motion during gas feeding stage; increasing gas mixing time; using different gas
feeding sequence and using an additional spark plug and modifying the shape of porous ceramic.

59

Looking at the local ϕ distribution in the chamber, Zhang (2011) reported that the combustion in
the bottom side of a chamber can be characterized by lean and the top side by rich combustion as an
indication for stratified gas layers existence. Experimental results show that extending the gas mixing
time and using different gas feeding sequences can positively influence the final ignitability of the
gaseous mixture. To deal with mixing difficulties in the chamber, some research institutions such as
Sandia National Laboratories and Eindhoven University of Technology have recommended the
application of a mixing fan within the combustion chamber (Pickett and Siebers, 2006, Baert et al.,
2009). While some other institutions such as North Carolina State University claimed that using a
fan does not have any considerable effect on premixed combustion (Zhang, 2011).
One similar characteristic of all these mentioned facilities is the position of the spark plug which is
either on the top or side surface of chamber, where the local equivalence ratio might be higher than
the bottom surface (Zhang, 2011). Similar to Zhang (2011), for the sake of simplicity of the experimental system and sealing difficulty of the chamber under high pressure and temperature working
condition, no fan was used in the CVC system during the experiment. To increase the chance of
mixture ignition especially when the mixture is close to lean flammability limit, two spark plugs
(BCPR6EIX-11 Iridium IX) powered by separate ignition coils (Bosch SU12) were placed on each
side of the chamber.
To increase the chance of the flame kernel propagation whilst the porous medium was mounted
centrally across the chamber, a semi cylindrical portion of the ceramic in the vicinity of the electrodes was removed, Figure 3.4 (a). Applying the mentioned modification proved significant
improvement in the ignition process.

3.3 Image processing
In this study, a MATLAB code was developed to examine the evolution of the spray through timeresolved measurement of macroscopic quantities such as axial spray tip penetration, velocity, spray
angle and spread projected area. The initial version of the algorithm is described by Shahangian and
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Ghojel (2012). The flowchart of the image processing algorithm used in this study is shown in
Appendix A-2. The algorithm has the following seven main steps: 1) reading the spray image using a
developed subroutine; 2) finding the nozzle reference point and first spray image in each image
sequence; 3) background homogenization 4;) background subtraction to get the spray plume image;
5) spray segmentation; 6) noise reduction; 7) outline extraction; 8) spray characteristics parameter
evaluation and 9) saving the results in desired format and reading the next spray image in the
sequence. The calculated parameters of similar cases were then used to evaluate the root mean
square (RMS) and ensemble average of the result using another subprogram.
Some authors consider the first image before the start of injection process, as the background
image (Shao et al., 2003). During the image processing steps, the background image was homogenized by averaging the images recorded just before the start of injection. Using the averaged
background image enhances the contrast level in the resultant spray plume image achieved in the
following image subtraction phase (Maria Lyra et al., 2011). To detect the moving spray plume and
eliminate unwanted reflections in the raw spray image, the background subtraction technique was
used similar to previous studies (Shao and Yan, 2008). Consistent with (Shao et al., 2003) a threshold method was applied to the subtracted image to cut out most of the unwanted impulsive or saltand-pepper noise in the subtracted image.
To obtain a correct detailed quantification of spray characteristics from the images, the most
important step is to distinguish the spray image from the background by defining spray boundary
(Qi et al., 2006). It is worth mentioning that there is not a proven ‘best’ segmentation method to
apply for all kinds of images and the concept of an image edge is only what we define it to be. In this
study a number of classical edge detection methods were tested to find the most robust method. The
Canny edge detection method was chosen to determine the outline of each spray plume. In agreement
with other studies, the edge of the image is here defined as a boundary at which a significant change
in image intensity occurs and usually means the end of one region and the beginning of another
region (Liyuan and Kang, 2013). Intensity gradient is calculated using the derivative of a Gaussian
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filter. The method uses two thresholds to detect strong and weak edges and includes the weak edges
in the output only if they are connected to strong edges (Canny, 1986). This method is therefore
efficiently applied to images that have significant amount of noise and it is more likely to detect true
weak edges (Jeong et al., 2007, Shrivakshan and Chandrasekar, 2012).
The main point of the segmentation algorithm is to select a suitable threshold level to separate
the spray from the background (Jeong et al., 2007). Otsu’s method, is used in the code to define the
relevant thresholds for the edge detection method (Otsu, 1979). The use of Otsu threshold selection
method realizes adaptive determination of dual-threshold of the Canny operator (Jian Guo Yang et
al., 2011). The Otsu algorithm was modified so that it can be used for 10bit images. The detected
edges were used to find the maximum penetration of the spray in both streamwise and spanwise
direction in addition to the projected spray area and spray dispersion angle at each time step.
Displacement of the spray edge along a line centered on the nozzle orifice was used as a criterion
for defining spray penetration. The nozzle tip was not observed to move throughout the duration of
any single movie sequence. As stated by Kostas et al. (2009b), any relative movement between the
camera and nozzle requires a re-adjustment of the tip coordinates before any analysis proceeds.
Numerical differentiation of the measured time resolved penetration curves yields the spray tip
velocity. It's worth mentioning that since spray tip velocity data is not directly obtained from the
time resolved images but rather indirectly calculated from the penetration curves, any error inherent
in the penetration data would have been transferred to the spray tip velocity data as well.
The spray angle in this analysis is defined as the angle between the tangents to the spray envelope
where the spray reaches its 80% penetration. Free spray angle results is presented to achieve a better
understanding of the dynamic behaviour of the spray (Shao et al., 2003). For the purpose of this
analysis, a total of 102 images were acquired for each injection event, and for the cold flow experiments each event was repeated over 100 times. Sequences of spray images and their relative locations
on the corresponding tip penetration curve, the ensemble average penetration for 100 cases and single
time resolved measurement results are shown in Figure 3.5 for Pinj=1000bar and Pc=50bar.
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Figure 3.5 Sequence of spray images obtained from a single time resolved realisation and their corresponding
positions on the tip displacement curve shown as filled circles. The times are relative to SOI (i.e. t=0).
Injection pressure and chamber pressure in this figure are respectively Pinj=1000bar, Pc=50bar.

In total almost 302×103 individual images were processed to evaluate spray characteristic parameters for the cold flow tests. The performance, accuracy and uncertainty of the algorithm with
application to analysis the ensemble average of large sample of spray characteristic parameters have
been reported in (Shahangian et al., 2012). Figure 3.6 shows the application of the developed image
processing technique to a sample spray image with and without the interaction with the porous
media. The edge detection method will be described in detail in Section 3.3.1. The algorithm for
reading spray images from binary (*.dat) output file of Shimadzu hpv-1 high speed camera and
displaying associated images are available in Appendix A-3.
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Figure 3.6 (a) Background image (b) raw spray image at Pc=50bar and Pinj=1000bar at t=0.56ms after SOI (c)
result of background subtraction from the spray image (d) edge detection results (e) back ground image for
porous media case (f) raw image of spray after interaction with a PM of 20PPI pore density at Pc=1bar and
Pinj=1000bar at 0.23ms after SOI (g) result of background subtraction (h) edge detection results of PM spray.

3.3.1 Edge detection method
There are many different operators for edge detection; however they can be classified into two main
groups: gradient and Gaussian based methods. The classic gradient based methods studied here e.g.
Sobel, Roberts, Prewitt detect the edges by searching the maximum and minimum in the first
derivative of the image. The gradient-based methods only detect edges having certain orientations
and performed poorly when the edges were blurred and noisy (Basu, 2002). Among different Gaussian edge operators, two most well-known methods are studied here: 1) the Marr-Hildreth detector and
2) the Canny detector.
The Marr-Hildreth method known as Laplacian of Gaussian (LOG) searches for the zero crossings
in the second derivative of the image in order to find edges (Oram et al., 2008, Ma et al., 2012). The
LOG method is considered reliable only if edges are well separated and the image has a high signalto-noise ratio (Basu, 2002). The Canny edge detector finds edges by looking for local maxima of the
gradient calculated using the derivative of a Gaussian filter (Canny, 1986).
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This method is preferred by many researchers as its optimization objectives are high signal to noise
ratio, well localized edge points, and single edge response (Heath et al., 1997, Bolan et al., 2013, Ma
et al., 2012). Different steps of Canny method are explained in Appendix A-4. Figure 3.7 shows
different steps of edge detection using Canny method. Low and high threshold levels in Figure 3.7 (f)
are defined as 0.4 and 2.5 times of mean intensity level respectively. The detection of weak edges is
important for studying the propagation of the spray in phase D while leaving the PM as the branches of multijet do not have the dense structure of free spray in that phase; instead they have an
atomized or dispersed structure which does not reflect the light strongly and makes the detection of
the leading edge difficult.

Raw spray image

(a)
y gradients

(d)

Smoothed spray image

(b)
Gradient magnitude

(e)

x gradients

(c)
Final Output

(f)

Figure 3.7 (a) Raw spray image (b) convolution of the spray image using two-dimensional Gaussian distribution function (c) gradients in x direction (d) gradient in y direction (e) gradient magnitudes or edge strengths
(f) edge detected using Canny method.
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Calculation of the high threshold value was done through the method of maximum variance between
classes developed by Otsu (1979). The thresholding method will be described in detail in Section
3.3.2. According to Oram et al. (2008), for breaking up of edge contours to occur while using two
thresholds, the gradient function has to fluctuate above the high threshold and below the low
threshold. The probability of such large fluctuations is small (Canny, 1986). Canny recommends the
ratio of high to low limit be in the range of two or three to one, based on predicted signal-to-noise
ratios (Canny, 1986).
3.3.2 Thresholding algorithm
The three parameters of the Gaussian filter convolution kernel () and the low (Th1) and high (Th2)
threshold values decide the performance of Canny operator. There are two ways for decreasing noise

using the Canny operator: increasing  and Th2 in the detecting process. Increase in  raises the
number of neighbouring pixels used to determine the gradient at a given pixel and will cause the
resultant image to loose some details and become indistinct (Mei Fang et al., 2009). Increasing the
value of Th2 in the algorithm can also wipe off most of the noise, but some edge information will be
also lost.
As identified by Mei Fang (2009), the threshold value Th1 was found to be the key parameter for
controlling the effectiveness of the edge detection method since decreasing Th1 will cause more edge
information to be saved. However, as a consequence the edge detection performance in assessing the
spray morphology will decay, leading to the detection of less clear and complete edges with more
interference. As in Mei Fang (2009), a self-adapting thresholding binarization algorithm known as the
Otsu thresholding method, was used to obtain the image contour line and overcome the mentioned
issues. The Otsu thresholding algorithm is based on the assumption that an image which consists of
the object and background is bimodal and the best threshold t is the threshold which separates these
two modes. For every threshold t, there are variances for the background group of intensities where
i ≤t and for the object group of intensities where i >t. The Otsu threshold gives the minimum of a
within-class variance which is the sum of the two variances multiplied by their associated weights.
66

Mathematically, the threshold level t is found when the right-hand side of the Equation 3.1 is at
minimum.
 * Y = Z  * + Z[ [ *

Equation 3.1

Here  is within-group variance, Z[ and Z are the weights of object and background groups,

and [ and  are the corresponding variances of the groups (Ghojel and Tran, 2010, Demirkaya,
1997). The faster method of performing the calculations is called the between-class variance shown in
Equation 3.2 and 3.3 (Demirkaya, 1997). It has been shown that the threshold with the maximum
between class variance also has the minimum within class variance (Tian et al., 2003). So it can also
be used for finding the best threshold and being simpler is a much better approach to use.
 * \ =  * −  * Y = Z\ ] − ]* + Z[ ^][ − ]_
Where

] = Z ] + Z[ ][

*

Equation 3.2

*

 * \ = Z\ Z[ ^] − ][ _

Equation 3.3

Figure 3.8 shows the application of Gradient-based and Laplacian-based edge detection methods
on a sample spray/PM image. The famous gradient based methods of edge detection such as Sobel,
Prewitt and Roberts methods, find edges based on small gradient kernels and returns edges at those
points where the gradient of I is maximum (Shrivakshan and Chandrasekar, 2012, Liyuan and Kang,
2013). Although small gradient kernels provide a fast way of computing the gradients, they have
little control over noise, edge location, and edge orientation as shown in Figure 3.8 (Senel, 2009).
As Sensel (2009) explains, these methods are known to be only sensitive to step edges and fail to
detect smooth boundaries. The Laplacian of Gaussian method (LOG), searches for the zero crossings
in the second derivative of the image to find the edges with the corresponding large peak in the first
derivative. Due to simple approximation of the gradient in LOG operator, the edge detection using
this method is thought to be easy for detecting edges and their orientations. However, it has the
disadvantage of high sensitivity to noise (Shrivakshan and Chandrasekar, 2012).
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Figure 3.8 (a) Results of background subtraction for the free spray and PM spray cases; edge detection results
using (b) Sobel method (c) Prewitt method (d) Roberts method (e) Laplacian of Gausian (LOG) and (f) Canny
method using Otsu algorithm for thresholding.
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It has been shown that, Canny and Log operators can perform reasonably better, comparing to other
edge detection methods, in detecting more complete and clear edges which have the least interference
margins (Xiao Jing Tian et al., 2012). It can be seen that Canny edge detection operator which uses
Otsu thresholding algorithm performs better in assessing the spray morphology and results in the
most clear and complete edge with the least interference fringe for both free spray and PM spray
images, Figure 3.8 .
The result of Canny edge detection operator using Otsu thresholding algorithm is illustrated in
Figure 3.8 (f). Comparing Figure 3.7 (f) and Figure 3.8 (f), it is evident that much clearer edges with
less noise can be achieved using Otsu method for defining the higher threshold level in Canny
operator which is consistent with the findings of Mei Fang (2009).

3.4 Performance of the edge detection method
Assessing the performance of edge detection algorithms is difficult because the performance depends
on several factors such as the type of images used to measure the performance and the method of
evaluating the edge detectors and the algorithm itself (Heath et al., 1997). The approach taken to
evaluate the quality/performance of edge detectors in this study was using two evaluation parameters: the peak signal to noise ratio (PSNR) and mean square error (MSE). This quality assessment
method originated from digital signal processing and information theory (Padmavathi et al., 2009).
These statistical parameters were calculated between two filtered images: one from the original image
and the other one from the noisy image.
The quality of five different edge detection methods was examined and then quantitatively
compared using a PM spray image. A fixed valued bipolar impulse noise, salt and pepper noise
(SPN), of two different intensities was added to the PM spray image and different edge detecting
techniques were then applied to identify the edges. Clearly a tradeoff exists between loss of information and noise reduction.
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The ultimate goal of this study is to find an optimal detector that ensures a favorable compromise
between noise reduction and edge conservation (Ziou and Tabbone, 1998). The PSNR and MSE
values are calculated using the following equations:
In these equations O(r,c), E(r,c) and L are the original image, the reconstructed image and the
number of gray level in the image. A code in MATLAB was used to calculate the above statistical
parameters. Figure 3.9 shows the effect of adding salt and pepper noise of 10% density on the result
of two edge detection operators. The noise density is here defined as the percentage of pixels in an
image that is corrupted. Comparison of the results in Figure 3.9 indicates that Canny-Otsu method
can perform qualitatively better than LOG detector under noisy condition. Table 3.5 gives a comparison between the performances of different edge detection methods using PSNR and MSE values.

Salt & Peper noise

(a)

Canny-Otsu

(b)

Laplacian of Gaussian (LOG)

(c)

Figure 3.9 (a) Addition of salt and pepper noise of 10% density to the PM spray image (b) edge detection
result using Canny-Otsu method (c) edge detection result using LOG method.
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Table 3.5 Comparison of PSNR and MSE values calculated for different edge detection methods.
Method
PSNR

Noise
density
5%

Sobel

Prewitt

Roberts

LOG

Canny-Otsu

58.5409

58.5503

60.7443

56.3482

71.7538

MSE

5%

0.091704

0.091506

0.055214

0.15194

0.0043762

PSNR

10%

62.9537

63.0499

64.9927

55.6827

70.8912

MSE

10%

0.033198

0.03247

0.020759

0.1771

0.0053378

Larger PSNR and smaller MSE values in this table indicate better performance and lower error
rate respectively. The results clearly show that Canny-Otsu detector performs quantitatively better
compared to the other types of edge detection methods in both low/high noise conditions. A detail
discussion on the uncertainty analysis of the cold flow results is available in the Appendix B1.

3.5 Uncertainty analysis for cold flow results
Measurement uncertainties arise in these measurements from three dominant sources: repeatability of
the injector settings, shot-to-shot variation and the processing technique (Kostas et al., 2011). The
first and second sources are related, but two distinct processes are at work. As Kostas et al. (2011)
explain, the variation in injector pressure setting from injection to injection will increase shot-to-shot
variability, and this will be most noticeable in the region close to the nozzle exit.
The second source of shot-to shot variation originates from the interaction between the spray and
the chamber gases through processes such as atomisation and turbulent mixing. Regarding the effect
of image processing technique, Kostas et al. (2011) showed that the accuracy of the digital processing
technique will not significantly reduce the uncertainty of the measurements as the statistical uncertainties far outweigh the image processing inaccuracies.
3.5.1 Free spray cases
Examples of spray characteristics parameter variation during more than 100 consecutive tests, the
instantaneous spray axial penetration, ensemble average, the variation of the radial penetration
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versus axial and the corresponding average are shown in Figure 3.10. Similar to other spray characteristic parameters, spray tip data shows considerable variation with time. Farther from the nozzle at
Pinj=1000bar and Pc=50bar where the recorded spray image size is relatively large, at t=0.5ms after
SOI, the RMS value reaches 1.93 (5.8% of the mean axial penetration), with the uncertainty of
±0.36mm at the 95% confidence level, Figure 3.10 (a). At t=0.64ms, the end of imaging process, the
maximum RMS value is achieved, 2.57 (7.7% of the mean), as the spray approaches the boundary of
the visualization window at this test condition. The corresponding RMS value and uncertainty in
measuring the spray tip axial penetration at Pc=1bar and t=0.16ms, when the spray was reaching
the boundary of the visualization window, were 1.07 (2.7% of the mean) and ±0.26mm respectively.
As can be seen, the increase in chamber pressure raises the shot to shot variability in the measured axial penetration as the spray diffuses; while approaching the window. The corresponding RMS
value for Pinj=500bar and Pc=50bar at t=0.5ms after SOI is 0.81 (2.7% of the mean penetration)
with the uncertainty of ±0.154mm. This indicates smaller variation of the spray tip penetration at
lower injection pressure, Figure 3.10(b). Results also show higher mean radial spread of spray at
higher injection pressure besides larger variation of the radial penetration at the same axial penetration length at Pinj=1000bar relative to Pinj=500bar, Figure 3.10 (c, d). As Kostas et al. (2009b)
comments, this can be due to more turbulent and irregular progression of the spray at the higher
injection pressure.
The sensitivity of the image processing method was examined by finding the variation in the
calculated projected area of the free spray at Pinj=1000bar after varying the edge detection threshold
value by ±5%. Results show that changing the threshold value up to ±5% will change the penetration length and projected area by the maximum of ±1.36% and ±4.2% respectively which are well
within the acceptable error limit of the experimental method. It is worth noting that, for the magnification used, the image resolution obtained was 6.4±1.6pixels/mm (156±31µm/pixel). Results of
spray characteristic parameters obtained here for the free jets compare favorably to those in Kostas
et al. (2011) using correlation image velocimetry (CIV) technique.
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Figure 3.10 Instantaneous axial spray penetration variation and the mean axial penetration at Pc=50bar and
(a) Pinj=1000bar and (b) Pinj=500bar; radial versus axial spray penetration and the ensemble average at
Pc=50bar and (c) Pinj=1000bar and (d) Pinj=500bar.

The detection of the spray’s leading edge in CIV method, as previously used by Kostas et al.
(2009b), was done by subtracting consecutive frames of an image sequence after which an intensity
threshold criterion was used to distinguish the spray edge from the background (Kostas et al., 2011).
The spray tip velocity between consecutive frames of each movie sequence was then calculated using
a standard 2C-2D cross-correlation PIV algorithm. A standard 3-point Gaussian fit to the cross73

correlation function about its peak value was used in this method to determine the sub-pixel displacement of the spray. The authors then used the numerical integration of the obtained tip velocity
curve to determine the spray tip penetration. Dissimilar to existing edge detection techniques in the
literature, CIV cannot successfully identify the complete outline of the spray. However, it does have
the advantage of having sub pixel accuracy and can provide a leading edge velocity profile. As the
outline of the complete edge of the spray is needed for finding some important spray characteristic
parameters e.g. projected area and the spray structure is typically very diffused/scattered in phase D
while leaving the PM, the application of CIV method for finding the edge of the spray was not
considered for the purpose of this research.
3.5.2 Porous media cases
Figure 3.11 show the variation of radial penetration versus the axial one and the corresponding
ensemble average of the measurements in the presence of the porous media of 10 and 20PPI pore
density at Pc=1bar, 10bar and Pinj=1000bar. Results show that, while the variation in spray radial
spread in phase B was nearly the same for both pore densities, higher variation in radial spray spread
at the same axial penetration length was observed in the case of 20PPI pore density.
Higher chamber pressure for both pore densities reduces the variability in multijet spread in phase
D. Figure 3.12 shows the mean axial penetration of the spray with and without impingement onto a PM of
10PPI pore density at Pinj=1000bar and Pc= 1, 10 and 50bar. The error bars represent root mean square
error (RMS) of the spray axial tip penetration data. As can be seen in Figure 3.12(a), the maximum
RMS of 1.54 and 1.57 are achieved near the nozzle exit where the maximum uncertainty in penetration data is seen respectively for Pc=1 and 10bar. While at Pc=50bar, the maximum RMS value of
2.56 is achieved at the end of imaging process where the spray adopts a more diffused form. Based on
the number of tests, the uncertainty in the average spray tip penetration at 95% confidence level
ranged from ±0.01 to ±0.38mm respectively for Pc=1bar. The corresponding values for Pc=10 was
±0.03 to ±0.37mm and 50bar; ±0.032 to ±0.4856mm.
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Figure 3.11 (a) Instantaneous spray radial penetration versus axial for 100 case besides the mean corresponding
value for PM10 at injection pressure of 1000bar and chamber pressure of a)1bar (b) and instantaneous spray
radial penetration versus axial for 100 case besides the mean corresponding value for PM20 at Pinj=1000bar and
chamber pressure of c)1bar and d) 50bar.

Maximum uncertainty between all the free spray cases was found at SOI at lower chamber
pressure condition of 1bar which is due to the variability of spray appearance in the early stages of
spray injection. For the PM10 spray, maximum uncertainty in the average spray tip penetration was
±0.096mm, ±0.1348mm and ±0.1255mm at t=15.8µs after SOI and Pc=1bar, 10bar and 50bar
respectively.
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Figure 3.12 Mean axial penetration of the spray for (a) free spray (b) spray interaction with the PM of 10PPI
pore density. The injection pressure in all the cases is Pinj=1000bar. The error bars represents the RMS levels.
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Maximum uncertainty in initial stage of phase D was ±0.237mm (t=0.14ms), ±0.387mm
(t=0.174ms) and ±0.463mm (t=0.396ms) for Pc=1bar, 10bar and 50bar respectively. Similar to free
spray cases, the maximum uncertainty was achieved near the nozzle exit. The maximum uncertainty
found in the early stages of phase D at Pc= 50bar and is thought to be generated by the PM induced
small scale turbulence and the variability in multijet structure behaviour leaving the PM in higher
back pressure condition, Figure 3.12 (b). Results show that the uncertainty associated with spray
penetration in phase D is a function of chamber pressure. In the case of PM10 spray, the uncertainty
in the measured spray penetration in phase D was increased noticeably by increasing the back
pressure from 1 to 50bar.
The corresponding uncertainty in the spray tip penetration values in the early stages of phase D
at higher pore density of 20PPI and Pinj=1000bar ranged from ±0.875mm to ±2.5mm by increasing
the back pressure from Pc=1 to 50bar. High RMS error observed in the early stages of phase D at
Pc=10 and 50bar for both PM10 and PM20 cases indicates the effect of higher chamber pressure on
variability of the spray appearance in egress event. The error can be attributed to variability in
multijet structure behaviour leaving the PM in higher back pressure condition, variation of injection
process or error in detecting the edge due to the noise in the image. After a decrease in RMS error
after the early stages of the spray development in phase D, RMS values start to grow gradually
towards the end of injection process for both pore densities similar to the spray free spray case,
Figure 3.12 (a, b). This can be due to the appearance of the main spray flow in phase D for both
pore densities indicating the end of transient spray flow in this phase. The transient nature of
multijet structure in phase D is discussed in Chapter 4.

3.6 Probability density function (PDF) analysis
Figure 3.13 shows examples of calculated probability density function plots of light intensity in Phase
D zone. The main purpose of this analysis is to study the behaviour of multijet structure and its
effect on mixture homogenization after interaction with PM at different test conditions.
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Figure 3.13 Probability density function (PDF) plots of light intensity in Phase D zone using (a) one image
sequence and (b) average of 100 image sequence. The color bar shows the probability of the event falling within
each bin. Associated area of interest used for PDF analysis, Phase D zone of the spray image, is highlighted
with dotted lines in the embedded image in (a). At each normalized time (t/τ), the whole of image intensity
PDF is plotted.

The detail of PDF analysis method is described in Appendix B-1. A code in MATLAB was
written to generate the PDF plot of 100 image series at each experimental condition. The associated
area of interest for PDF analysis in each spray image, phase D zone, is shown in Figure 3.13 (a). In
total, 78000 individual images were processed to assess the PDF evolution of the light intensity in a
sequence of spray images of the cold flow results. For the purpose of PDF analysis, the background
image was subtracted from each spray image and a threshold value was defined to remove the regions
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associated with dark areas away from spray axis. The effect of number of cases on PDF calculation is
presented in Figure 3.13. In these figures, the time is normalized by the injection period (τ). The
normalized intensity shows the ratio of the number of counts in each bin to the total number of
counts in the image at each time frame. The colour bar in Figure 3.13 shows the probability of the
event which fall within each bin (Amili., 2012).

3.7 Thermodynamic analysis
Cylinder pressure has been the major source of information for analyzing the combustion progress of
fuel that occurs inside the cylinders of an internal combustion engine since 1930s. The cylinder
pressure can be measured using piezoelectric or optical pressure transducers. The output from a
piezoelectric transducer is in the form of a charge; hence a charge amplifier is used to convert the
charge into voltage. Using the First Law of thermodynamics in this section, a differential equation
was derived which relates the heat release of the combustion process to the measured cylinder
pressure. The derived model is a single-zone model which assumes homogeneous conditions throughout the combustion chamber. The thermodynamic analysis in this study applies only to gas phase.
3.7.1 Chamber Pre-Heating
Figure 3.14 illustrates a pressure trace of a typical preheating and fuel injection pressure rise curve
after SOI. The initial 0.5ms of heating to the peak pressure results from the ignition of the preheating mixture. This is followed by cooling via heat loss to the vessel walls, Figure 3.14 (a). Once the
desired ignition conditions are reached, fuel injection is triggered using a TTL signal resulting in the
small pressure rise that follows, as shown in Figure 3.14 (b). The partial pressures of the preheating
gases are adjusted to obtain three chamber temperatures at the moment of fuel injections: approximately 935K, 1070K and 1300K. Table 3.6 presents the total and partial pressures of the gas
mixtures used for preheating process. Conditions at the trigger point are summarized in Table 3.4. It
is required to calculate the composition of the preheating gaseous mixture to achieve the desired
pressure and temperature conditions at SOI.
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Figure 3.14 (a) Typical pressure curve showing the chamber preheating process, fuel injection at SOI and post
fuel injection cooling (b) instantaneous pressure rise after SOI recorded by the dynamic pressure transducer
during spray combustion process at initial conditions of PSOI=25bar and TSOI=1300K.

Table 3.6 The gas mixture properties for preheating process.
Total gas pressure
Gas type
6bar

Air

3.6

O2
CO

0.936
1.464
4.2

Air
7.5bar

8.5bar

Partial pressure (bar)

O2
CO
Air

1.092
1.708
5.1

O2
CO

1.326
2.074

The inputs for the calculation are the initial temperature and pressure (bar) of the gaseous
mixture and vessel capacity (m3). To have a complete combustion of the injected fuel, the gaseous
mixture should contain enough oxygen after the pre-heating combustion process. In this study, the
mixture calculation is performed in such a way to ensure the presence of theoretically 16% oxygen by
volume in the pre-heating combustion products. The presence of the oxygen content simulates the
ambient condition at the start of injection process in a real engine. Similar to Nguyen (2006), the
chemical reaction for pre-combustion is presented in Equation 3.6. In this equation, a is the ratio of
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the number of moles of oxygen in the reactants to the number of models of carbon monoxide and ψ
is the dissociation fraction which both needs to be calculated using the combustion equations, the
First Law of thermodynamics, equilibrium constant and equation of state (Nguyen, 2006).

CO+1/2(O2+3.76N2) + aO2 ↔ (1-ψ)CO2 +XCO+X/2(O2)+aO2+1.88N2

Equation 3.6

3.7.2 Heat release and Heat transfer models
The heat release (HR) model in this study is based upon the application of the First Law of thermodynamics to the content of the constant volume chamber. The following equation is established in
the literature for modeling of the combustion process in a single open system (Heywood, 1988)
KL
K}
KE
+ c  | ℎG =
+k
KN
KN
KN

Equation 3.7

In this equation, dQ/dt is the rate of heat transfer across the boundary of the system, PdV/dt the

work transfer rate done by the system because of volume change,  | the mass flow rate across the
boundary at point i, hi the enthalpy of flux i entering or leaving the system and U internal energy of
the gas in the system. The cylinder content in a direct injection diesel engine is also considered as an
open system (Heywood, 1988). However, with all valves closed during combustion, the flows across
the boundary are only the fuel and the crevice loss flows. The assumption of neglecting the small
crevice and fuel mass flows yields the following equation:
KL~ KLR KL3
KE K}
=
−
=k
+
KN
KN
KN
KN KN

Equation 3.8

Here dQn/dt is the net heat release rate from the combustion of the fuel. The net rate is the
difference between the gross heat release rate, dQg/dt, and the heat loss rate to the vessel walls and
the PM, dQht/dt.
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Net heat release rate is the sum of the rate of work done on the piston and the rate of change in
sensible internal energy of the cylinder gas. The assumption that in-cylinder gasses are ideal yields
the following equation:
KL~

KE
1
K>
=
>
+
E
KN
 − 1 KN  − 1 KN

Equation 3.9

In this equation  = BD /BH . As no work is involved in the calculation in the constant volume

chamber, the above equation takes the following form:
KL~ KLR KL3
1
K>
=
−
=
E
KN
KN
KN
 − 1 KN

Equation 3.10

The net heat release of the fuel can be determined directly from the transient pressure readings,
provided the ratio of specific heats, γ, is known (Nguyen and Honnery, 2008). Here the dQg is equivalent to the rate of energy release due to combustion. The cumulative net heat release (NHR) is
obtained by summing the incremental values from Equation 3.10 over the combustion period. It is
assumed that all the gases within the combustion chamber have the same γ in a single-zone model.
For the conditions used here γ is a function of composition and temperature (Nguyen and Honnery,
2008). Heat release rate calculation is based on the differential of the pressure signal, which has
limited resolution due to the small pressure rise of nearly 2bar after SOI. So the evaluation of the
local derivative using a first order differentiating scheme can result in significant errors (Roisman et
al., 2007). To avoid this problem, the pressure signal should be smoothed or filtered.
In addition, the pressure data usually contains outliers which cause the smoothed values to
become distorted and not to reflect the behaviour of the bulk of the neighboring data points. To
overcome this problem, the data smoothing method should be resistant to outliers. A number of
available filtering functions including moving average, Savitzky-Golay, local regression using weighted
linear least squares and a 2nd degree polynomial model (LOESS) and local regression using weighted
linear least squares and a 1st degree polynomial model (RLOWESS) were examined to find the most
robust method to smooth the pressure data.
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Figure 3.15 shows the application of these filtering methods to the pressure curve after SOI and the
rate of pressure rise. Moving average filter is a low-pass filter with filter coefficients equal to the
reciprocal of the span while Savitzky-Golay is a generalized moving average with filter coefficients
determined by an unweighted linear least-squares regression and a polynomial model of specified
degree. Presented results in Figure 3.15 (a) and (b) shows that none of these methods are robust
enough for smoothing purposes. Filtering is usually a classical tradeoff between the smoothness of
the result, and the subsequent loss of information.
Among different filtering methods, the Robust Locally Weighted Regression function was found to
give the best results. The method assigns zero weight to data outside six mean absolute deviations
(Cleveland, 1979). Robust weights for each data point in the span are given by the bisquare function
as shown in Equation 3.11.
1 − dG ⁄6 `5 * * ,
G = 
0,
`5 = K|d|

|dG | < 6`5
|dG | ≥ 6`5

Equation 3.11

Where dG is the residual of the ith data point produced by the regression smoothing procedure, and

MAD is the median absolute deviation of the residuals. Retaining the shape of HR while reducing
the noise oscillations of the signal, a number of tests were carried out to find the most appropriate
span size and filter type for soothing the data. Span size of 60 was found to give the best answer.
Figure 3.16 shows an example of the main pressure data versus the smoothed one after SOI using
the applied filter settings and the calculated rate of pressure rise (ROPR) of the filtered pressure
data smoothed by Robust Locally Weighted Regression function. Heat loss to the vessel walls will
continue to take place for the period of the fuel injection process. To calculate the gross heat release
rate this heat loss needs to be accounted for. This is accomplished by fitting a function to the heat
transfer rate required to keep internal energy equal to that at conditions equivalent to those at the
time just before fuel injection (Nguyen and Honnery, 2008).
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Figure 3.15 Effect of different smoothing algorithm on a sample pressure curve and the rate of pressure rise
using (a) moving average method (b) Savitzky-Golay filter (c) local regression using weighted linear least
squares (d) robust local regression using weighted linear least squares.
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Figure 3.16 (a) Sample pressure data and filtered pressure curve; (b) rate of net heat release after SOI.
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Figure 3.17 (a) Curve fit on pressure data for heat loss calculation (b) the dependence of γ on the gas temperature from the polynomial form dependence of Cp/R on the gas temperature as per CHEMKIN data base (c)
gross heat release; net heat release and heat loss rates on cooling curve side of the heating process for free spray
combustion case and (d) error in calculating heat loss rate.

To find the best coefficient for the selected curve fit model, the ‘fminserach’ function was used
which utilizes the well-known simplex search method. Being generally referred to as unconstrained
nonlinear optimization method, this function starts finding the minimum of a scalar function of
several variables using an initial estimate (Lagarias et al., 1998, Morozova, 2008). Figure 3.17 shows
the modeled pressure curve on the cooling section of the pressure trajectory, γ variation as a function
of gas temperature was derived from the CHEMKIN database (Kee et al., 1991), the application of
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the modeled heat loss function for calculating the gross heat release rate (GHRR) on the cooling side
of the pre-injection heating process and the error in calculating the gross heat release rate in the
cooling curve.
The function used is analogous to a conventional convection model, but with an exponential heat
transfer coefficient: The coefficients A and B are found to be around 0.13W and 2.9×10-4 K-1 for free
spray and 0.265W and 6.58×10-4 K-1 for the PM10 case at TSOI=1300K respectively, Equation 3.12.
Applying these coefficients for the case of free spray, yields a maximum deviation of 0.05 (kJ/s) in
the calculation of dQch/dt in the cooling curve side of the diagram, Equation 3.12. The cumulative
gross heat release (GHR) is obtained by summing the incremental values from Equation 3.10 and
Equation 3.12 over the combustion period. Based on the literature, the difference between the net
and gross heat release in diesel engine is typically around 15% (Asad and Zheng, 2008, Heywood,
1988).
KL3 Ae
T − T 
=
KN
T

Equation 3.12

3.8 Uncertainty analysis for combustion results
Two main factors that affect the accuracy of the thermodynamic analysis results are the uncertainty
in the calibration between the two pressure transducers and the uncertainty in the heat transfer
model. The calibration of transient pressure transducer against the static transducer is done by a
regression analysis to time response matched part of the static signal to transient signals (Nguyen
and Honnery, 2008).
Typical variation of less than 0.2bar from the mentioned calibration between the two pressure
transducers is high compared to the pressure rise from the fuel combustion which is typically less
than 2bar. This variation is one source of uncertainty in the measured pressure curve. The injection
through a single hole nozzle leading to a very small pressure rise from the fuel combustion, is the
main reason for this problem.
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In combination with the uncertainty in the heat transfer model, the uncertainty in the results can be
even higher. However, the results obtained are repeatable and this suggests an acceptable thermodynamic analysis of the fuel combustion process.
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4. Cold flow test results

4.1 Introduction
This chapter presents both qualitative and quantitative experimental results of spray flow properties
with and without impinging onto the porous media (PM) using the ultra-high speed volume imaging
technique. The results are evaluated to verify the potential of the PM for satisfying the requirements
of the combustion homogenization in an engine: uniform spatial fuel distribution as well as homogeneous mixture formation.
The investigated macroscopic characteristic parameters include the streamwise and spanwise spray
tip penetration, spray dispersion angle, projected area and tip velocity. The imaging data yields an
understanding of how the spray’s macroscopic properties respond to variation of the experimental
variables. In addition to characteristic parameters of the spray, the temporal evolution of the ensemble average of the light intensity distribution in the vicinity of the exiting and entering surfaces of
the PM are also investigated. The latter analysis provides further insight into the spatial fuel
distribution and consequent mixture preparation processes after impingement of the spray onto the
PM.
The evolution of the spray characteristic parameters and the flow visualization result for the case
of free spray are discussed in Section 4.2, followed by the effect of porous media on the spray parameters in Section 4.3. A discussion on the effect of nozzle distance from the surface of the porous
media (standoff length) is also included in this section. An introduction to the transient behaviour of
the flow after interaction with the PM in phases B and D will be presented in Section 4.4. The key
findings of this chapter are summarized in Section 4.5.
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4.2 Free spray visualization
An initial series of experiments were conducted using the test rig shown in Fig. 3.1 and the developed image processing algorithm to investigate the propagation of a non-evaporating diesel fuel spray
inside the chamber as per the conditions illustrated in Table 3.2. Here the case of no PM impact is
referred to as the free spray case. Figure 4.1 and Figure 4.2 show the development of the free spray
at three fixed time frames after the start of injection (SOI) at injection pressures (Pinj) of 500 and
1000bar respectively. Within each figure, from left to right, spray image sequences are presented for
chamber pressures (Pc) of 1bar (equivalent to nitrogen density of ρN=1.165kg/m3), 10bar
(ρN=11.49kg/m3) and 50bar (ρN=56.13kg/m3). The effect of both injection and chamber pressures on
penetration can be investigated using these figures.
4.2.1 Effect of chamber pressure
As expected from previous studies of free sprays using similar techniques (Kostas et al., 2009b),
increasing the chamber pressure for a fixed injection pressure has the effect of increasing the radial
spread of the spray, while reducing the axial penetration. As Shao and Yan (2008) explain, these
phenomena indicate that the entrainment effect at high chamber pressure is much more significant
than that at low chamber pressures. Examination of Figure 4.1 and Figure 4.2 reveals that the
variation in the chamber pressure has a profound effect on the spray structure. For low chamber
pressures of 1 and 10bar the majority of the fuel is generally confined to a thin core throughout the
region of flow observed. Whereas, for the high chamber pressure condition, increased chamber
density, the spray spreads out laterally and adopts a more diffuse form (Kostas et al., 2009b).
The angle of fuel distribution (α) at each time frame is also shown in these figures. Spray angle
results at t=0.08ms for both injection pressures display wider angles for the initial stages of spray
propagation in the chamber. Conforming to the results of previous studies, the spray angles gradually
decrease and show a trend that approaches a fixed value towards the end of the injection process
(EOI) (Shao et al., 2003, Kostas et al., 2009b, Shao and Yan, 2008).
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Figure 4.1 Free spray development at Pinj=500bar and chamber pressures of (a) 1bar, (b) 10bar and (c) 50bar
depicted at different time frames after SOI (ms). Angle of fuel distribution (α) is shown at each time frame.
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Figure 4.2 Free spray development at Pinj=1000bar and chamber pressures of (a) 1bar, (b) 10bar and (c) 50bar
depicted at different time frames after SOI (ms). Angle of fuel distribution (α) is shown at each time frame.
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Figure 4.3 and Figure 4.4 show the evolution of the axial and radial penetration, tip velocity and
projected area of the spray at Pinj=500 and 1000bar respectively before the spray reaches the boundary of the visualization window. Within each plot, curves are presented for Pc=1, 10 and 50bar.
These results serve to highlight the variation in spray macroscopic properties as a result of varying
chamber pressures and injection pressures. In Figure 4.3 (d) and Figure 4.4 (d), the spray projected
area is shown as a function of axial penetration, as opposed to time. In this manner the area of the
spray can be discerned for any spray tip penetration; a more useful arrangement especially for
analyzing the case of spray impingement onto the PM.
From examination of Figure 4.3 (a, c) and Figure 4.4 (a, c), it is evident that for both injection
pressures, increasing Pc remarkably decreases the axial penetration and tip velocity of the spray for
the same elapsed time. This means that sprays in a high ambient density environment penetrate
slower than those in a low ambient density. The high ambient density imposes a large drag force on
the droplets dispersed in the outer region of the sprays. Upon comparison of the radial propagation
and projected area of the spray at the same axial penetration, it is clear that both parameters
increase noticeably by increasing Pc, Figure 4.3 (b, d) and Figure 4.4 (b, d). This result correlates
well with the high speed images in Figure 4.1 and Figure 4.2 in which a more diffused spray structure is seen for Pinj=1000bar which can be particularly well seen in Figure 4.2 (c) at t=0.74ms.
4.2.2 Effect of injection pressure
The variations in fuel injection pressure have a distinct effect on the spray tip axial penetration.
Comparing the results of Pinj=500 and 1000bar curves for all the chamber pressures, it can be
concluded that axial penetration increases with the injection pressure for the same elapsed time. This
outcome is expected, as higher injection pressure provides larger fuel jet momentum, and hence, the
spray travels farther (Shao and Yan, 2008). A noticeable increase in the spray angle is found by
raising injection pressure. Consistent with other studies (Zama et al., 2012, Arai et al., 1984), the
spray width, and therefore spray angle, change with ambient gas density was found larger than that
with injection pressure.
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Figure 4.3 Axial and radial spray tip penetration, spray tip velocity and projected area of the free spray at
Pinj=500bar and Pc=1, 10 and 50bar.

Results show that increasing injection pressure will also increase the angle, radial penetration and
projected area of the spray. Comparing the spray angles at t=0.74ms for Pc=1bar, it can be seen that
for Pinj=500bar, Figure 4.1, the spray has an angle of 6°, while for the Pinj=1000bar, Figure 4.2, it is
8.5°; for 50bar, the values are 15° and 18° respectively. Wider radial penetration here is an indication
of a larger momentum transfer in the radial direction (Weclas and Cypris, 2010). The higher projected area of the spray is an indication of higher air entrainment, which can result in faster evaporation
and mixture formation in a combustion environment (Weclas and Cypris, 2010, Qi et al., 2006).
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Figure 4.4 (a) Axial spray tip penetration and (b) radial penetration (c) spray tip velocity and (d) spray
projected area at Pinj=1000bar and Pc=1, 10 and 50bar.

Compared to the spray area at the fixed axial penetration of 30mm for Pc=1bar, it can be seen
that for Pinj=500bar, Figure 4.3 (d), the spray has an area of 34mm2, while for the Pinj=1000bar,
Figure 4.4 (d), it is 70mm2; for 50bar, the values are 50mm2 and 90mm2, respectively. Spray tip
velocity is also sensitive to variation of injection pressure. For all cases the higher injection pressure
results in a greater tip velocity at any given time. Compared to Pinj=500bar, the time of the peak
spray tip velocity becomes closer to SOI for Pinj=1000bar as can be seen particularly in Figure 4.3 (c)
and Figure 4.4 (c). The general shape of these curves indicate that, contrary to the assumption of the
initially constant tip velocity, as suggested in the literature (Hiroyasu et al., 1980), the velocity rises
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from SOI until reaching a maximum and then subsequently decreases. It is claimed that the spray
reaches its maximum velocity at around breakup time (Taşkiran and Ergeneman, 2011, Eagle et al.,
2014). These observations correlate well with the results of Kostas et al. (2009) who comment that
this initial increase is a result of increasing momentum at the nozzle exit followed by aerodynamic
losses which then act to decelerate the spray.
Maximum spray tip velocity at Pinj=1000bar at different chamber pressure conditions was
293m/s, 240m/s and 157m/s, respectively at Pc=1, 10 and 50bar. Results indicate that spray tip
velocity at Pinj=1000bar reaches a gas phase transonic condition, having the Mach number of 0.86 at
Pc=1bar. The tip velocities for Pinj=500bar were 165m/s, 136m/s and 105m/s, respectively. The
characteristic parameters of the free spray will be used in Section 4.3 as references for evaluating the
spray behaviour after impingement onto the PM. Of special interest is the axial penetration at which
the spray reaches its maximum tip velocity. Based on the spray velocity profile at the higher injection pressure of Pinj=1000bar as shown in Figure 4.4 (c), two standoff distances were selected to
investigate the spray behaviour in the presence of the PM; at Xd=11mm after the spray reaches its
maximum tip velocity at the higher chamber pressures of Pc=50bar and before it reaches its maximum velocity at Xd=5.5mm. The different Xd will also result in different impingement conditions.

4.3 Porous media cases
4.3.1 Effect of chamber pressure
Figure 4.5 shows the sequences of spray interaction with the PM of 10PPI pore density at different
time frames after SOI, for Pinj=500bar and at the same conditions as the free spray. Different phases
of spray-PM interaction based on the suggested phenomenological model by Weclas (2008) are
depicted in this figure. These images show the early stages of free spray development prior to
reaching the upper surface of the porous medium followed by penetration and egress from the
bottom of the porous medium. The different stages of the image processing method, used for preparation of the PM spray images shown in this chapter are illustrated in Appendix B-3.
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Figure 4.5 Sequence of spray images after interaction with the porous ceramic of 10PPI pore density at Pinj=500bar and Pc of (a) 1bar (b) 10bar
and (c) 50bar obtained from a single time resolved realization. The times are relative to SOI (i.e. t=0). A few Image processing steps e.g. inverting
colour map as well as contrast enhancement, have been applied on the original grayscale images recorded by the camera to make the spray structures in phase B and D more visible. Different stages of the spray image preparation for this chapter are shown in Appendix B-3.

Porous Medium

Phase A
Phase B

Looking at Figures 4.5 (a), 4.5 (b), and 4.5 (c), similar to the free sprays, it can be seen that higher
chamber pressure plays a significant role in the behaviour of the spray both entering and leaving the
porous medium. Close exmaniation of the images in Figure 4.5 after t=0.571ms, reveals the
formation of an atomized spray structure in phase B of the model for Pc=1 and 10bar. Weak signs of
spray rebound start to form in phase B after 0.412ms for Pc=1, 10bar. The formation of rebounded
spray is less evident in phase B at the higher chamber pessure condition of Pc=50bar.
As stated by Weclas (2008), some part of the spray is rebounded from the pore walls on the
surface of the PM as well as the inner walls of the porous medium (referring to phase B of the
phenomenological model). It was postulated that the former causes the formation of the primary and
the latter secondary rebounded sprays (Weclas, 2008). As the visual differentiation between various
stages of phase B sprays is difficult, due to their complex nature, these rebounded spray are reffered
generally as to phase B sprays in this study.
Formation of a distinctive branch-like spray structure in phase D is evident in the lower chamber
pressure condition of Pc=1 and 10bar in Figure 4.5 (a) and (b) after t=0.412ms; with both the
intensity and initiation time being functions of the chamber pressure. These are seen to develop into
discrete jet structures giving rise to what is termed a multijet; the multijet structure intensifies in a
complex manner with increasing chamber pressure and time. Results show a gradual decrease in the
intensity of the multijet structure at lower chamber pressures towards the end of the injection process
(seen at t=1.39ms at Pc=1bar). Figure 4.6 shows the characteristic parameters of the spray after
interaction with the PM of 10PPI pore density at Pinj=500bar. Spray characteristic parameters are
expressed for phase A and D individually in each figure.
There are some points that need to be considered before comparing the presented data of the PM
and the free spray. During the calculation of the spray projected area, the area of the spray within
the porous media in phase C is disregarded. Measurements could not be done inside the porous
medium. To compare the free spray and the PM results in terms of projected area, the area of the
spray in “phase C” has to be taken into account.
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Figure 4.6 (a) Axial spray tip penetration, (b) radial spray penetration (c) spray tip velocity and (d) spray
projected area after interaction with the PM of 10PPI pore density (PM10) at Pinj=500bar and chamber
pressures of Pc=1, 10, 50bar.

This area is calculated by adding the projected area of the free spray in Figure 4.3 (d) and Figure
4.4 (d) when it is penetrating from 11mm to almost 25mm, equal in thickness to the PM, to the
measured values in Figure 4.6 (d) as shown in Table 4.1. Owing to the low light intensity of the
dispersed spray structure in phase D, especially at low chamber pressures, and time-varying structure
of the spray in this phase, the calculated spray projected area and measured radial penetration
results underestimate their actual values. Hence, these data must be interpreted with caution.
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Table 4.1 Estimation of the spray area in phase C at two standoff distances (Xd). In this table, s (t) stands for
axial penetration and the value of delta is used as the spray area in phase C. The area is in mm2.

Pinj(bar)
500,
Xd=11mm
1000,
Xd=11mm

1000,
Xd=5.5mm

Pc(bar)
1
10
50
1
10
50
1
10
50

Area (mm2)@ s(t)=11mm
10.01
9.962
10.57
7.99
10.85
11.27
2
Area (mm )@ s(t)=5.5mm
2.95
3.08
2.556

Area (mm2)@ s(t)=25mm
27.785
31.42
56.65
39.79
44.26
66.97
2
Area (mm )@ s(t)≈20mm
20.85
29.33
44

Delta
17.8
21.5
46.1
29.8
33.4
55.7
23.8
26.3
41.4

In addition to the heterogeneous 3D structure of the PM, the asymmetrical spray behaviour in
phase D may also stem from the eccentricity of the needle valve as well as slight deviations in nozzle
orifice production (Tsunemoto et al., 2001). The deviation in spray patterns due to production issue,
is thought to decrease with the injection pressure (Udo, 2005). It is worth mentioning that due to the
limited viewing direction of the camera, this analysis does not enable examination of the 3D structure of the spray in phase B and D, previously reported by Weclas and Cypris (2011). Hence, the
projected area of the spray in these phases is thought to be bigger than the calculated values.
Comparing the spray characteristic parameters in phase D with those of the free spray at the same
injection pressure, it is evident that at the same axial penetration the radial penetration is relatively
larger in the case of the PM.
Referring to Figure 4.5, it is evident that the spray radial penetration in phase D increases
markedly toward t=1.39s, after the spray tip passes the boundaries of the visualization window. The
dynamic behaviour of the spray during the whole injection process will be discussed in Section 4.4
and Chapter 5. Results of the spray tip velocity at the same penetration length show a significant
reduction in the tip velocity after interaction with the PM. This result is consistent with the findings
of Weclas (2010) who adds that thickness of the porous medium can also significantly influence the
jet velocity. It has been shown that a thicker PM will decelerate the spray faster due to a wider
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radial spreading of the initial diesel spray in the medium (Weclas and Cypris, 2010). As shown in the
next section, less velocity drop after interaction with the PM is achieved at higher injection pressures
of Pinj=1000bar. For example, in the case of the free spray at fixed axial penetration of 30mm
Pinj=500bar and Pc=10bar, the radial spray penetration, spray projected area and spray tip velocity
in Figure 4.3 (b), (c) and (d) are 3.6mm, 40mm2 and 128m/s respectively. The corresponding values
for the case of the PM, Figure 4.6, are 5.5mm, 37mm2 and 55m/s respectively. Wider radial penetration and almost equal projected area indicates a dispersed structure of the spray in phase D. The
discrepancy in the calculated projected area of the spray in the case of PM is discussed in the next
section.
4.3.2 Effect of injection pressure
Figure 4.7 shows, the sequences of spray interaction with the PM of 10PPI (PM10) pore density at
different time frames after SOI, for Pinj=1000bar and at the same conditions as the free spray. As can
be seen by comparing Figure 4.5 and 4.7 a higher injection pressure noticeably changes the spray
behaviour after the impingement onto the PM in phase B and D. A close visual examination of
Figure 4.5 and Figure 4.7 after 0.253ms at all chamber pressure conditions, reveals the earlier
formation of rebounded sprays in phase B and more evident phase B spray structure at higher
chamber pressure conditions at Pinj=1000bar relative to Pinj=500bar. Comparing the results in Figure
4.5 (a) and Figure 4.7 (a), it can be seen that the intensity of the spray in phase B does not seem to
be a strong function of injection pressure. To draw a strong conclusion on the effect of injection
pressure on phase B spray, one should also consider the effect of additional factors e.g. the existence
of partially or totally closed pores (typical case for foam structures) and relative location of impinging spray with respect to the individual wall junctions of PM on its top surface and their geometry.
Formation of low intensity spray clouds in the early stages at the periphery of the main spray flow
in phase D are also evident for both injection pressures, with both the intensity and initiation time
being functions of chamber pressure. Similar to Pinj=500bar, at Pinj=1000bar and higher chamber
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pressure condition of Pc=50bar, the branches of spray merge to form a spray structure with less
distinguishable discrete branches (Figure 4.5 (c) and Figure 4.7 (c) at t=1.39ms).
4.3.3 Effect of pore density
Figure 4.8 and 4.9 show, respectively, the sequences of spray interaction with the PM of 20PPI
(PM20) pore density at different time frames after SOI, for Pinj=1000 and 500bar and at the same
conditions as the free spray. It can be seen in Figure 4.7 and Figure 4.8 that variation in the pore
density of the porous medium has a pronounced effect on the spray structure after interaction with
the PM. Formation of rebounded spray formation in the vicinity of the spray interaction area in
phase B, can be observed from 0.253ms at Pc=1bar for both pore densities at Pinj=1000bar. The
radial progression of the phase B sprays across the spray entering surface of the PM can be observed
for both pore densities at Pc=1bar. Formation of a distinctive multijet structure in phase D is
strongly evident in the higher pore density of 20PPI at Pinj=500 and 1000bar and chamber pressure
condition of Pc=1bar after t=0.253ms of SOI, Figure 4.8 (a) and Figure 4.9 (a).
While the formation of rebounded spray in phase B can be clearly seen in PM10 case at Pc=1bar
and Pinj=500bar, Figure 4.5 (a), there are only week signs of spray formation in phase B in the case
of PM20 at the same injection pressure, Figure 4.9 (a). At Pc=50bar, contrary to PM10 cases, the
spray formation in phase B is nearly diminished for PM20 cases; evidenced by the region in the
dashed circles numbered 1 and 2 in Figure 4.8 (c). The discrepancy can be due to the differences in
the thickness of the struts (pore ligaments) between these two pore densities as well as the difference
in permeability of the PM. As per previous studies the foam pore diameter directly affects nominal
ligament length and cross section size besides pore diameter (Mellouli et al., 2009). The structural
parameters of a tetracadecahedron, the most common unit cell of open foam, can be estimated using
the formulas in Table 4.2. The unit cell structure is shown in Figure 4.10. The length and thickness
of a strut are both smaller in the case of the PM of 20PPI pore density, Table 4.2. These observations reinforce comments by Weclas and Faltermeier (2007), who maintained that the spatial spray
distribution after interaction with a PM primarily influenced by the diameter of the first junction.
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Figure 4.7 Sequence of spray images after interaction with the porous ceramic of 10PPI pore density at Pinj=1000bar and Pc of (a) 1bar; (b) 10bar
and (c) 50bar obtained from a single time resolved realization. The times are relative to SOI (i.e. t=0). Angle of fuel distribution (α) is shown in the
last figure of each sequence. The effect of increasing chamber pressure on intensifying phase B spray is evidenced by the regions in the dashed circles
numbered 1 to 3. Similarly, the effect of Pc on phase D spray can be evidenced by circles numbered 4 to 6.
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Figure 4.8 Sequence of spray images after interaction with the porous ceramic of 20PPI pore density at Pinj=1000bar and Pc of (a) 1bar; (b) 10bar
and (c) 50bar obtained from a single time resolved realization. The times are relative to SOI (i.e. t=0). Angle of fuel distribution (α) is shown in
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Figure 4.9 Sequence of spray images after interaction with the porous ceramic of 20PPI pore density at Pinj=500bar and Pc of (a) 1bar; (b)
10bar and (c) 50bar obtained from a single time resolved realization. The times are relative to SOI (i.e. t=0). Angle of fuel distribution (α) is
shown in the last figure of each sequence.
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Based on 50 measurements, the average strut thickness for PM10 and PM20 were 0.88±0.19mm and
1.2±0.08mm respectively which are reasonably close to the calculated values in Table 4.2. It can be
seen that the pore diameter directly affects the ratio of strut surface area to the volume of the cell;
more than 50% larger ratio can be achieved by using a PM of 20PPI pore density than 10PPI. This
parameter, Sv, is of critical importance where evaporation enhancement of the injected fuel is desired
to achieve a high degree of mixture homogenization e.g. the late injection LTC method. Examination
of Figure 4.7 and 4.8 reveals the transient behaviour of sprays in phase B for both pore densities,
however this effect is more pronounced for 10PPI pore density at higher chamber pressures. Although the effect of pore ligaments seems important during the initial stages of spray interaction with
the PM, it may not be able to explain the difference in the phase B spray structure between these
two pore densities during the injection process.
Table 4.2 Geometrical characteristic parameters of a tetracadecahedron unit cell (Gibson and Ashby, 1999,
Richardson et al., 2000, Sharafat et al., 2006)
Property
symbol
Formula
PM10
PM20

Pore diameter (m)
Solid porosity (m)
Hexagonal side (m)
Strut thickness (m)
Cell volume (m3)
Strut surface area (m2)
Specific surface area (m-1)

dp
φ
l
ts
Vc
Ss
Sv

measured
measured
0.5498 * dp/[1-0.97(1- φ)
l * 0.971(1- φ) 0.5
11.31* l 3
36* ts l
Ss/[Vc(1- φ)]

≈0.0025
68
0.003045
0.0016
3.1955E-07
0.0001834
1.793E+03

]

0.5

≈0.00125
70
0.001466
0.00078
3.5653E-08
4.1162E-05
3.848E+03

l

(c)

(a)

(b)

Figure 4.10 (a) The unit tetracadecahedron cell (b) physical structure of the individual cell and (c) strut
thickness (Richardson et al., 2000).
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The difference in the spray intensity in phase B suggests the possible role of the medium pore
diameter on an important parameter relevant to the spray/flame flow in the porous medium, permeability (Koponen et al., 1997, Koponen et al., 1996, Okabe and Blunt, 2004). The permeability is a
measure of fluid conductivity through the substance. The permeability of a heterogeneous PM can be
represented by the following equation:


 =  * ^2 * S * _
 = 0.81 −  + 1

Equation 4.1

In this equation, k, ,  and Sv are the permeability, porosity, tortuosity and the specific surface

area of the porous medium. The tortuosity is commonly used to describe diffusion in porous media
and qualitatively shows the complication of the actual path followed by the transported fluid flow
(Koponen et al., 1996). As per Equation 4.1, the permeability of the PM10 and PM20 was calculated
as 2.60E-07m2 and 5.63E-08m2 respectively. The corresponding tortuosity for the associated pore
densities are 1.256 and 1.24 respectively. The results indicate slightly higher tortuosity and significantly higher permeability for the case of PM10.
The important effect of pore diameter and permeability on spray structure in phase B and D has
been also captured in a CFD simulation (Ming et al., 2009). In their modeling attempt the effect of
pore diameter at the same porosity was studied on local turbulent kinetic energy distribution and
droplet spreading area after the spray interaction with the PM. The authors used element solid cells
randomly distributed in a rectangular space for modeling the pore structure of a heterogeneous
porous medium. In terms of turbulence distribution, their result showed that an area with the same
turbulence level is much wider in the case of a porous medium of larger pore diameter due to higher
permeability. Accordingly, the higher permeability of the PM10 medium in this experiment can be
the reason why the rebounded sprays from the inner side of the medium reach the surface easier than
the 20PPI to form the phase B spray, Figure 4.7.
Ming et al. (2009) state that by reducing the cell diameter of the medium the specific surface area
is increased accordingly, which in turn increases the probability of the droplets/PM interaction
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substantially. They concluded that the suppressing effect of the PM on the turbulence becomes much
stronger in the case of PM of smaller pore diameter. Regarding the spatial distribution of droplets
after interaction of the spray with the PM, it was shown that the distributed area of droplets is lesser
for the case of a PM of smaller pore diameter (Ming et al., 2009). This result is compatible with the
visualization results in Figure 4.17 and Figure 4.18. Of special interest, their simulation results also
showed that the droplets inside the PM of smaller pore diameter undergo further interactions with
the inner surfaces of solid cells, resulting in a process of further atomization that is very beneficial to
the droplet vaporization and fuel-air mixture homogenization.
To further examine phase D for both pore densities, spray angles are shown in Figure 4.7 and
Figure 4.8. Similar to the definition of the spray angle used for the free spray in Figure 4.2, for the
PM spray in Figure 4.7, the angle is shown for the spray before it enters the PM in phase A. Results
show for t=1.39ms that phase A spray angles for the PM cases are relatively larger than both those
of the free sprays for the full propagation condition (t=0.74ms) and those observed for the main
exiting spray of phase D.
For earlier times in Figure 4.7, such as t=0.412ms during what might be termed the starting
transient of phase D, for Pc=10bar, the spread angle of phase D appears larger than for phase A. It
is apparent that the later observed multijet structure is in its early stage of development for these
conditions, and once fully formed, this alters the behaviour of the main exiting spray such that the
apparent point of origin of this spray is shifted to lie within the PM, rather than being the nozzle
itself (Figure 4.7 (c) and Figure 4.8 (c) at t=1.39ms). Once the multijet structure is fully developed,
Figure 4.7 (c), t=1.39ms for Pc=1 and 10bar, the diameter of the main spray exiting at phase D
appears similar to, or smaller than the PM pore diameter of 2.5mm.
Comparing the multijet structure in Figure 4.7 to that shown in Figure 4.8 reveals several differences. The PM pore diameter in Figure 4.8 is half that used in Figure 4.7 and the phase A
component of the spray has a diameter roughly twice the PM pore diameter used. For these conditions, the spray will be split over a number of pores as it enters the PM and this ultimately gives rise
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to a more complex multijet structure than that found for the larger PM pores, Figure 4.8 and 4.9. It
is observed that as chamber pressure increases, the diameter of the phase A spray also increases, and
with this the intensity of the branching sprays that make up phase D. Figure 4.11 and Figure 4.12
express the variation of spray characteristic parameters after interaction with PM10 and PM20 at
Pinj=1000bar. As per Figure 4.11 (a) and Figure 4.12 (a), the axial penetration of the spray seems
qualitatively the same for both pore densities; however the rate of axial penetration is higher for the
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Figure 4.11 (a) Axial spray tip penetration,(b) radial penetration (c) spray tip velocity before and (d) spray
projected area after interaction with the PM of 10PPI pore density at Pinj=1000bar and chamber pressures of
Pc=1, 10, 50bar.
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This effect is demonstrated through the spray tip velocity data in which higher spray velocity in
phase D is observed for PM10 case, Figure 4.11 (c) and Figure 4.12 (c). This is due to the higher
permeability of 10PPI porous medium which reduces the probability of spray interaction with the
struts within the PM. Besides the loss of momentum the loss of mass flow due to wetting of the solid
surface is also expected. Comparing projected area of the spray in these cases shows the pronounced
effect of pore density on spray area at Pc=1bar. The effect is less evident at higher chamber pressure
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Figure 4.12 (a) Axial spray tip penetration, (b) spray tip velocity (c) spray projected area (d) radial penetration after interaction with the PM of 20PPI pore density at Pinj=1000bar and Pc=1, 10, 50bar.
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This shows that the smaller pore diameter has less effect on projected area once the spray adopts a
more dispersed form at higher chamber pressure. This can be also seen in the visualization results
illustrated in Figure 4.7 and Figure 4.8. Although the projected area at higher chamber pressure is
nearly the same for both cases; the illustrated radial penetration indicates relatively higher values for
the PM20 which has smaller pore diameter. As an example, in the case of the free spray at fixed
axial penetration of 35mm, Pinj=1000bar and Pc=10bar, the spray projected area and radial spray
penetration, Figure 4.4 (b), and (d) are 4.5mm, 75mm2 respectively. For PM10 case, these parameters are 5.5mm, 72.8mm2 respectively. The corresponding values for the case of PM20 are 6mm and
71mm2.
Results show that while the spray projected area is nearly the same for both PM and SP, the
radial spray penetration is increased up to 15% for the PM20 case, Figure 4.12 (d). The evidence
seems to indicate the noticeable effect of higher pore density on radial propagation of the multijet
structure. The closeness of the calculated projected area of the PM10 to that of the free spray can be
explained by higher permeability of medium which makes the spray shape in phase D less dispersed
and more similar to free spray.
The global threshold value which has been used for defining the edges of the spray in each image
and the low intensity of the scattered light in phase D relative phase A, are the reasons of a achieving a smaller area for the PM cases. Figure 4.13 shows the variation of mean dynamic threshold
during imaging. As shown in these figures, a greater threshold value in phase A is noticed at higher
chamber pressure condition of 50bar for both pore densities. The gradual rise of threshold after the
spray appearance in phase D, seen for both pore densities, will ultimately decrease the area of phase
D multijet and consequently total projected area of the PM spray. Figure 4.14 shows the sequences of
spray interaction with the PM of 30PPI pore density at Pinj=500 and 1000bar and various chambers
chamber pressure conditions respectively. The effect of higher pore density on spray structure is
evident in these figures. The visualization result in Figure 4.14 shows that with this pore density,
very little fuel passes through the porous medium, during the test period, and most of the spray
rebounds from the upper surface.
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Figure 4.13 The variation of dynamic threshold (ensemble average of 100 image sequence) for images of spray
impingement onto the PM of (a) 10 and (b) 20PPI pore density at different chamber pressures.

Using Equation 4.1, the permeability of the PM30, 5.47E-09, was found 48 and 11 times smaller
than the permeability of the PM10 and PM20 respectively. As can be seen in these images, doubling
the injection pressure from 500 to 1000bar does not affect the spray penetration in phase D for the
time examined; however it is accompanied by rebounded spray intensification in phase B, Figure
4.14. Interaction of droplets with the high pore density structure resembles the case of impingement
onto a solid wall where the chamber pressure and injection pressure are also seen to alter the form of
wall jet created from the impact with the plate (Sofer et al., 2009).
Similar to Figure 4.7 and Figure 4.8, chamber pressure acts to increase the intensity of the phase
B spray, evidenced by the region in the dashed circles numbered 1 and 2. Similar to PM10 and PM20
cases, higher Pc acts to restrict the spray formation in phase B to the vicinity of the spray impingement region, Figure 4.14 (b) at Pinj=500 and 1000bar.
The diameter of the phase A spray adjacent to the PM surface is much bigger than the average
pore diameter of the PM of 30PPI pore density, 0.86mm, for this pore density. Similar to the visualization results in Figure 4.7 and Figure 4.8, it is observed that as chamber pressure increases, the
diameter of the phase A spray also increases, and with this should increase the intensity of phase D
sprays.
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Figure 4.14 Sequence of spray images after interaction with the porous ceramic of 30PPI pore density at Pinj=500, 1000bar and Pc of (a) 1bar and; (b)
50bar obtained from a single time resolved realization. The times are relative to SOI (i.e. t=0). Angle of fuel distribution (α) is shown in the last
figure of each sequence.
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pressure of 500 and 1000bar and two chamber pressure conditions.
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Figure 4.16 Axial spray penetration for free spray (SP) and PM30 at Pinj=1000bar and Pc=1, 50bar.

As the spray scarcely leaves the PM at Pc=50bar, it is postulated to have a higher intensity of
spray structure within the PM in phase C. This process can ultimately result in a gradual growth in
phase B spray at higher injection pressure due to entrainment enhancement which occurs in wall jet
flows. Figure 4.15 shows the measurement results of spray-projected area in phase A and B at two
injection pressure of Pinj=500 and 1000bar and Pc=1 and 50bar. In Figure 4.15, the calculated area of
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the spray from SOI till the average time when the spray reaches the surface of the PM is associated
to phase A. The area of the spray from the impingement time till EOI is associated to phase A and
B. As illustrated, the initial increase in the projected area is seen for both Pc. The initial increase in
the spray area due to the formation of rebounded spray in phase B is followed by a decay which can
be due to air entrainment mechanism; the rate of which depends on the injection pressure. However,
the gradual decay in projected area is followed by a rise after t=0.7ms in the case of Pinj=1000bar
and Pc=50bar which is an indication of strong phase B spray growth in this condition towards EOI.
The effect of the PM of 30PPI pore density on the axial spray tip penetration in phase A is shown
in Figure 4.16. Consistent with the observed larger phase A spray spread relative to the free spray
cases, penetration for the same time is longer for the free spray cases than it is for the PM spray in
the phase A region. Comparing penetration in Figure 4.16 at t=0.048ms, it can be seen that for
Pc=10bar, the free spray has a penetration of 9mm, while for the PM30 case, it is 7.5mm (16%
reduction); for 50bar, the values are both equal to approx. 4.5mm. Result shows up to 22% reduction
in the spray axial penetration for the PM case compared to the free spray. Reflected shocks from
impact plates are, for example, known to perturb the shear layer of an under-expanded jet and this
may be happening here for the case of high pore density porous medium which resembles a flat plate
(Sofer et al., 2009).
Tip velocity is more difficult to compare because of the limited number of data points available in
the phase A region of the PM spray. As an example, looking once again at a time of t=0.08ms, for
the PM10 case at Pc=50bar, it is evident that the PM tip velocity, V=85m/s has considerably slowed
relative to the free spray case, V=113m/s. A similar change can be observed for the 1bar case,
although for 50bar, the evidence is less clear.
4.3.4 Effect of standoff distance
In a PM engine application, the spray is directly impinged onto the porous medium surface from a
short standoff distance, this is investigated here. The standoff distance, Xd, shows the closeness of the
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tip of the nozzle to the spray entering surface of the porous ceramic, Figure 4.17. Based on the wider
spray propagation in the chamber and more pronounced multijet splitting effect in the case of 20PPI
at Pinj=1000bar, this pore density and injection pressure were chosen for analysing the effect of
standoff distance on spray structure in different phases.
Figure 4.17 shows the sequence of spray interaction with the porous ceramic of 20PPI pore
density at standoff distance (Xd) of 5.54mm. Compared to the visualization results in Figure 4.8 (a)
and Figure 4.17 (a), it can be seen that the effect of pore diameter on spray formation in phase B is
qualitatively similar for both cases. Similar to Figure 4.8, higher chamber pressure acts to diminish
the formation of sprays in phase B; this process is evidenced by the numbered regions, 1 to 3 at
t=0.984ms in Figure 4.17. It is to be noted that the diameter of the phase A spray adjacent to the
PM surface is nearly equal to the average pore diameter of the medium, 1.27mm for this pore
density, so the ratio of the area to the pore diameter is almost half of the Xd=11mm. The effect of
this ratio can be seen by the difference in the phase B spray pattern at Pc=1bar in Figure 4.8 and
Figure 4.17.
As can be seen in these figures, the angle of rebounded spray seems much wider at Xd=11mm
relative to Xd=5.5mm. Similar to the visualization results at Xd=11mm for both pore densities of 10
and 20PPI, the increase in chamber pressure is seen to enhance the intensity of sprays that make up
phase D. Consistent with the visualization results for PM10 case in Figure 4.7 for earlier times, such
as t=0.317ms in Figure 4.17 during the starting transient of phase D, for Pc=10bar, the spread angle
of phase D appears larger than for phase A. It is apparent that the later observed multijet structure
is in its early stage of development for these conditions, and once fully formed, the apparent point of
origin of the multijet is moved to lie within the PM (Figure 4.17 (c) at t=1.19).
Once the multijet structure is fully developed, t=1.39ms for Pc=1 and 10bar, the diameter of the
main spray exiting at phase D appears similar to, or smaller than the PM pore diameter of 1.2mm.
Similar to Figure 4.8 (a), a distinct multijet structure can be seen at Pc=1bar after spray reaches the
boundary of the visualization window at approximately t=0.31ms.
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Figure 4.18 shows the evolution of the spray characteristic parameters at Xd=5.5mm. Comparing
parameters in Figure 4.12 for the standoff distance of 11mm with those shown in Figure 4.20 reveals
several differences.
Result shows larger spray projected area as well as radial penetration at shorter standoff distance
of 5.5mm which indicates wider spread of the multijet structure in this case. Wider spray radial
penetration in the shorter standoff distance is counter acted here by lower axial spray tip velocity.
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Figure 4.18 (a) Axial spray tip penetration, (b) radial penetration (c) spray tip velocity before and after
impingement onto the PM and (d) spray projected area after interaction with the porous medium of 20PPI
pore density at Xd=5.5mm and Pinj=1000bar.
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For instance, comparing the spray parameters in Figure 4.12 and Figure 4.18 in the case of the PM
spray at fixed axial penetration of 40mm, it can be seen that for Pc=10bar and Xd=11mm the spray
projected area, radial spray penetration and spray tip velocity, Figure 4.12 (b), (c) and (d) are
94mm2, 7.2mm and 40m/s respectively. While for Xd=5.5mm case, these parameters are 107mm2
(12% increase), 8.3mm (14% increase), and 25m/s (37% reduction) respectively. Results show that by
further increasing the chamber pressure to Pc=50bar, the difference in spray tip velocity and spray
projected area between these two cases reduces, while the spray radial penetration remains larger in
the case of Xd=5.5mm.
As an example, comparing the spray parameters in Figure 4.12 and Figure 4.18 in the case of the
PM spray at fixed axial penetration of 35mm, it can be seen that for Pc=50bar and Xd=11mm the
spray projected area, radial spray penetration and spray tip velocity, Figure 4.12 (b), (c) and (d) are
99mm2, 7.4mm and 22m/s respectively. While for Xd=5.5mm case, these parameters are 8.6mm (13%
increase), approx. 97mm2 and 20m/s respectively. From the combustion chamber design point of
view, controlling the spray area in the vicinity of the nozzle in phase B might be of critical importance during the combustion process, as the thermal stresses imposed on the nozzle can cause
overheating of the injector and deteriorate the injection process (Durst and Weclas, 2001).
Proper combination of injection/combustion timing as well as porous medium geometrical and
material properties can ultimately reduce the thermal stresses due to combustion of the rebounded
spray on the nozzle tip at high temperature and pressure conditions inside the cylinder.

4.4 Transient behaviour of flow in phase B and D
Looking at the transient spray, Figure 4.19 (a), it is apparent that the head that leads the spray is in
much larger area than the body. As the head impacts the PM, it will cover many more pore diameters than the body of the spray. Further as the body impacts and enters the PM, it will entrain the
fluid with the PM, Figure 4.19 (b). The transient behaviour of rebounded phase B spray could result
from the initial impact of the head with the PM, driven by an entrainment field around the spray.
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Figure 4.19 The contour plot of (a) diesel spray propagation at Pinj=500bar, Pc=1bar and; (b) spray impingement onto the porous medium of 20PPI pore density. The square blocks in (b) represent the non-homogeneous
cells of the PM. The color bar shows the gray scale levels of 10bit image.

The spray contact area is made up of two components: initial spray head, and the steady part of
the spray. At low chamber pressure, the phase B is transient because only the head of the spray
crosses more than one pore, while the steady part does not. For high chamber pressure, both head
and steady parts cross more than one pore size so it is more likely to have a more constant spray
pattern in phase B. There is also the issue of whether the spray impacts a pore directly or one of the
interconnected structures of the pore. This could not be investigated in this study.
To analyze the transient behaviour of the spray after interaction with the PM in phases B and D,
a square area of 2.5×2.5mm was located on both sides of the PM10 case for the Pc=10bar at
Pinj=1000bar to gauge the variation of light intensity in the vicinity of the spray, Figure 4.20. Intensity is normalized by the maximum intensity (Imax) in the entire image and the time is normalized by
the injection duration. A reflective marker placed on the nozzle tip was used as reference for the
maximum intensity in each image. The time is normalized relative to injection duration (tmax) in
these diagrams. As illustrated in Figure 4.20 (a), there is initially an increase in the intensity level
which is then followed by a gradual reduction towards the EOI. Here, phase B appears as a transient
as the spray head makes contact with and enters the PM. Past this transient, phase B diminishes.
119

1
PM-10bar-phase B

)

0.7

max

0.8

Normalised Intensity (I/I

0.9

0.6
0.5
0.4
0.3

(a) Area of interest for investigating
the intensity variation in phase B

0.2
0.1
0

0

0.2
0.4
0.6
0.8
Normalised time after start of injection (t/tmax)

1

1
PM-10bar-phase D

)

0.7

max

0.8

Normalised Intensity (I/I

0.9

0.6
0.5
0.4
0.3
0.2

(b) Area of interest for investigating
the intensity variation in phase D

0.1
0

0

0.2
0.4
0.6
0.8
Normalised time after start of injection (t/tmax)

1

Figure 4.20 Variation of intensity in the vicinity of the spray flow in (a) phase B and (b) phase D for PM10.

This can also be observed in Figure 4.7 for the other pressure conditions, with pressure acting to
intensify this process evidenced by the region in the dashed circles numbered 1 to 3. Phase D, Figure
4.20 (b) shows a more complex behaviour. As the spray exits the PM, the spray has a relatively large
diameter which then reduces near the PM surface. Coincident with this is a rapid rise in the intensity
in the region where the branch spray will form as the multijet structure develops. Similar to phase B,
past this initial peak, the intensity of the imaged branch spray falls, although here this corresponds
to spreading of the branch spray rather than its cessation as occurred for phase B. As the branch
spray propagates, image intensity slowly declines, although never reaching the background intensity
120

for the time recorded. Similar observations can be made for the other two pressure conditions; similar
to phase B, chamber pressure acts to intensify this process as identified by dashed circles 4 to 6 in
Figure 4.7.
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5. Light intensity analysis

5.1 Introduction
As explained in the previous chapter, the spray projected area cannot provide a fair estimation of the
spatial distribution of the spray after impingement onto the PM. This limitation will call for further
analysis of the spray spreading after impact with the PM. The new analyses in this chapter aim to
provide better insight into the fuel temporal and spatial distribution in phase B and D after the
impingement of the spray onto the PM and the consequent mixture preparation process using the
captured high speed images of 10bit grayscale depth.
At first, the temporal evolution of the ensemble average of the light intensity distribution in the
vicinity of the entering and exiting surfaces of the PM is investigated. The transient behaviour of the
flow after interaction with the PM in phases B and D and slightest variation of the spray area
around the impact point can be captured using the light intensity contours. Results show a discernible improvement of spray dispersion and fuel atomization at higher chamber pressures in the last
phase of the spray interaction with the porous medium.
Following the investigations of the light intensity in the vicinity of the PM surface, the evolution
of the probability density function (PDF) of the light intensity was examined to provide more insight
into the dynamic behaviour of the multijet structure in phase D, at each experimental condition. The
results of the light intensity evolution for different cases are presented in Section 5.2 while the results
of PDF analysis are presented in Section 5.3. The key findings of this chapter are summarized in
Section 5.4.
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5.2 Light intensity evolution analysis
5.2.1 Analysis procedure
Although the spray characteristic parameters were calculated as an ensemble average of a large
number of test results, the light intensity analysis in Section 4.4 is based on the visualization of a
single injection acquisition. Hence, it will not be possible to draw a general conclusion on the dynamic behaviour of the flow in different phases. The key aspect of this analysis is to provide better
insight into the fuel temporal/spatial distribution in different phases after interaction with the PM.
To do so, the ensemble average of the light intensity contours of 100 image sequences, along two
lines, perpendicular to the spray axis, adjacent to the spray entering and exiting surface of the PM is
calculated for each experimental condition. Figure 5.1 shows the associated lines (312×1pixels), S1
and S2, for investigating the spray behaviour in phase A, B and D respectively in addition to the
relative position of the upper line in a magnified region on the spray entering side of the PM.
A reflective reference marker was placed on the nozzle tip so that a reference intensity level was
available to examine the variability of the illumination intensity. Each intensity contour presented in
the following figures of this section is achieved by ensemble averaging of 9700 images acquired in 100
injection events at the same experimental condition. The results are shown for phase A, B and D for
each chamber pressure condition individually. Horizontal and vertical axes show the normalized time
and normalized distance in each figure and the colour contour shows the light intensity levels.
In the following figures in this section, the time is normalized using the injection duration, while
the distance is normalized using the number of pixels in the horizontal direction, calibration coefficient and pore diameter of the PM (dp). Hence, by looking at the vertical axis, one can estimate the
spread of the spray relative to the pore diameter of the medium. In each figure, r and dp denote the
size of the image in horizontal direction and pore diameter of the porous medium respectively. The
behaviour of the flow in phase D can be compared to that of phase A by looking at the spray flow
along S2 and S1.
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Figure 5.1 (a) Associated lines perpendicular to the spray axis adjacent to the PM top and bottom surface used
for light intensity evolution analysis, (b) magnified region showing the relative location of the line “S1” on the
top surface of the PM and schematic of Gaussian shape light intensity distribution along S1. Lines S1 and S2 are
located 8 pixels above and below the surface of the PM.

The spray flow along S1 has been centered in the vertical axis in such a way to have the main
spray flow in phase A in the middle position at r=0. To check the accuracy of the light intensity
contours in terms of the event timing, the light intensity plot along S1 was studied for a single image
series as follows. Figure 5.2 shows selected time frames of spray propagation in the chamber showing
the realization and disappearance of spray flow along S1. The associated light intensity evolution of
the image series is also shown in this figure. The duration of injection for this single case was
1.238ms, equal to the recording time of 78 frames. The total number of frames recorded after SOI
were 96. Examining the spray images of 100 different images sequences recorded at the same condition as the images in Figure 5.2, revealed that only 2 out of 100 injections had a delay of more than
15.8µs (1 frame) at SOI. The maximum delay time was t=63µs, equal to the duration of 4 frames.
This is an indication of good repeatability of the injection process.
A close look at Figure 5.2 (a) shows that it takes only 4 frames for the spray to reach S1. This is
shown in Figure 5.2 (d), by the appearance of a high intensity contour at t/τ=0.051. The use of high
depth grayscale images enables capturing a low light intensity region which can be due to the
formation of an atomized region ahead of the spray before it reaches S1.
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Figure 5.2 (a) Initial time frames of spray propagation in the chamber from SOI till the spray reaches the
surface of the PM obtained from a single time resolved realization at Pinj=1000bar and Pc=1bar; (b) spray
images after EOI showing the disappearance of the fuel along S1 (c) associated instantaneous light intensity
evolution of the image series, some image of which shown in (a) and (b), from SOI till the end of image
acquisition time along S1, (d) light intensity in the range of 0<t/τ <0.1 and (f) light intensity in the range of
0.9<t/τ <1.05. In these plots dp shows the pore diameter of the PM.

The formation of this atomized region can be seen, looking at intensity contours in Figure 5.2 (d)
between 0.04<t/τ <0.05. Visual inspection of Figure 5.2 (b) reveals that it takes only 2 frames for
the spray to completely vanish along S1 after EOI (at t6). This is shown in Figure 5.2 (f) by looking
at the last traces of low intensity contours at t/τ=1.025. Presented results verify the capability of the
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method in capturing the temporal evolution of the spray in different phases. Figure 5.3 (a) shows a
magnified spray image between the nozzle tip and the porous medium surface for an arbitrary
condition. The line “S0”, shown in Figure 5.3 (a), is used to assess the variation of the illumination
intensity during the imaging process.
Figure 5.3 (b) presents the intensity contour along S0. As can be seen in this figure, the intensity
in the normalized distance of -0.5 ≤r/dp ≤0.5, equal to the diameter of nozzle tip, remains constant at
the highest grayscale level of each recorded image towards the end of the imaging process (1.62ms).
This is an indication of almost constant light intensity supply during the imaging process or saturation. So that the low light intensity regions of the spray could be imaged (e.g. phase B), the intensity
from some components of the images spray had to be saturated. In order to be certain of the variation of light intensity, the light from the flashes was checked in another image series captured at a
smaller aperture setting and found fairly constant throughout imaging. The nearly constant intensity
of the flash lights during the injection process has been also shown in other studies (Kostas et al.,
2009b, Sofer et al., 2009).
Figure 5.3 (c) gives an example of intensity contour along S1 adjacent to the spray entering
surface of the PM. Using this figure, the spatiotemporal evolution of the spray flow in phase A and B
can be examined in addition to the intensity of the spray structure. As can be seen in Figure 5.3 (c),
the spray passes through S1 at almost t/τ=0.1. The existence of a high intensity level after t/τ=1 in
this figure indicates the flow of spray through the associated line after the end of injection process.
This is due to the nozzle closure delay at higher chamber pressure (Catania et al., 2006).
Figure 5.3 (d) shows the variation of the light intensity at different normalized times marked by
dotted lines in Figure 5.3 (c). As can be seen in Figure 5.3 (d), the maximum light intensity along S1
decreases as the normalized time approaches t/τ=1.2. The formation of rebounded spray in phase B
can be traced at t/τ=0.6, looking at the low intensity regions around the main spray flow in Figure
5.3 (c) and the intensity distribution in Figure 5.3 (d) in the range of -2<r/dp<-0.5. Signal saturation
is evident here for the radial profile taken at t/τ=2 in Figure 5.3 (d).
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Figure 5.3 (a) Magnified spray image showing two lines perpendicular to the nozzle tip and spray axis adjacent
to the surface of the PM used for light intensity evolution analysis; (b) evolution of light intensity along S0
indicating the flash light intensity variation on the nozzle tip; (c) mean evolution of light intensity contours of
100 image series along S1; (d) intensity distribution at different normalized times shown in (c).

5.2.2 Effect of chamber pressure
5.2.2.1

Phase A, B

Figure 5.4 shows the evolution of the light intensity along S1 and S2 at chamber pressures of Pc=1,
and 50bar for the porous medium of 10PPI pore density. As shown in these figures, by increasing Pc
from 1 to 50bar, both the intensity of the light in the impact area and its spread in phase A increase.
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For example, as can be seen in Figure 5.4 (a) and (c) in phase A and B, the light intensity distribution in the impact area increases from almost 0.8 pore diameter at Pc=1bar to more than one pore
diameter (1.3 pore diameter) at Pc=50bar. The low light intensity regions evidenced by the dashed
rectangular numbered 1 to 2 in Figure 5.4 around the main spray stream in phase A, indicates the
formation of the rebounded spray in phase B.
The transient nature of the spray in phase B can be verified by the formation and disappearance
of these low intensity regions. As can be seen, the initial growth in the spread of the spray in phase B
is followed by a decay period after the initial impact of the spray head with the PM. As illustrated in
Figure 5.4 (b), chamber pressure plays a dominant role in the formation and elimination of the
sprays in phase B.
5.2.2.2

Phase D

Looking at the spray in phase D in Figure 5.4, it can be noticed that the spray distribution in this
phase is proportionally increased by Pc. The width of spray in phase D at Pc=50bar expands to more
than 7 pore diameter which is almost 40% wider than the spray spread at Pc=1bar. Consistent with
the visualization results in Figure 4.7, the main spray exiting area also shows a significant increase
with the rise of the chamber pressure. As an example, the spray area at Pc=1bar increases from 0.6
pore diameter at t/τ ≈0.12 to nearly 1.5 pore diameter at t/τ ≈0.28 at Pc=50bar. The result shows
that the spread of the high intensity region at Pc=50bar gradually decreases towards EOI at t/τ=1.
In terms of spray structure, as shown in Figure 5.4, at higher chamber pressure of Pc=50bar, less
discrete spray shape is identified in phase D and the spray demonstrates wider spatial spreading in
terms of pore diameter.
Based on these results, it can be verified that increasing chamber pressure makes the multijet
distribution more symmetrical and on the other hand reduces the maximum normalized intensity in
the branch sprays. This can be an indication of a more uniform spatial fuel distribution condition at
the higher chamber pressure. This process is of special interest from the point of view of fuel air
mixture homogenization.
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Figure 5.4 Mean evolution of light intensity along S1 and S2 in phase A, B and D at (a) Pc=1bar, (b) 50bar at
Pinj=1000bar for PM10 case. In these figures, r and dp denote the size of the image in horizontal direction and
pore diameter of the porous medium while t and τ denote the imaging time and injection duration respectively.

A positive correlation was found between the reflected light intensity distribution by the spray
structure leaving the PM and porous medium temperature by Weclas and Cypris (2010). Comparing
the intensity distribution of the spray after the interaction with a porous ring of various temperatures ranging from 20-500°C, Weclas and Cypris (2011) concluded that the spray area in phase D is
the result of both fuel distribution and vaporization processes. The intensity in their study was
represented by the maximum number of pixels measured above a given threshold value (Weclas and
Cypris, 2011, Weclas and Cypris, 2010). As Weclas and Cypris (2011) state, the intensity increase is
less noticeable when the temperature increases from 400°C to 500°C possibly due to the limited heat
130

transfer to the fuel and almost complete vaporization of the distributed fuel at this temperature
range. It is worth mentioning that the effect of porous medium on vaporization processes has not
been examined individually in this study, although the effect of the vaporization is inherent in the
result of combustion process, presented in Chapter 6.
5.2.3 Effect of pore density
5.2.3.1

Phase A, B

Figure 5.5 shows the evolution of the light intensity along S1 and S2 at chamber pressures of Pc=1
and 50bar for the porous medium of 20PPI pore density. Due to the pore density difference, the
spray impact area of PM20 is in the order of 2 pore diameter. Similar to PM10 case, the low light
intensity regions, dashed rectangular numbered 1 to 2 in Figure 5.5, around the spray main stream in
phase A, indicates the formation of sprays in phase B. Results show that increasing chamber pressure
can decrease the width of the rebounded sprays and their life span. However, compared to PM20
case, the phase B seems less transient with increasing pressure for the PM10 case at higher chamber
pressure of 50bar. As shown in Section 4.3.3, this difference can be due to the interaction of a wide
spray area at high chamber pressure with larger struts of PM10.
Figure 5.6 presents the evolution of the light intensity along S1 at chamber pressures of Pc=1 and
50bar for the porous medium of 30PPI pore density The visualization result shows that with this
pore density, very little fuel appears in phase D, during the test period, and most of the spray
rebounds from the upper surface. Hence, the spray evolution is only presented for phase A and B.
As shown in Figure 5.6 (a), the distribution of the rebounded spray in phase B is significantly
wider for PM30 compared to PM10 and PM20 cases which can be explained by lesser permeability of
the medium. As can be seen in Figure 5.6, the spray in phase B is almost permanent for PM30.
Detailed examination of light intensity contours in phase B reveals that, for PM10 case, the spray in
phase B at Pc=1bar is formed between 0.1 <t/τ <0.4 with the spread of approx. 0.8 pores in Figure
5.4.
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Figure 5.5 Mean evolution of light intensity along S1 and S2 in phase A, B and D at (a) Pc=1bar, (b) 50bar and
Pinj=1000bar for PM20. In these figures, r and dp denote the size of the image in horizontal direction and pore
diameter of the porous medium while t and τ denote the imaging time and injection duration respectively.

At Pc=50bar the spray in phase B is formed between t/τ ≈0.16 to nearly 1 with a larger spread of
almost 1.2 pore diameter. In the case of 20PPI pore density, the trace of spray formation in phase B
at Pc=1bar can be seen between t/τ ≈0.12 to 0.24 with the spread of nearly 3 pore diameter, Figure
5.5 (a). While at Pc=50bar the phase B spray is formed between t/τ ≈0.12 to nearly

t/τ=0.32

with a spread of 0.8 pore diameter. As can be seen in Figure 5.6 (a, b), the spread of phase B spray
at Pc=1bar can be seen between t/τ ≈0.1 to the end of imaging process with the spread of nearly 21
pore diameter. At Pc=50bar, the phase B spray is formed between t/τ ≈0.16 to nearly the end of
imaging with the spread of 16 pore diameter.
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Figure 5.6 Mean light intensity contours along S1 in phase A, B at (a) Pc=1bar, (b) 50bar and Pinj=1000bar for
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These findings indicate that while at lower chamber pressure condition the spread of phase B in
(mm) can be higher with smaller pore diameter (pore density of 30PPI), at higher chamber pressures
wider spread in (mm) is achieved at larger pore diameter (pore density of 10PPI).
5.2.3.2

Phase D

The result of the spray distribution in phase D in Figure 5.5 clearly shows the effect of the chamber
pressure and pore density on the evolution of the multijet structure. The formation of branching
sprays leaving the PM, evidenced by the low light intensity region, is observed at one side of the
main spray flow in the phase D section of Figure 5.5 (a). By increasing the chamber pressure to
Pc=50bar, Figure 5.5 (b), the intensity of the branch sprays decreases so the formation of different
branches of multijet structure becomes less evident in the egress events. As chamber pressure increases the multijet combines into one structure.
Similar to PM10 case in Figure 5.4, at higher chamber pressure of Pc=50bar, less discrete spray
structure is also identified in phase D for the PM20 case with the spray demonstrating a wider
spatial distribution in terms of pore diameter. Regarding the main spray stream in phase D, as noted
previously in Section 4.4, the finding confirms that the relatively large diameter of the spray gradual133

ly reduces near the PM surface as the spray exits the medium. However, the total distribution of the
spray in phase D is much larger than one pore diameter. As can be seen in Figure 5.5, the relative
distribution of the spray in phase D is larger for 20PPI pore density than 10PPI one. Results indicate that the total spread of the spray in phase D at Pc=1 and 50bar changes respectively from 4.8
to more than 7 pore diameters for PM10 case. While for the PM20 case, the initial distribution of
the spray in phase D at Pc=1bar is over 10 pore diameter which decreases to nearly 9 pore diameter
towards EOI. The fuel spread at higher chamber pressure towards EOI increases even more and
reaches to nearly 13 pore diameter at Pc=50bar. Another important observation here is the offset
position of phase D spray relative to phase A for both pore densities, which indicates the effect of
PM structure on spray distribution in phase C. This effect which can be clearly seen at higher
chamber pressures seems to be more dominant for PM20 case and highlights the effect of PM
tortuosity on the spray behaviour in phase D, e.g. Figure 5.5.
One of the main differences between PM10 and PM20 in terms of spray structure is the existence
of a high intensity spray stream in the case of PM10 during the egress event. Formation of this high
intensity spray stream is due to the larger pore diameter of the 10PPI medium which reduces the
splitting of the spray after flowing inside the medium. The observed differences could possibly be
explained by larger solid surface of the PM20 experienced by the spray, hence larger wetting. But the
effect is difficult to quantify. This effect is more evident at the lower chamber pressure condition of
Pc=1bar in Figure 5.4 (a). Conforming to the visualization results in Figure 4.7, the formation of a
high intensity spray stream in phase D is less evident in the case of PM20 as the smaller pore
diameter of the medium enhances the disintegration of the main spray flow leaving the PM to a
greater extent.
5.2.4 Effect of standoff distance
5.2.4.1

Phase A, B

Figure 5.7 expresses the effect of standoff distance on fuel distribution in phase A, B and D along S1
and S2 at the same conditions as Figure 5.5. Comparing the light intensity distribution in Figure 5.7
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to that shown in Figure 5.5 reveals several differences. The spray impact area with the porous
medium in phase A for Xd=5.5mm is around one pore diameter which is nearly half of the impact
area for longer standoff distance of Xd=11mm.
Comparable to Figure 5.5, at lower chamber pressure of Pc=1bar, wider spray spread in phase B
is seen at lower chamber pressure of Pc=1bar. Though, the rebounded spray spread is almost one
pore diameter larger at Xd=11mm than 5.5mm case. Similarly, the spray formation in phase B is
nearly diminished at higher chamber pressure conditions for both cases which are in good agreement
with the visualization results in Figure 4.16. The formation of second stage of rebounded sprays in
phase B at Pc=1bar can be also seen at t/τ=1.08 in Figure 5.7.
5.2.4.2

Phase D

Spray structure in phase D in Figure 5.7 also shows similar behaviour as in Figure 5.5, however wider
spray spread is observed in all chamber pressure conditions for Xd=5.5mm. Another relevant observation here is the effect of shorter standoff distance on the diameter of the main spray flow in phase D.
Besides the total distribution of the multijet, results show that at shorter standoff distance, the
diameter of the spray main stream is also slightly larger at shorter standoff distance.
Of special interest is the formation of three high light intensity regions, indicating the presence of
fuel-rich cores within the multijet structure, is evidenced in Figure 5.7 in phase D at Pc=1bar in the
initial stages of injection, dotted circles numbered as 1, 2, and 3. Small spray branches around the
periphery of the main spray flow then gradually diminish towards EOI at higher chamber pressure of
Pc= 50bar, Figure 5.7 (b).
The spread of low light intensity regions with the level close to the background in phase D, Figure
5.7 (b), shows the wide distribution of atomized spray structure at high chamber pressure condition
of Pc=50bar. This indicates an improvement in the spray atomization process in phase D at engine
like chamber pressure condition and can be a sign of a higher chance of homogeneous mixture
preparation using shorter standoff distance.
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Figure 5.7 Mean evolution of light intensity along S1 and S2 in phase A, B and D of PM20 at (a) Pc=1bar; (b)
50bar for Xd=5.5mm and Pinj=1000bar. In these figures, r and dp denote the size of the image in horizontal
direction and pore diameter of the porous medium while t and τ denote the imaging time and injection duration
respectively.

5.3 PDF ANALYSIS
Following the investigations of the light intensity in the vicinity of the PM surface in Section 5.2, in
this section a new approach is developed to analyze the fuel distribution in phase D at each experimental condition based on the statistical description of the histograms. The main motivation of this
analysis is to provide a better insight into the distribution of multijet structure and its consequent
effect on mixture preparation. Almost 9700 spray images were processed at each experimental
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condition, as described in Chapter 3, in order to investigate the evolution of the light intensity using
a probability density function (PDF). In this analysis, the camera records information from the light
produced by external flash units, which are directed onto the spray and scattered by the liquid fuel
droplets.
5.3.1 Fuel distribution in multijet
Figure 5.8 shows an example of the light intensity distribution in selected images of spray impingement onto the PM of 10PPI pore density at Pinj=500bar and various chamber pressure conditions. In
these figures, corresponding streamwise and spanwise penetrations of the spray have been shown on
the vertical and horizontal axes respectively. Images were chosen in a way to show the spray propagation in different stages of development in phase D, towards EOI. The colour bar on the right hand
side of the last image in each row shows different levels of light intensity in each image.
A close look at the light intensity contours in Figure 5.8 (a) reveals the existence of a high light
intensity region within the spray structure in phase D, indicating a possible fuel rich spray region in
the egress event at Pc=1bar, before the spray reaches its maximum penetration. While in the case of
higher chamber pressure of Pc=10 and 50bar the formation of a rich fuel region within the phase D
spray is less evident. In terms of intensity distribution within the spray structure in phase D, almost
similar pattern can be seen for higher chamber pressure conditions of 10 and 50bar, Figure 5.8 (b)
and (c). Compared to higher chamber pressures, the spray structure in phase D is seen to be relatively more discrete at Pc=1bar. The formation of rebounded spray structures in phase B on the spray
entering surface of the PM can be also observed in both chamber pressures conditions of Pc=1 and
10bar towards EOI, e.g. Figure 5.8 (a) at t=1.33ms. As can be seen in Figure 5.8 (c), increasing
chamber pressure to 50bar nearly diminishes the formation of phase B sprays. Similar to Pc=1bar,
the light intensity contours in Figure 5.8(b) at t=0.85-1.33ms show the formation and development
of low intensity regions within the spray plume at Pc=10bar.
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Figure 5.8 Light intensity distribution in three time frames after SOI showing the spray development in phase
D after interaction with a PM of 10PPI pore density at Pinj=500bar and Pc of (a) 1bar; (b) 10bar and (c)
50bar. The spray images are obtained from a single time resolved realization. The high light intensity regions in
each contour can indicate fuel-dense areas of the spray.
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Development of these regions in the multijet structure evident in Figure 5.8 (b) at t=1.33ms indicates the atomization and diffusion of the spray in the chamber volume, forming a less fuel dense
spray in phase D, as the spray tip reaches the boundary of the visualization window. As shown in the
literature, the high light intensity level in the center region of the spray could reflect regions of high
droplet density due to the collision and coalescence of the droplets (Kim et al., 2010, Han et al.,
2014). The formation of less fuel-dense regions in phase D can be also seen in the case of Pc=1bar at
t=1.33ms, however it is accompanied by the realization of large droplets in the periphery of the
multijet structure. Comparing the spray structure in phase D at Pc=50 and 1bar, it can be concluded
that higher chamber pressure can decrease the probability of having dense-fuel spray cores within the
multijet structure. To achieve a better understanding of the fuel distribution in phase D, a general
map was generated using the evolution of probability density function (PDF) of the light intensity as
described in the following section.
5.3.2 PDF analysis procedure
A code in MATLAB was developed to plot the PDF of the normalized light intensity of the spray
exiting the PM, for each condition. Unlike the previous section which presented the evolution of the
exiting and entering surfaces of the PM, here, the entire exiting region, phase D, is presented as a
single PDF for each imaged plane. The associated region of interest for the PDF calculation is
defined in Section 3.5. To homogenize the background image and eliminate unwanted reflections in
the PDF analysis, every spray image is subtracted from a background image obtained from the
ensemble average of some images recorded just before SOI. A threshold intensity value was also
defined to remove the unwanted noise in the subtracted image to further reduce the effect of low
light intensity regions associated with dark areas away from spray axis. As the intensity of the
reflected light from the phase D spray was relatively higher at higher Pinj, the PDF analysis was
mainly conducted on Pinj=1000bar case. The analysis was only conducted for phase D spray due to
the stronger signal to noise ratio (SNR) in this phase relative to phase B which could make the
interpretation of the results more meaningful.
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5.3.3 PDF plot, different regions
Figure 5.9 shows a sample PDF plot of spray in phase D after interaction with a PM of 10PPI pore
density. The horizontal and vertical axes in this figure represent the normalized progression time and
normalized intensity (ξ) respectively. To make the comparison easier, four different regions of interest
numbered as I, II, III and V are specified as shown in Figure 5.9. These regions are defined to help
with understanding the evolution of the spray structure in phases D while leaving the PM. Specification of these regions is as follows:
•

Region I (ξ>0.9): This region is where the main stream of the spray may appear in the
highest normalized intensity of more than 0.9. It may show the fuel rich structure of the jet
in phase D.

•

Region II (0<t/τ<0.5 and 0<ξ<0.9): This region is where the initial multijet structures
in phase D start to form in the bottom zone. The normalized intensity of this spray structures is usually less than 0.5. However, for some cases the bandwidth of the normalized
intensity level for these structures can go beyond 0.5.

•

Region III (0.5<t/τ<1 and 0<ξ<0.5): This region is defined to capture low intensity atomized multijet structures appearing in phase D, later on during the injection process.

•

Region V (0.5<t/τ<1 and 0.5<ξ<0.9): This region is defined to capture the evolution of
relatively higher light intensity regions within the multijet structure in phase D towards
the end of injection (EOI).

As shown in Figure 5.9, the probability of having a high normalized intensity region (ξ >0.9)
within the spray structure gradually decrease in region I and moves towards the lower ξ in region V.
The reduction in the probability of high intensity spray structure in region I can be a sign of gradual
dispersion of a dense spray liquid core (main spray flow in phase D) towards EOI. As the spray
structure in phase D becomes more diffuse at higher chamber pressure condition, lower probability of
having a rich fuel structure in region I is expected.
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Figure 5.9 An ensemble PDF plot of spray in phase D at Pinj=1000bar and Pc=1bar after interaction with a
PM. The dotted areas show the regions of interest for analyzing the PDF contours. The horizontal and vertical
axes in PDF plot represent the normalized progression time and normalized intensity (ξ) respectively. The time
is normalized using the injection duration (τ).

The possibility of monitoring the smallest variation in the intensity histogram, because of using
images with higher bit depths, is one of the advantages of using PDF method for investigating the
multijet behaviour.
5.3.4 Effect of injection pressure
PDF contours in Figure 5.10 and Figure 5.11 show the probability of the light intensity distribution
in the images of spray leaving the porous medium of 10PPI pore density in phase D at Pinj=500 and
1000bar. The associated chamber pressure conditions are Pc=1 and 50bar in these figures. The
scarcity of rich fuel regions in the multijet structure in phase D can be seen by low probability of
high normalized intensity spray in region I.
As shown in Figure 5.8, nearly saturated intensity regions can be seen within the multijet structure, however the lifespan of these regions is relatively short compared to the injection duration. As
the presented PDF plots are generated using 100 different image sequences, it can be concluded that
the overall chance of achieving a multijet containing a permanent fuel rich spray core is very low at
Pinj=500bar, except for 1bar, Figure 5.8(a).
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Figure 5.10 PDF plots of spray interaction with the PM of 10PPI pore density at Pinj=500bar and at (a)
Pc=1bar, (b) Pc=50bar. Time is normalized using the injection duration (τ). Each PDF plot is an ensemble of
100 different image series at the same condition.

As can be seen in Figure 5.10, the highest probability is found at low normalized intensity level
mainly in region III for ξ <0.2. This can be an indication of dispersed/atomized spray structure
existence in phase D at low injection pressure. Contrary to the findings of Pinj=500bar at Pc=1bar, at
higher injection pressure of 1000bar, the highest probability of spray structure in phase D is achieved
in region I. This can be translated as higher chance of achieving a less transient fuel-rich spray core
within the multijet structure in phase D.
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Figure 5.11 PDF plots of spray interaction with the PM of 10PPI pore density at Pinj=1000bar and at (a)
Pc=1bar, (b) Pc=50bar. Time is normalized using the injection duration (τ).

5.3.5 Effect of chamber pressure condition
Result shows that by increasing the chamber pressure to Pc=50bar, the probability of high normalized intensity in region I decreases gradually and the highest probability is achieved at lower
normalized intensity regions e.g. region III. This results is evident at both Pinj=500and 1000bar. As
per Figure 5.11 (b), higher probability of normalized intensity is achieved in a wider area in region
III where 0.1<ξ <0.5. The probability is increased significantly towards the end of injection.
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Low maximum probability of less than 9% as well as distribution of the intensity in region III at
higher chamber pressure of Pc=50bar in Figure 5.11 (b), can be interpreted as the spray atomization
improvement as well as a more homogeneous fuel dispersion in space towards EOI. The initially high
probability of average intensity level between 0.4<ξ <0.85, evidenced by the dotted area in region II
at normalized time of 0.3<t/τ<0.45, gradually reduces as the multijet structure propagates further in
the chamber, Figure 5.11(b). This can be an indication of lower chance of having a fuel rich spray
core within multijet at engine-like chamber pressure condition.
The repeated impulsive variation in the probability distribution contour at Pinj=500bar and
Pc=50bar, evidenced by dotted areas in Figure 5.10(b), is due to the sudden decrease in the recorded
intensity every 12 image during the imaging process, caused by the Shimadzu camera. This artifact is
more evident at low injection pressure of Pinj=500bar and Pc=50bar, because of the attenuation of
the reflected light by the spray structure. This sudden variation in the PDF contour is nearly
diminished at higher injection pressure of 1000bar due to rather stronger scattering of the light by
the multijet structure.
5.3.6 Effect of pore density
Figure 5.12 shows the PDF contours of spray interaction with the PM of 20PPI pore density at
Pinj=1000bar and Pc=1 and 50bar. Comparing the result of spray interaction with the PM in phase
D for both pore densities, a couple of differences can be identified. The high probability is mainly
seen in region I for PM10 cases at Pc=1bar. While for the PM20 case, the probability of having high
normalized intensity region is seen within the spray structure in region I. It indicates higher chance
of fuel atomization at using a porous medium of smaller pore size. The highest probability of nearly
6% in the case of PM20 at Pc=1bar is observed in region I at t/τ=0.2, Figure 5.11(a).
As can be seen, the PDF contours in Figure 5.11 (b) and Figure 5.12 (b) look almost similar in
terms of distribution of probability of high normalized intensity in each time frame. Results show
that high probability of nearly 8% can be achieved for both pore densities in region III after t/τ>0.9.
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Figure 5.12 PDF plots of spray interaction with the PM of 20PPI pore density at Pinj=1000bar and at (a)
Pc=1bar, (b) Pc=50bar. Time is normalized using the injection duration (τ).

Achieving a high probability in region III can be an indication of a uniformly distributed atomized
spray structure in phase D for both pore densities at higher chamber pressure of Pc=50bar. The main
difference between these two figures is slightly higher probability of normalized intensity level in the
area numbered as 1 for PM20 case which can be due to coalescence of spray branches at higher
chamber pressure, Figure 5.12 (b). Similar to PM10 case, Figure 5.11 (b), the region of higher
probability is gradually transferred towards region III. Another interesting observation here is the
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lower probability of middle range normalized intensity in region V for PM10 case. This finding may
suggest that the spray structure is slightly better atomized at this pore density than PM20.
Homogenous distribution of probability in region III can be interpreted as a sign of fuel-air mixing
improvement as well as a higher chance of mixture homogenization, Figure 5.11(b) and Figure 5.12
(b). This finding can be examined by visualization of the combustion process for both pore densities
which will be presented in Chapter 6.
5.3.7 Effect of standoff distance
Figure 5.13 shows the PDF contours of spray interaction with the PM of 20PPI pore density at
Pinj=1000bar and different chamber pressure conditions at standoff distance of Xd=5.5mm. Formation
of a high probability normalized intensity spray structure which is evident at Pc=1bar in phase D in
Figure 5.13(a), indicates the high possibility of having a fuel rich spray structure within multijet
structure at initial stages of egress event at shorter standoff distance. It can be due to smaller ratio
of spray contact area to the pore size which reduces the number of interactions with inner porous
medium structure and also higher velocity of the spray body leaving the PM after impingement.
As can be seen in Figure 5.13, the probability of formation of fuel rich spray structure is relatively
lower at larger standoff distance of Xd=11mm at both chamber pressure conditions. This means that
the chance of having an atomized as well as spatially dispersed spray structure in phase D increases
when the spray is well developed; has reached its maximum tip velocity or passed its maximum
velocity before interaction with the PM. High probability of 6.5% in region V seen in Figure 5.13 (b),
indicates that there is relatively a high chance of rich core fuel spray branch within the multijet
structure at shorter standoff distance of Xd=5.5mm. As can be seen in Figure 5.13 (b), the high
probability of the main spray structure in phase D at SOI moves to region III (lower ξ) towards EOI,
indicating the formation of more atomized fuel spray in phase D at longer standoff distance of
Xd=11mm. It is noteworthy to mention that, following the atomization the spray, fuel evaporation
plays a significant role in the formation of a homogeneous combustible mixture.
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Figure 5.13 PDF plots of spray interaction with the PM of 20PPI pore density at Pinj=1000bar and at (a)
Pc=1bar, and (b) Pc=50bar at Xd=5.5mm. Time is normalized using the injection duration (τ).

It has been shown that the latter process is mainly influenced by the initial temperature of the
porous medium (Cypris et al., 2012, Weclas and Cypris, 2013). Although the formation of the fuel
rich spray branches is likely to occur in the case of shorter stand of distance, PDF results in Figure
5.13 show the high probability of low to average normalized intensity level in region III and V. This
may be an indication of broadly dispersed and atomized multijet in phase D at Pc=50bar containing
a fuel rich spray core within its structure. This finding agrees well with the analysis results in Section
5.2.4 which showed a wider distribution of fuel in terms of the pore size in phase D at shorter
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standoff distance of Xd=5.5mm relative to 11mm. It is anticipated that the formation of more
homogeneous fuel-air mixture can be prompted at shorter standoff distance under evaporating fuel
condition in the chamber and higher porous medium temperature. This conclusion can justify the
injection of a high pressure diesel fuel spray into the porous medium at a short standoff distance in a
porous medium engine.

5.4 Summary
Based on the light intensity analysis results in various experimental conditions, it can be verified that
increasing chamber pressure makes the multijet distribution more symmetrical and on the other hand
reduces the maximum normalized intensity in the branch sprays. The chamber pressure can directly
change the initial conditions of the spray interaction with PM structure e.g. spray impingement
velocity; spray geometry and spray cross-sectional area at the impingement surface. As mentioned in
this chapter, the imaging results are based on visualization of injection process in one plane. Hence
different spray structure/shape can be expected in another plane.
Considering the limitations of the experiment, it can be postulated that at the higher chamber
pressure condition spray structure can adopt a more uniform shape and branches of spray congregate
to form a more homogenous atomized spray structure with less distinguishable discrete branches.
This process is of special interest from the point of view of mixture homogenization as the first
requirement of homogeneous combustion process in engine.
Based on the analogy between the statistical description of the digital level histograms and fuel
distribution in the spray, a novel approach was developed to investigate the probability of the fuel
distribution after interaction with the porous medium at various experimental conditions. Using the
current post-processing method, a general map was developed to investigate the probability density
function of light intensity evolution in phase D (bottom). The capability of monitoring the smallest
variation in the light intensity level is one of the advantages of using this new methodology for
investigating the spray structure in various phases after interaction with the PM.
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Contrary to expectations, the results did not reveal any significant difference between the noneevaporating spray structure for PM10 and PM20 cases in phase D at higher engine-like chamber
pressure condition of Pc=50bar. Shorter standoff distance proved to be beneficial for achieving a
dispersed atomized spray structure in phase D which is thought to increase the probability of
homogeneous fuel air mixture formation.
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6. Combustion test results

6.1 Introduction
This chapter deals with the experimental methodology and apparatus used for combustion
diagnostic. High speed volume imaging technique is used throughout for visualization of the combustion process in diesel engine-like pressure and temperature conditions. The experimental apparatus
were tailored to perform the experiment with and without the presence of the porous media. In this
regard, time resolved images of the naturally emitted light are recorded at various initial conditions
at SOI. The porous silicon carbide (SiC) ceramic of 10 and 20PPI pore densities are chosen to
examine the effect of pore size on combustion behaviour of the diesel fuel spray. These pore densities
were chosen as the test results in the previous chapters showed their transparency to spray flow.
In addition to the time resolved visualization of the combustion process, the experimental study is
conducted to characterize the heat release behaviour of the diesel fuel spray with and without
interaction with the PM. Section 6.2 describes the high speed imaging results of the free spray and
PM spray combustion at various experimental conditions.
Combustion imaging results showed the validity of the previous findings in Chapter 5 by showing
the rapid development of homogenous combustion process in the last phase of fuel interaction with
the PM. Section 6.3 and 6.4 illustrate the detailed heat release analysis results of the spray combustion with/without the presence of the PM in the chamber and discussions on the combustion results
respectively. Scanning Electron Microscope (SEM) images of the sooty residue layer deposition on
the surfaces of the PM are presented in Section 6.5. The key findings of this chapter are summarized
in Section 6.6.
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6.2 Combustion visualization results
Once the diesel fuel spray is injected into the hot gasses in the CVC, the fuel vaporization, auto
ignition and combustion processes occurs. As shown in the literature, the natural luminosity (NL) of
the diesel spray combustion is quite advantageous for optical measurements (Nguyen, 2006, Tran,
2008, Pickett and Siebers, 2006). The NL signal is generally comprised of the incandescence from the
hot soot particles and the Chemiluminescence from the electronically excited gaseous molecules
produced during the exothermic low temperature chemical reactions (Dec and Espey, 1998). It has
been demonstrated that, the strong NL emitted in the case of diesel combustion is mainly caused by
the soot incandescence from the mixing controlled stage of the fuel heat release (Kim et al., 2013,
Dec and Espey, 1995).
As Dec and Espey (2005) state, this luminosity arises from the thermal or gray-body emission of
soot particles that are heated nearly to flame temperatures by the combustion process. The high
intensity of the soot luminosity can be more easily detected than the Chemiluminescence emissions.
This is why the initial rise in soot luminosity generally correlates well with the pressure-indicated
ignition timing (Dec and Espey, 1998, Tran, 2008, Bruneaux et al., 2004). The early definition of
luminous ignition delay was based on the appearance of the first soot luminosity which could be
detected using a high-sensitive photo-sensor installed in the combustion chamber (Siebers, 1985,
Heywood, 1988). The drawback of this method is the inability of the sensor to differentiate between
the soot emission and any other kind of emission caused by random particles or decay from the preheating phase especially in constant volume chamber studies.
It is thought that this drawback can be overcome by using sensitive, high-speed CCD cameras,
images from which can be examined to avoid possible errors of that nature (Tran, 2008). The natural
illumination of the flame can be also used to estimate the flame lift-off length; a quasi-steady
axisymmetric location at which the flame is stabilized downstream of the nozzle tip (Dec, 1997,
Zhang et al., 2011, Pickett et al., 2009a).
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The flame lift-off length stabilization is caused by autoignition (Jakob et al., 2012, Donkerbroek et
al., 2011). The importance of this parameter is due to its influence on the fuel and air mixture
preparation during ignition delay period and emission formation (Higgins and Siebers, 2001, Pickett
et al., 2005).
Extensive studies were conducted to show the effect of this parameter on enhancing gas entrainment and soot formation (Pickett and Siebers, 2006, Higgins et al., 2000, Taşkiran and Ergeneman,
2011). As the flame lift-off length is a steady state concept, it may not be considered appropriate for
the inherently unsteady diesel fuel flames. However, as the flame stabilization occurs in a short time
scale, a fraction of a millisecond, the flame lift-off length can be considered as quasi-stationary
(Chomiak and Karlsson, 1996, Pickett et al., 2005).
It has been shown that the flame lift-off affects the fuel jet soot processes by influencing the fuelair mixing upstream of the flame position, forming a partially premixed mixture prior to any combustion (Zhang et al., 2011). Two optical techniques are generally used to measure the liftoff length:
the OH Chemiluminescence imaging which requires highly sensitive optical system/setups and
natural soot luminosity imaging which is much simpler to implement (Tran, 2008, Pickett et al.,
2005). Hence, in this study, the latter method is used to gauge the variation of the flame lift-off
length for the free spray combustion.
The camera framing rates and the associated settings for imaging the fine details of the combustion process in this study are tabulated in Section 3.2.2. For imaging the combustion process, neutral
density (i.e., ND) filters were employed to ameliorate the overexposure problem by high combustion
light intensity and limit the noise caused by the light reflected from the chamber walls. An aperture
of f/4 was used for all test conditions. Due to the limited number of images able to be recorded for
the camera, the lower frame rate of 16kfps was used to ensure the entire flame development during
the injection process could be recorded for the slower moving sprays leaving the PM (PM spray).
Figure 6.1 shows the application of ND filter to achieve the desired light attenuation for capturing
the image of a free spray flame.
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(a)
(d)
(b)
(c)
Figure 6.1 Juxtaposed single frame of a movie sequence before and after processing illustrating the application
of ND filters for combustion visualization; Diesel fuel flame at t=5.625ms after SOI and PSOI=25bar and
TSOI=1040K depicted using (a) no filter (b) false colours plus no filter (c) ND filters and (d) false colour plus
ND filters. Blue and white colours represent low and high light intensity respectively. Framing rate of the
camera is 16kfps. The grayscale images of 8bit depth were used for combustion visualization.

As presented in Figure 6.1 (a, b), flame area is completely overexposed by strong emitted luminosity, when no filter is used. By using a combination of ND4 and ND8 filters, the maximum light
intensity in the flame area is reduced to less than 255, the saturated value for an 8bit grayscale
image. As can be seen in Figure 6.1 (c), regardless of using a shallow depth of field f/4 and low
image acquisition rate of 16kfps, the subject is well separated from the surroundings and underexposed using the ND filter combination, Figure 6.1 (c, d). The selected filters are used throughout for
imaging the combustion process of diesel fuel spray with/without interaction with the PM. False
colours have been also used to enhance the imaged thermal radiation in each figure.
6.2.1 Free spray, Effect of initial chamber temperature (TSOI)
Figure 6.2 shows a time lapsed sequence of a combusting spray of Pinj=500bar at two different
temperatures at the start of injection process; (a) TSOI≈1270K and (b) TSOI≈1020K. The chamber
pressure at SOI for all cases is set on PSOI=25bar. Combustion visualization results show that at both
TSOI conditions, auto-ignition appears at multiple points downstream of the spray flow, following
Dec’s conceptual model (Dec, 1997). The initiation of the ignition process at the side of the jet is
thought to rise from rapid formation of a fuel-lean sheath-like premixed regions along the sides of the
jet, downstream from the nozzle exit after SOI (Udo, 2005). The high light intensity regions in the
captured NL images are considered to be, most likely, the areas of high temperature.
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Figure 6.2 Time sequences (ms) of free spray combustion obtained from a single time resolved realization at
Pinj=500bar, PSOI=25bar and (a) TSOI≈1270K and (b) TSOI≈1020K. Injection duration is 5ms and presented
time frames are relative to SOI (i.e. t=0).

As can be seen in these figures, decreasing TSOI reduces the luminosity of the flame and increases
the ignition delay. Similar to TSOI≈1020K, at TSOI ≈1240K, auto ignition takes place at a downstream
region of the spray but closer to the nozzle tip. The injection duration is 5.0ms, however combustion
continues longer until about 6.25ms as the flame ceases to radiate.
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6.2.2 Free spray, Effect of injection pressure (Pinj)
Figure 6.3 shows a time lapsed sequence of a combusting spray at the higher injection pressure of
Pinj=1000bar and TSOI≈1270K captured at 16kfps. As shown in this figure, the auto ignition starts
closer to SOI at Pinj=1000bar compared to Pinj=500bar at the same thermodynamic conditions of the
chamber. Based on the previous studies, the high injection pressure generated by common rail fuel
injection systems enhances the capacity of the spray in carrying the fuel-vapour and combustible airfuel mixture downstream of the flow where the remainder of the fuel rapidly vaporizes with the
entrained hot air (Taşkiran and Ergeneman, 2011).

t=0.312

t=1

t=1.375

t=1.75

t=3.625

t=4.25

t=4.875

t=5.5

Figure 6.3 Time sequences (ms) of free spray combustion at Pinj=1000bar, PSOI=25bar and TSOI≈1271K. Time
frames are relative to SOI (i.e. t=0).

The initial signs of flame illuminations in Figure 6.3 was observed at 0.312ms while the initial
signs of auto ignition under Pinj=500bar and at the same thermodynamic conditions was recorded at
0.6875ms after SOI. However, for comparison of the luminous ignition delay (LID) between these
cases the natural illumination of the flame should be investigated using no optical filter. The LID is
determined as the time from the start of injection until a bright spot appears on the image. The
additional condition is that the bright spot must develop into a flame kernel (Tran, 2008).
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Figure 6.4 Sequences of free spray combustion after SOI (ms) at (a) Pinj=500bar and (b) Pinj=1000bar at
PSOI=25bar and TSOI≈1270K. Images are depicted at the frame rate of 125kfps using no ND filter.

Figure 6.4 shows the direct time resolved visualization of naturally emitted light of spray combustion in the chamber at (a) Pinj=500 and (b) Pinj=1000bar at frame rates of 125kfps with the camera
exposure time of 1µs. To ease the interpretation of the ignition and combustion development within
the flame, the sequence of images are shown using inverted and filtered lookup table (LUT) colour
scheme in Figure 6.4. As can be seen in Figure 6.4, raising the injection pressure increases the flame
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lift-off length to some extent and decreases the ignition delay. As shown by Tran (2008), the spray
reaches a steady state LOF between 0.8-3ms after SOI. Results of this study indicate that the spray
can reach a steady state LOF between 0.8-1.5ms after SOI. The results show that the LOF is
increased by nearly 13% from 18.12 to 20.81mm by raising the pressure from Pinj=500 to 1000bar
respectively at t=0.8ms after SOI.
Comparing the LID time between these cases at high initial temperature of TSOI≈1270K, it can be
seen that for Pinj=500bar, Figure 6.4 (a), the spray has the delay time of 0.488ms, while for the
Pinj=1000bar, Figure 6.4 (b), it is 0.366ms (33% shorter). This result is consistent with the wellestablished results of Pickett et al. (2004) who verified that by increasing the injection pressure and
lowering the ambient temperature, the air-fuel mixture at the lift-off length becomes less fuel-rich
which consequently reduces the soot luminosity in a lifted turbulent diffusion flame. As can be seen
in this figure, the combination of lower injection pressures of Pinj=500bar and higher TSOI conditions
of 1270K gives the shortest LOF, 16-18mm.
It has been experimentally verified that the shortened lift-off length due to increasing the temperature at SOI, as can be seen in Figure 6.2, reduces the amount of fuel–air premixing upstream of the
lift-off length, which enhances the initial stages of soot formation (Pickett and Siebers, 2004). By
increasing the injection pressure, soot formation decreases because of decreasing the equivalence ratio
of the premixed mixture upstream of the longer lift-off length and reduction of the residence time in
the fuel-jet sooting regions due to the higher injection velocities (Zhang et al., 2011, Pickett and
Siebers, 2004, Tree and Svensson, 2007). The soot incandescence visualization results in this study
conform well to the findings of previous studies for soot formation in the free jet combustion.
Comparing the flame radial penetration in these two image series respectively at t=0.808ms and
0.792ms after SOI, shows that the flame radial penetration in the case of 500bar is 9.7mm while the
penetration for 1000bar is 12.78mm, equating to a 31% larger flame width for the higher injection
pressure. The variation is consistent with the radial penetration results of the free spray at
Pinj=1000bar in Chapter 4. The LID results of free spray combustion can provide insight into the
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location of the auto ignition sites and initiation of the combustion process in the presence of the PM
in the chamber. As the standoff distance for the case of PM spray combustion is Xd=11mm and the
thickness of the PM is 14mm, it can be expected that combustion will commence within the PM or
during the egress event, respectively in phase C or D, of the phenomenological model.
6.2.3 PM cases, Effect of injection pressure (Pinj)
Figure 6.5 shows the time sequence of the combusting spray at TSOI≈1270K, Pinj=500 and 1000bar in
the presence of the PM of 20PPI pore density. A number of observations present themselves when
comparing the images in figures 6.2, 6.3 and 6.5, and when further comparing these to the earlier
non-vaporizing diesel fuel spray images presented in Section 4.2.2. Combustion appears to start in the
lower part of the image for both the free and PM sprays, although the start of combustion is considerably delayed for the PM case. For the free jet, combustion is initiated at the side of the jet close to
the head of the spray, whereas for the PM case it appears to be initiated in a branch spray of the
phase D multijet, Figure 6.5. Following this, for the free spray, as well as intensifying in the head of
the spray, combustion is also initiated in the spray preceding the head. For the PM case, combustion
spreads around the phase D multijet, but does not spread, initially at least, to the main spray in this
phase; there is a void space in the multijet coincident to where the main spray could be expected to
exit the PM.
Once phase D is fully involved, combustion in phase B is initiated with early signs of phase B
combustion evident at t≈4.5ms, Figure 6.5 (a, b). Similar to the phase D, there is no evidence of
combustion occurring in the main spray which makes up phase A. Although the start of combustion
was delayed for the PM case, it is evident that combustion is occurring in a substantially greater
volume of the CVC than for the free spray case. Comparing the LID time between the free spray and
PM cases at TSOI≈1270K, it can be seen that for Pinj=500bar, Figure 6.4 (a), the spray has a delay
time of 0.475ms, while for the PM case, Figure 6.5 (a), it is 0.717ms (31% longer); for Pinj=1000bar,
Figure 6.5 (b), the values are 0.316ms and 0.5204ms (39% longer) respectively for the free spray and
PM cases.
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Figure 6.5 Time sequences (ms) of spray combustion after SOI in the presence of the porous medium of 20PPI
pore density at (a) Pinj=500bar and (b) Pinj=1000bar; PSOI=25bar, TSOI≈1270K. The flash units were utilized for
the case of Pinj=1000bar to verify the first spray image in phase A for measuring the LID.
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The measured LID times are the ensemble average of 6 different image acquisitions captured at
various framing rates in the range of 8-125kfps. Wider spread of combustion in phase D, Figure 6.5
(b) at Pinj=1000bar, can be explained by the effect of injection pressure on fuel vapor distribution
within the PM (Ming et al., 2009). As stated by the authors, the fuel vapor concentration within a
porous medium at higher injection pressure is homogeneously distributed over a wider area which
indicates the advantage of rising injection pressure on preparation of a homogeneous air-fuel mixture
inside the PM. The result demonstrates that relative to the non-combusting PM sprays; the combusting sprays have far more complex phase B and phase D structures evidenced by the multiple regions
of high intensity; coloured red to white.
6.2.4 PM cases, Effect of initial chamber temperature (TSOI)
Figure 6.6 shows the time sequence of the combusting PM spray at TSOI≈1057K and 950K and
injection pressure of 1000bar. Results demonstrate that in both TSOI conditions, the combustion
initiates in the lower part of the image in a branch spray of the phase D multijet, but at lower TSOI,
ignition is further delayed. Following this, as well as intensifying in phase D, combustion is also
initiated in the spray in phase B, Figure 6.6 (a, b). Compared to the case of TSOI≈1270K in Figure
6.5 (b), flame luminescence strength in the multijet seems to be weakened and occurs in a smaller
volume towards EOI with decreasing TSOI. This can be clearly observed by the incomplete progression of the flame in phase D, Figure 6.6 (b) at 6.12ms. The high temperature case, ultimately shows
higher temperature in phase D particularly once the injection has ended at t=5ms, Figure 6.6 (a). As
shown in these images, the location of the luminous high temperature flame moves away from the
exiting surface of the PM, lengthening the ignition delay period.
6.2.5 PM cases, Effect of pore density (PPI)
Figure 6.7 shows a time lapsed sequence of the combusting spray after interaction with the PM of
10PPI pore density at TSOI≈1260K and Pinj= 1000bar. The importance of the PM pore size on the
spray structure was noted in the discussion of the non-combusting sprays in Chapter 5.
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Figure 6.6 Time sequences (ms) of spray combustion after SOI in the presence of the porous medium of 20PPI
pore density at Pinj=1000bar and (a) TSOI=1057K and (b) TSOI=948K.
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A number of observations present themselves when comparing the images of spray combustion after
interaction with the PM of 10 and 20PPI pore densities in Figure 6.5 and 6.7 respectively. For both
cases, the combustion is distributed in the chamber volume in phase D towards EOI showing a far
more complex multijet structure than cold test results. Although likely to be cooler, phase B appears
more dominant for lower pore density of 10PPI. As explained in the cold flow test results Section
4.2.2, the higher intensity of spray structure in phase B at lower pore density of 10PPI can be mainly
due to the possible role of the porous medium permeability on spray/flame flow and larger size of
struts at the impingement zone. The higher pore density and consequently lower permeability of the
porous ceramic may help in trapping the flame within the PM structure and stop the combustion
flash back to reach the upper surface of the porous medium.
The wider distribution of combustion process in phase D in the case of PM10 relative to PM20 in
this study can be explained by CFD simulation results of Ming et al. (2009) who studied the effect of
pore size on the distribution of fuel vapor mass fraction in different phases. Their result showed that
the permeability of the medium can enhance the spatial distribution of the fuel vapor mass fraction
in phase C. They identified that the fuel mass fraction within a PM of larger pore size is more
homogeneous and distributed over a wider area within the PM than that with the smaller pore size.
For both pore densities, they found that the higher vapor mass concentration after the spray interaction with the PM is mainly distributed in a region around the impingement point, both outside and
inside the PM.
Analyzing the flame structure in phase D for both pore densities reveals the formation of larger
scale flame structures for larger pore size of 10PPI. Similar to the 20PPI case, ignition starts in the
multijet structure, however, it is delayed more significantly in the case of 10PPI pore density.
Although not shown in Figure 6.5 (b) and Figure 6.7 , for the case of 20PPI porous medium, the
initial sign of ignition was evident at t≈0.43ms, while for the 10PPI case, it was seen at t≈0.56ms.
The shorter ignition delay in the case of PM with the smaller pore size is thought to rise from the
rapid combustible mixture preparation in phase D.
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Figure 6.7 Time sequences (ms) of spray combustion after SOI in the presence of the porous medium of 10PPI
pore density at Pinj=1000bar and TSOI=1260K.

This rapid mixture preparation is due to increased turbulence within the PM structure, more
homogenized fuel spatial distribution by spray interaction with higher number of struts within the
PM and consequently more effective solid to liquid heat transfer. However, this heat transfer process
is expected to reduce for the cold start condition. The formation of induced eddies/vortices of
different sizes and intensities inside the PM after the spray interaction has been shown through
numerical analysis (Ming et al., 2009). As shown in the literature, by increasing the pore density
which influences the number of solid bridges and contacts inside the matrix, the conductive heat
164

transfer as well as the turbulence generation within the porous medium are promoted (Hall and
Hiatt, 1994, Trimis, 2000, Zhao and Xie, 2008). Evidence for combustion occurring in phase C,
within the PM itself, is unclear. Due to the estimated low temperature of the PM at SOI in this
study, no combustion inside the PM volume could be expected. However examining the regions
adjacent to the PM surfaces in phase D using no optical filter visualization, shows the presence of the
radiating source such as combustion generated particulates near the spray exiting surface of the PM.
The relatively cold outer surface of the PM may locally quench a free flame of the burning spray
in phase D in the proximity to the PM bottom surface. Lower temperature of the PM surface, can
also limit the evaporation of the fuel within the PM volume and make the mixture leaving the PM
highly non-premixed. Figure 6.8 shows the effect of pore density and different TSOI conditions on
luminous ignition delay at a fixed injection pressure. The results show that smaller pore density may
slightly prolong the ignition delay.
Better insight into the effect of PM on the ignition delay period is achieved by analyzing the
results of the pressure and heat release curves. As shown in other studies, there is a difference in the
values between the pressure and the luminous ignition delay (Miles and Dec, 1999). Some time is
needed for sufficient energy release to recover the pressure loss caused by the fuel evaporation and for
the pressure wave to reach the sensor, after the appearance of the first bright spots due to the
ignition of the injected fuel (Pickett et al., 2005). The findings of Miles and Dec (1999) showed that
the difference between the pressure and the luminous ignition delay is reduced considerably as the
chamber air temperature increases to about 800-850K, then the difference increases by nearly 70%,
as the ambient air temperature increase goes beyond 1200K. As shown in Figure 6.8, PM cases show
relatively longer LID periods relative to the free spray. Longer ignition delay in the case of the PM
here can provide greater time for the mixture preparation process which is essential for new methods
of combustion e.g. LTC combustion. The adverse effect of this longer ignition delay can be the
accumulation of unburned fuel; leading to severe knocking. This can be due to high initial temperature of the PM (≈600°C) under PM engine operation.
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Figure 6.8 Luminous ignition delay (LID) variation at Pinj=1000bar, TSOI≈1300, 1050 and 950K and
PSOI=25bar. Error bars show the 95% confidence interval. SP and PM in this figure denote the free spray and
porous medium cases.

Estimation of the flame LOF in the case of the PM spray combustion was not possible in this
study due to the optical thickness of the medium. However the result shows that the diffusion flame
is stabilized at the exiting surface of the PM for both pore densities at nearly 25mm from nozzle tip.

6.3 Heat release analysis
6.3.1 Effect of injection pressure and pore density
Figure 6.9 illustrates the chamber pressure and temperature trajectories, net heat release, gross heat
release rate and cumulative gross heat release for the combustion of the spray with and without the
presence of the PM at TSOI≈1300K and Pinj=500, 1000bar for an individual run. In the following
figures, SP, PM10 and PM20 refer to the free spray case, porous medium of 10PPI pore density and
20PPI pore density respectively. The change in pressure is shown as relative to the chamber pressure
conditions at SOI, Figure 6.9 (a).
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The effect of number of cases on the heat release result will be discussed in Section 6.4. The temperature change is also included in this figure by assuming the same initial temperature at SOI for all
cases, Figure 6.9 (c). The injection duration in all cases was 5ms. Conditions at the start and the end
of injection are designated as SOI and EOI respectively on these diagrams. To help with understanding the effects of the PM on the thermodynamic properties of the chamber and the heat release
process, the temperature and net heat release diagrams are presented in a longer time span of 100ms
after SOI.
6.3.1.1

Pressure rise

Comparing the pressure rise in Figure 6.9 (a), at t=20ms after SOI, it can be seen that for
Pinj=500bar, the PM10 case has a pressure rise of 0.31bar, while for the PM20 case, it is 0.4 (23%
increase relative to PM10); for Pinj=1000bar, the values are 0.77bar and 0.99bar (22% increase
relative to PM10) respectively. The corresponding pressure rises for the free spray case at Pinj=500
and 1000bar were respectively 0.99 and 1.56bar (36% increase relative to SP500). As can be seen in
Figure 6.9 (a), at the same injection pressure, the pressure rise for both PM cases is lower than the
free spray. The effect of the PM on reducing the pressure is consistent with the previous thermodynamic parameters investigations (Weclas et al., 2012). A comparison of the two pore density results,
regardless of the injection pressure, reveals that higher pressure rise at t=20ms after SOI is achieved
for the PM20 case, although the delay time seems to be longer for this pore density.
6.3.1.2

Chamber pressure & temperature

Initial chamber temperature and the temperature within the PM were monitored by relatively slow
response thermocouples (1s). Before each experiment, PM temperature was allowed to relax to
approximately room temperature; heat release from the fuel gave rise to PM temperature increases of
no more than 200°C in the vicinity of the spray interaction area. The thermal loading of the PM on
heat release will be further discussed in the following sections. As can be seen in Figure 6.9 (c), the
temperature rise for both PM cases was found to be lower than in the free spray. Comparing the
temperature traces, Figure 6.9 (b, c), a significant temperature drop relative to the free spray case
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was observed for the PM cases with the 69% drop observed at t=20ms and Pinj=500bar for the PM10
case being the highest. Although the test conditions are different, the effect of the PM on lowering
the combustion temperature found in this study is in some ways consistent with the findings of other
studies where porous media was used as a reactor (Weclas et al., 2012, Durst and Weclas, 2001,
Chien et al., 2006). Reduced temperature for the PM cases is thought to rise from the large heat
capacity of the PM and the effective heat transfer (heat accumulation) in the porous ceramic (Weclas
et al., 2012, Khatami et al., 2006). These results indicate that, as well as altering the physical
characteristics of the spray, the PM also absorbs heat during fuel heat release and this will give rise
to a lower ultimate pressure and temperature.
The role of the PM in delaying the combustion process is apparent by looking at the pressure
trajectories after SOI for the free spray and the PM cases, Figure 6.9 (a). Comparing the ignition
delay time in Figure 6.9 (a), it can be seen that for Pinj=500bar, the PM10 case has a delay time of
2.1ms, while for the PM20 case, it is 4.5ms (2.1 times longer); for Pinj=1000bar, the values are 1.33ms
and 1.5ms respectively. The corresponding ignition delay time for the free spray case at Pinj=500 and
1000bar were approximately 0.42ms and 0.3ms. In contrast to earlier LID findings, the results of heat
release based ignition delay time show relatively longer ignition delay for the case of PM20 for both
injection pressures. This could be due to the formation of luminous species before the initiation of
the main heat release event for this pore density.
Table 6.1 shows the average time for the non-evaporating spray to reach the surface of the PM at
different conditions. Examination of the results in Table 6.1 shows that at Pc=50bar it takes approximately 0.13ms and 0.1ms for the spray to reach the surface of the PM, at Pinj=500 and 1000bar
respectively.
Table 6.1 The average time after SOI that takes for the non-evaporating diesel fuel spray to impinge onto the
surface of the PM at different chamber & injection pressure conditions and standoff distance of 11mm.
Average Time
Pinj=500bar
Pinj=1000bar
Pc=1bar
0.1185ms
0.0634ms
Pc=10bar
0.126ms
0.08725ms
Pc=50bar
0.134ms
0.1031ms
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Figure 6.9 (a) Pressure trajectory (b) temperature trace (c) temperature rise after SOI assuming the same
initial temperature for all cases (d) apparent heat release (e) cumulative gross heat release and gross heat
release rate at Pinj=500bar (f) cumulative gross heat release and gross heat release rate at Pinj=1000bar of free
spray and porous media experimental runs at TSOI=1300±40K. Time is referenced to SOI. Red colour and
dotted lines present the free spray and Pinj=500bar cases respectively.
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According to the presented impingement times in Table 6.1 and the calculated ignition delay times,
it can be concluded that at both injection pressures the autoignition starts long after the spray
reaches the PM surface. Longer ignition delay time for the PM case in this study is different with the
findings of Weclas and Cypris (2013) who reported relatively shorter ignition delay in the presence of
PM in the chamber than the free spray.
This inconsistency with the result of the current study is due to the following differences in the
experimental setup and preheating method of the PM. In the Weclas and Cypris (2013) study, the
fuel distribution, vaporization, mixing with air, thermal auto-ignition and heat release were performed within the PM volume fitted inside an adiabatic CVC, causing a high heat release rate,
shorter combustion duration and shorter ignition delay relative to a free spray (Weclas and Cypris,
2013, Cypris et al., 2012). The fuel was injected into an electrically preheated PM at zero standoff
distance. However, in the present study, the combustion is developed both inside and outside the
medium and partially influenced by the presence of PM.
In this study, the temperature of the PM is increased by the combustion process of the premixed
charge and is not individually controlled. This configuration results in a more gradual heat release
process and longer ignition delay time. By comparison of these values with the ignition delay time,
Figure 6.9 (a), it can be seen that the main combustion event in the presence of the PM starts long
after the initial impact of the spray with the surface of the PM. This finding conforms well to the
visualization results in Section 6.2.3.
6.3.1.3

Heat release, heat transfer ratio

Comparing the net, apparent, heat release results of the free spray and the PM in Figure 6.9 (d) for
100ms after SOI, it can be seen that for Pinj=500bar, the PM10 case has the maximum NHR of
0.26kJ (71% less than the free spray (SP)), while for the PM20 case, it is 0.37kJ (59% less than SP);
for Pinj=1000bar, the values are respectively 0.65kJ (55% lower than SP) and 0.79kJ (45% lower than
SP). The corresponding maximum NHR for the free spray case at Pinj=500 and 1000bar were 0.89kJ
and 1.43kJ respectively.
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Results show that, the difference between the NHR values of the free spray and PM cases decrease
by increasing the injection pressure. Interestingly, the net heat release diagram given in Figure 6.9
(d) shows an almost flat peak at maximum. This process is more distinguishable at lower chamber
temperatures at SOI as shown in the following section. Similar to this result, a longer ignition delay,
with a flatter and wider rate of heat release trajectory, has been also observed in LTC combustion
with retarded injection timing (Fang et al., 2009), indicating the similarity of two combustion
regimes.
Figure 6.9 (e, f) shows that the free spray has not only higher ultimate heat release but also a
higher peak rate of heat release. The role of the PM in distributing the combustion in the CVC is
evident by looking at the calculated cumulative gross heat release and gross heat release rate for the
free spray and the PM cases, Figure 6.9 (e, f). Heat release for the PM cases occurs over a much
longer period than for the free spray cases; with the higher pore density seeming to prolong the heat
release process. The relatively longer combustion duration for PM cases can be clearly seen by
observing the duration of the rate of heat release traces in Figure 6.9 (e, f), with PM20 cases having
the longest duration among all, at both Pinj=500 and 1000bar.
As can be seen in Figure 6.9 (e, f), both gross cumulative heat release and gross heat release rate
for the PM cases were found to be lower than that for the free jet, although it should be noted that
the PM case has a slightly lower temperature at SOI conditions than that of the free spray. The
calculated gross heat supply of diesel fuel considering the LHV of the fuel to be 42.54MJ/kg for
Pinj=500 and 1000bar were 1.493 and 2.138kJ respectively. Hence, the rate at which the fuel supplied
heat, QF, averaged over the injection duration is calculated as 0.299 and 0.426kJ/ms for Pinj=500 and
1000bar respectively.
The integral of the gross heat release rate during the combustion process should then be almost
equal (since the analysis is not exact) to the calculated gross heat supply, Equation 6.1. For the free
spray case, the ratio of maximum cumulative gross heat release to gross heat supply can be used to
express the combustion efficiency (Nguyen and Honnery, 2008).
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The heat transfer ratio, Qr, is here defined to gauge the effect of porous media on heat recirculation process, Equation 6.2. The direction of heat transfer process can be found by the value of Qr
which can be smaller or larger than one. When Qr <1, it indicates that the heat is absorbed by the
medium while Qr>1 means the heat is supplied back to the chamber during combustion process. The
heat transfer ratio in the case of free sprays is considered as one and is used as a reference condition
for the PM cases.
LM =

L  kd K
L  d >d

Equation 6.2

As per Figure 6.9, the free spray at Pinj=1000bar shows the highest gross heat release rate of
0.28kJ/ms at t=3.33ms which is consistent with its higher pressure rise at about 1.56bar. The term,
maximum cumulative gross heat release, is used here to define the heat transfer ratio as the cumulative gross heat release in the case of the PM may be achieved in a longer time span of up to 100ms.
The heat transfer ratio for different cases at TSOI=1300±40K is presented in Table 6.2 and ranges
from 0.67 to 0.83, showing the heat absorption effect of the PM during combustion process.
As can be seen in Figure 6.9 (e, f), for free spray cases at TSOI≈1300K and both injection pressures, gross cumulative heat release is less than the total fuel gross heat supply. The combustion
efficiency for the free spray cases at Pinj=500 and 1000bar was 73% and 76% respectively at
TSOI≈1300k which conforms well to the result of Nguyen and Honnery (2009). In addition to heat

transfer ratio, Table 6.2 illustrates the measured peak gross heat release rate (PGHR=KLR ⁄KND ) and

the ratio of PGHR to the fuel energy supply, Fr=PGHR/QF. For the free spray cases, PGHR occurs
before or close to EOI but for the PM the greater proportion burns once the injection process has
finished; indicating faster reactions rates for free spray combustion. As can be clearly seen in the case
of Pinj=500bar, Figure 6.9 (e), pore density and Pinj have direct effects on the timing of the PGHR;
with increasing the pore density and lowering the Pinj delaying the PGHR noticeably.
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Table 6.2 Heat transfer ratio, peak gross heat release rate (PGHR) and ratio of gross heat release to fuel energy
supply rate (Fr) for the free spray and the PM cases at TSOI≈1300k and Pinj=500 and 1000bar.
Heat transfer ratio
Cases-T1
Quantities
Values
(Qr)
KLR ⁄KND ¡/
0.189
SP-500-T1
1
Fr
0.63
⁄
KLR KND ¡/
0.117
PM10-500-T1
0.82
Fr
0.39
KLR ⁄KND ¡/
0.098
PM20-500-T1
0.83
Fr
0.32
KLR ⁄KND ¡/
0.281
SP-1000-T1
1
Fr
0.66
KLR ⁄KND ¡/
0.143
PM10-1000-T1
0.67
Fr
0.33
KLR ⁄KND ¡/
0.149
PM20-1000-T1
0.81
Fr
0.35

The PGHR of the free spray cases is also higher than that of the PM ones which is consistent
with the pressure trajectories reported in other studies (Weclas et al., 2012). For both the free spray
and porous medium cases, increasing the injection pressure increases the PGHR, Table 6.2. For
instance, by increasing the injection pressure from Pinj=500 to 1000bar, the PGHR increases from
0.189kJ/ms to 0.281kJ/ms, showing 49% increase in PGHR for the free spray case. For the PM10
and PM20 cases the associated increase in PGHR due to injection pressure is by 22% and 52%
respectively. Examining the Fr values in Table 6.2, it can be seen that the peak burning rate of diesel
fuel is closer to the rate at which heat is supplied by the fuel for the free spray, with Fr=0.66 at
Pinj=1000bar being the highest. Lower Fr was found for both porous medium cases relative to the free
spray showing the effect of the porous ceramic on lowering the rate of gross heat release. Maximum
Fr in the case of PM was 0.39, realized for the PM of 10PPI pore density at Pinj=500bar.
6.3.2 Effect of temperature at SOI
6.3.2.1

Pressure rise

Figure 6.10 illustrates chamber pressure and temperature traces, net heat release, gross heat release
rate and cumulative gross heat release for the combustion of the spray with and without the presence
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of the PM at TSOI≈1050K, Pinj=500 and 1000bar. Consistent with the previous results in Figure 6.9
(a), the highest pressure rise was achieved for the free spray relative to the PM cases. Similar to the
pressure rise trajectories at TSOI=1300k, at the lower TSOI condition of 1050K the PM20 case shows a
higher pressure rise between the two PM cases. It can be seen that for Pinj=500bar, the PM10 case
has a pressure rise of 0.58bar, while for the PM20 case, it is 0.77bar (32% increase relative to PM10);
for Pinj=1000bar, the values are 1.13bar and 1.32bar (16% increase relative to PM10) respectively.
The corresponding pressure rises for the free spray case at Pinj=500 and 1000bar were 1.19bar and
1.75bar respectively (46% increase relative to 500bar). A comparison of the two TSOI conditions
reveals that higher pressure rise at both injection pressures is achieved at lower temperature condition of TSOI=1050K; a condition which is similar to advance injection timing in diesel engines. Similar
to Figure 6.9 (b), a significant temperature reduction relative to the free spray case is observed for
the PM cases, Figure 6.10 (c).
1.3.1.2 Chamber pressure & temperature
Similar to TSOI=1300K, the temperature rise at TSOI=1050K for both PM cases was found to be
lower than the free spray cases at both injection pressures as shown in Figure 6.10 (c). Similar to the
temperature traces in Figure 6.9 (c), Figure 6.10 (b, c), the highest temperature drop relative to the
free spray case was observed at Pinj=500bar for the PM10 case, showing 70% drop at t=20ms after
SOI. Compared to the temperature profiles in Figure 6.9 (c), a lower rate of temperature decay can
be seen in Figure 6.10 (b) at TSOI=1050K, with the PM20 showing the lowest rate. This finding
agrees well with the longer combustion duration of PM20 seen at TSOI=1050K, Figure 6.10 (e, f).
6.3.2.2

Heat release, heat transfer ratio

The difference between net and cumulative gross heat release in Figure 6.9 and Figure 6.10 indicates
a decrease in heat loss as the TSOI is reduced for both free spray and the PM cases. For instance, in
the case of PM20 at Pinj=1000bar and t=20ms after SOI for TSOI=1300K, the difference between
these two parameters for the PM20 case reaches 43% while at TSOI=1050K, it is 31%. As it will be
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shown later in this section, the difference reaches 26% at lowest temperature condition at SOI,
TSOI=950K. The corresponding difference for the free spray case at TSOI=1300K and 1030K are 14%
and 9% respectively. Comparing the difference between the two pore densities, it can be seen that
the relative difference between net and gross heat release is higher in the case of PM10 case indicating the potential of the lower pore density for higher heat loss.
High heat loss in the present study is consistent with the findings reported by (Pastore and
Mastorakos, 2009) who experimentally measured the heat loss percentage versus thermal power input
based on the energy balance of the input and output species enthalpy for a steady porous medium
burner fueled with diesel and n-heptane. They found the heat loss in the burner occurs through
radiation from the hot porous matrix at the top of the burner in the downstream direction and
through conduction and convection at the outer wall of the reactor. Their result showed a heat loss
of around 21% of the energy of the fuel at low firing load which gradually decreases to 10% at high
firing rate condition. Regarding the heat loss modelling, the heat loss model in this study does not
include the effect of thermal radiation. As shown in the literature, the lack of radiation term in the
heat transfer model can reduce the calculated gross cumulative heat release by around 10% in the
case of the free spray (Andersson et al., 2000).
There are two primary sources of radiative heat transfer within diesel engine cylinder: high
temperature burned gaseous, mainly water vapor and CO2, and soot particles (Heywood, 1988). As
shown by Tran (2008), the heat loss by radiation in the constant volume chamber is mainly due to
soot particles and the radiation exchange between the combustion chamber walls and the gaseous
combustion products, mainly water vapor and carbon dioxide and can accounts for 6% of Qg. For the
PM cases, radiation losses could be much larger due to the much larger surface area of the flame
which may explain some of the differences. The radiation heat loss is mitigated here by lower temperature of the PM in this analysis. The free spray at TSOI=1050K shows the highest heat release
rate of 0.25kJ/ms at t=4.5ms, consistent with its higher pressure rise of 1.75bar, Figure 6.10 (f).
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Figure 6.10 (a) Pressure trajectory (b) temperature trace (c) temperature rise after SOI assuming the same
initial temperature for all cases (d) net heat release (e) cumulative gross heat release and gross heat release rate
at Pinj=500bar (f) cumulative gross heat release and gross heat release rate at Pinj=1000bar of free spray and
porous media experimental runs at TSOI=1050±20K. Time is referenced to SOI.
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Similar to higher temperature condition of TSOI=1300K, for the PM cases the greater proportion of
the fuel burns once the injection process has finished, while for the free spray cases PGHR occurs
before EOI, Figure 6.10. The PGHR of free spray is also higher than that of the PM and this is
consistent with the pressure trajectories at lower temperature condition of 1050K, Figure 6.10 (c).
The heat transfer ratio for different cases including PM cases at 1050K condition in addition to
the PM cases at 930K is presented in Table 6.3 and ranges from 0.77 to 2.1. According to the table,
gross cumulative heat release of some PM cases, is clearly more than that of the free spray. To have
an estimation of the heat transfer ratio for the 950K condition, the cumulative gross heat release of
the free spray was considered equal to that of 1050K. The reason for the heat transfer ratio of more
than 1 is thought to be due to the transfer of the enthalpy of the hot preheating gases to the PM
and the accumulation of this thermal energy within the PM. To explore the effect of preheating
combustion process on the heat transfer ratio in the presence of the PM, the maximum temperature
(Tmax) and maximum pressure (Pmax), net heat release (NHR) and the maximum net heat release rate
(NHRRmax) for achieving TSOI conditions during the preheating process, are presented in Table 6.4. As
can be seen in Table 6.4, higher maximum pressure and NHR are achieved at lower TSOI conditions,
during the heat release process of the preheating mixture. This is due to the higher initial pressure of
the preheating mixture for achieving lower TSOI and higher chamber density at lower TSOI condition
at a fixed PSOI condition.
As presented in the table, relative to the free spray the results of Tmax, Pmax and NHRmax are
comparatively lower for the porous medium with PM20 showing the lowest value. NHRRmax results
show that for most of the cases, lower rate of net heat release can be also achieved for the PM20,
relative to free spray and PM10 cases. Comparing the premixed NHRmax results for the free spray and
the PM in Table 6.4, it can be seen that for TSOI=1300K, the PM10 case has the NHRmax of 22.11kJ
(33% lower than SP) while for the PM20 case, it is 19.07kJ (57% lower than SP); for TSOI=1030K,
the values are 26.73kJ (23% lower than SP) and 24kJ (31% lower than SP) respectively. The corresponding NHR

max

for the free spray case at 1300K and 1030K are 33 and 35kJ respectively.
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Table 6.3 Heat transfer ratio, PGHR and Fr for the free spray and the PM cases at TSOI=1050K and 930K,
Pinj=500 and 1000bar. The experiment with the free spray case at T3 condition was not conducted due to
safety consideration of the chamber.
Case name at T2

Heat transfer ratio

SP-500-T2

1

PM10-500-T2

0.83

PM20-500-T2

1.6

SP-1000-T2

1

PM10-1000-T2

0.77

PM20-1000-T2

1.2

Case name at T3

Heat transfer ratio

PM10-500-T3

1.51

PM20-500-T3

2.175

PM10-1000-T3

1.755

PM20-1000-T3

2.1

KLR ⁄KND ¡/
Fr
⁄
KLR KND ¡/
Fr
KLR ⁄KND ¡/
Fr
KLR ⁄KND ¡/
Fr
KLR ⁄KND ¡/
Fr
KLR ⁄KND ¡/
Fr

Values

KLR ⁄KND ¡/
Fr
KLR ⁄KND ¡/
Fr
KLR ⁄KND ¡/
Fr
KLR ⁄KND ¡/
Fr

Values

Quantities

Quantities

0.199
0.66
0.128
0.42
0.102
0.34
0.248
0.59
0.159
0.37
0.1618
0.38
0.176
0.58
0.155
0.51
0.12
0.28
0.111
0.26

Table 6.4 Temperature, pressure, net heat release and net heat release rate of the preheating combustion
process with/without the presence of the PM at Pinj=1000bar and different initial chamber pressure conditions.
Case name
Tmax(K)
Pmax (bar)
NHRR max (kJ/s)
NHRmax (kJ)
SP-1000-T1

2312

43.21

0.217

33.099

PM10-1000-T1

1627

32.052

0.2021

22.11

PM20-1000-T1

1507

28.792

0.1721

19.047

SP-1000-T2

2032

47.461

0.2031

35.123

PM10-1000-T2

1611

39.084

0.1953

26.731

PM20-1000-T2

1506

36.076

0.2178

24.004

PM10-1000-T3

1573

42.983

0.4721

28.961

PM20-1000-T3

1442

38.781

0.357

25.253
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Examining the NHR results at 930K between PM10 and PM20 cases, it can be seen that the PM10
case has the maximum NHR and NHRRmax of 28.9kJ and 0.47kJ/s while for the PM20 case, the
values are 25.2kJ (13% lower than PM10) and 0.35kJ/s (25% lower than PM10).
The approximate average temperature of the PM at SOI can be estimated using the difference in
net heat release of premixed combustion between the free spray case and PM one, Table 6.4. Considering the mass of PM10, specific heat of the porous ceramic (0.8J/g. K) and the 11kJ of net heat
release difference between the free spray and PM10 case at T1 condition, the temperature of the PM
at SOI can be calculated, ≈120°C degree. The corresponding temperature of the PM20 case at the
same temperature condition was ≈182°C degree. The calculated average temperature for the PM20
case is reasonably close to the measured temperature by the slow response thermocouple (≈200°C).
The difference in the average temperatures between PM10 and PM20 cases can justify the longer
ignition delay times for the PM10 case at both injection pressures.
As per Table 6.4, it can be seen that PM20 absorbs about 3kJ extra relative to the PM10 case.
The mass difference between the PM10 and PM20 accounts for the difference in the net heat release
at T1 temperature condition. The difference in heat loss model coefficient also justifies this dissimilarity. Results indicate that the PM absorbs the released heat from the preheating combustion
process. Another important parameter affecting the difference between the net heat release of PM
and the free spray cases is the loss of mass in PM due to surface wetting which is a function of pore
density and temperature of the PM. In this study more loss of mass is expected in the case of PM20
relative to PM10. Comparing the two pore density cases, it can be seen that higher amount of heat
absorption relative to the free spray case occurs in the case of PM20 porous ceramic.
Figure 6.11 shows the net heat release trajectories for the free spray and PM cases at different
initial pressure conditions. Consistent with the findings of Andersson et al. (2000), the net heat
release profiles in Figure 6.11 show the rapid and accelerating nature of heat release of the premixed
charge of CO, O2 and N2. As illustrated in Figure 6.11 (b), for both pore densities, the NHR profiles
are noticeably different at T3 temperature condition relative to T1 and T2.
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Figure 6.11 Net heat release trajectories for (a) the free spray and porous media cases at T1=1300 and
T2=1050k (b) porous medium cases at T3=930K. Injection pressure for all cases is Pinj=1000bar.

The unique heat release shape at 950K is thought to be due to the mixture enthalpy increase at a
constant volume process by transferring the residual enthalpy of the preheating combustion product
stored in the porous medium. This finding agrees well with the numerical results of previous studies
which showed the stored heat in the porous medium can be regenerated into the enthalpy increase of
the compressed mixture in the next engine cycle and increase the thermal efficiency of the engine
(Hanamura and Nishio, 2003, Park and Kaviany, 2001). However, in these studies thermal regeneration of the combustion heat is attributed to super-adiabatic combustion, which is not the case in this
study evidenced by relatively lower temperature during preheating combustion for the PM cases in
Table 6.4 and temperature profiles in Figure 6.9 (b) and Figure 6.10 (b).
As Park and Kaviany (2001) explain, the super-adiabatic flame temperature during the fuel
injection period enhances fuel evaporation which increases the combustion intensity and results in an
increase of the peak pressure and engine power. As indicated in Table 6.3, the peak burning rate of
diesel fuel is closer to the rate at which heat is supplied by the fuel for free spray, with Fr=0.66 at
Pinj=500bar and TSOI=1070K being the highest. Lower Fr, in the case of PM shows the effect of the
medium on lowering the rate of gross heat release relative to free spray burning process.
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Consistent with the PM results at TSOI=1300k,
Table 6.2, it can be seen that at the injection pressure of Pinj=500bar, Fr value is higher for the
PM10 case while for the higher injection pressure of 1000bar, PM20 shows higher value, Table 6.3.
This implies the improvement of the heat release process at a higher injection pressure while using a
PM of smaller pore size. However, the discrepancy between the result of two PM cases reduces
significantly at lower TSOI=930K for both injection pressures.
Figure 6.12 illustrates the chamber pressure and temperature traces, net heat release, gross heat
release rate and cumulative gross heat release for the combustion of the PM spray at TSOI≈930K and
Pinj=500, 1000bar. Comparing the pressure profiles in Figure 6.12 with those in Figure 6.9 and Figure
6.10, it can be seen that the pressure continues to rise after 20ms for both porous medium cases at
lower temperature of 950K. For the TSOI=1050K, the pressure rise after 20ms is only seen for PM20
case, while nearly no pressure rise after 20ms of SOI is observed for higher temperature condition of
TSOI=1300K. This trend clearly shows potential for the PM of higher pore density to absorb the
residual heat from the preheating combustion process whilst an increased amount of heat is released.
The residual amount of heat is here supplied by the preheating combustion process, but in a real
engine application that would be the heat absorbed by the PM from the previous cycle.
According to Durst and Weclas (2001), in an actual engine, the PM will ultimately reach a steady
state temperature condition, which although a function of engine speed and load, will be significantly
higher than used here. An important feature of this higher temperature is the possibility that it
could aid both the evaporation and heat release processes of the fuel. Fast mixture homogenization
and generally lower combustion temperature as found here suggest the potential for PM to be used
in late injection LTC modes. An additional benefit of PM application in this mode can be avoiding
the penalties associated with the use of high levels of EGR such as high CO and HC emissions, low
combustion stability and low fuel conversion efficiency (Zhang et al., 2014). In Figure 6.12 (a),
similar to the pressure trajectories at TSOI=1050k, at lower TSOI condition of 950K the PM20 case
shows higher pressure rise between the two PM cases.
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Figure 6.12 (a) Pressure trajectory (b) temperature trace (c) temperature rise after SOI assuming the same
initial temperature for all cases (d) net heat release (e) cumulative gross heat release and gross heat release rate
at Pinj=500bar (f) cumulative gross heat release and gross heat release rate at Pinj=1000bar for the porous
media experimental runs at TSOI=930±20K. Time is referenced to SOI.
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It can be seen that for Pinj=500bar, the PM10 case has a pressure rise of 0.83bar, while for the PM20
case, it is 1.14bar (37% increase relative to PM10); for Pinj=1000bar, the values are 2.06bar and
2.5bar (21% increase relative to PM10) respectively. As expected from previous discussion on heat
absorption by the PM from the preheating combustion process, the temperature profiles in Figure
6.12 (b) reach almost a steady state condition after 20ms of SOI for both injection pressures and
pore densities.
The only exception is seen in the case of the PM of 20PPI pore density in which the pressure and
temperature traces continue to rise after 100ms of SOI. A similar trend can be also seen in NHR and
GHR profiles in Figure 6.12 (d) and Figure 6.12 (e, f). This can be an indication of combustion
continuation in a wider volume of space and within the cellular structure of the PM as well as a
gradual volumetric release of absorbed heat by the media during the associated heat release of the
injection process.
As shown in the literature, in addition to homogeneous charge preparation, a volumetric ignition/heat release process resulting in a uniform temperature distribution is needed to satisfy the
requirement of a homogeneous combustion process (Weclas and Cypris, 2013). However, this definition is derived from premixed HCCI combustion literature in which the volumetric combustion of a
well-mixed fuel/air mixture is desired. The focus of the current study is to investigate the homogenization of the combustion process of a diesel fuel spray; a basically different type of combustion from
premixed HCCI mode. Although, the goals of the homogeneous combustion mode can be extended to
the HCCI-like CIDI diesel combustion e.g. LTC by realizing a more uniform spatial fuel distribution
together with the volumetric combustion through heat accumulation within the PM.
Similar to higher temperature conditions, the greater proportion of the fuel burns once the
injection process is completed for both pore densities, Figure 6.12 (e, f). Consistent with other
studies reporting the role of pore density on heat capacity and heat transfer properties of the porous
medium, it was found that the PM of lower pore density results in relatively higher PGHR (Weclas
and Cypris, 2013). A
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Figure 6.13 Gross heat release rate and pressure rise trajectories in addition to the combustion visualizations at
four different time frames after SOI for the free spray combustion at Pinj=1000bar and TSOI=1300 and 1023K.
Images were captured at 8kfps using a single ND8 filter and the camera gain factor of 1.

Results show that both the NHR and GHR are initially higher for PM10 case during the first
20ms after SOI. However, both parameters were found to be higher for the PM20 case relative to
PM10 at 20-100ms after SOI. This result is thought to be due to higher heat capacity of the PM20
leading to the gradual release of the accumulated heat.
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Figure 6.14 Gross heat release rate and pressure rise trajectories in addition to the combustion visualizations at
four different time frames after SOI for the PM spray combustion at Pinj=1000bar and TSOI≈ 1300 and 950K.
Images were captured at 8kfps using ND8 plus ND4 filters and camera gain factor of 1.
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The unburned charge within the PM is thought to get mixed with the hot combustion products from
the preheating phase and burned gradually. This assumption could, however, not be verified by
observing luminescence due to the limited number of acquired frames. The combustion visualization
at low frame speed of 8kfps proves the longer duration of the combustion process with the presence
of the PM in the chamber. Figure 6.13 and Figure 6.14 show the gross heat release rate and pressure
rise and images of the burning spray at different time frames after SOI for the free spray and PM
cases (PM10 and PM20) at Pinj=1000bar and various TSOI temperature conditions. Images are
captured at frame speed of 8kfps, using a single ND8 filter and the camera gain factor of 1. This
optical filter setting allows better visualization of the low intensity regions associated with low
temperature areas within the flame, hence it can provide a better estiation of combustion duration.
The visualization result shows that diesel flame at Pinj=1000bar for both 1300K and 1050K cease
to illuminate after nearly 10ms of SOI, while in the case of the PM the combustion continues to
illuminate till the last frame at nearly 13ms of SOI. The results and images presented in Figure 6.13
indicate that, in the free spray cases, the point at which the flame almost ceases to illuminate,
t=10ms, the pressure reaches a steady state value and the rate of gross heat release aproaches zero,
at both TSOI conditions. However, it is apparent from Figure 6.14 which utilizes the PM, that the
heat release process continues far beyond 10ms duration. In addition, the rate of pressure rise also
clearly shows the gradual increase of the pressure indicating an ongoing ongoing heat release process.
Refering to the ongoing illumination of the flame, it is expected that the flame of the PM spray
cotinues to iluuminate for a much longer period than was covered in these images.

6.4 Discussion
Figure 6.15 presents the effect of pore density, injection pressure and temperature at SOI on pressure
rise and net heat release. Comparing the pressure rise results in Figure 6.15 (a) and (b), it can be
seen that both pore densities show qualitatively the same behaviour at various conditions. However
the effect of thermal properties of the porous ceramic on the pressure decay was more evident at
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higher pore density of 20PPI at various TSOI conditions. In the combustion experiment, the injection
process is triggered at a specified pressure condition in the course of the cooling process in the
chamber, Pc=25bar. Hence, the relative timings of the injection process can indicate the effect of
heat dissipation (heat loss) from the combustion zone and/or heat absorption of the preheating
combustion process at different thermodynamic conditions in the chamber.
Considering the result of 6 different experiments for each operating condition, the standard
deviation in the initial temperature at the start of ignition for creating TSOI=1300K and 1050K was
respectively 2.1K and 3.8K for the free spray. The variation in the associated TSOI conditions for the
free spray was 41.7K and 19.6K. While for the PM10 case, the standard deviation in the initial
temperature conditions at the start of ignition for creating TSOI=1300K, 1050K and 950K was 3.25K
and 1.37K and 1.36K and the variation in the TSOI was 49.8K, 19.3K and 14K respectively.
As can be seen in Figure 6.15 (c), the injection process occurs much earlier in the cooling curve
for the PM cases relative to free spray at both TSOI conditions of 1300K and 1050K, signifying the
role of porous ceramic in lowering the maximum peak pressure of the chamber during the preheating
process. Comparing the net heat release trajectories of the PM cases at the same TSOI conditions
reveals that the injection process starts earlier in the case of PM of 20PPI pore density. As shown in
Figure 6.11, the rate of pressure decay in the cooling side of the preheating process is slower in the
case of the PM of 20PPI pore density. On the other hand the maximum pressure in the chamber was
also found to be lower in this pore density relative to PM10 case. So it can be concluded that the
effect of pore density of 20PPI during preheating process will be higher heat absorption from the
burned gasses which is followed by relatively slower heat dissipation.
The earlier initiation of combustion process in the case of 20PPI pore density is thought to be
associated with higher heat absorption instead of heat dissipation rate. As can be seen in Figure 6.15
(d), the qualitative behaviour of the spray at this temperature condition is almost the same for both
PM cases; increasing the pore density appears to increase the net heat release after SOI and heat
absorption from the preheating combustion.
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Figure 6.15 (a) Pressure rise after SOI for the PM of 10PPI pore density at Pinj=500 and 1000bar (b) pressure
rise after SOI for the PM of 20PPI pore density at Pinj=500 and 1000bar (c) net heat release after the initiation
of preheating combustion process at two TSOI conditions for the free spray and PM cases (d) net heat release for
the PM of 10 and 20PPI pore density at TSOI=950K.

The higher heat absorption from the preheating process can be observed here by shorter time that
it takes for the chamber pressure to reach the preset value of 25bar at SOI from the maximum
chamber pressure during the preheating process for the PM20. Figure 6.16 summarizes the variation
of gross heat release rate for the free spray and PM of 10 and 20PPI pore density at two injection
pressures of Pinj=500 and at various TSOI conditions. As can be seen in Figure 6.16 (a) and (b), the
qualitative behaviour of the combustion process appears to be different in the presence of the PM
relative to free spray esp. at higher injection pressure.
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Figure 6.16 (a) Gross heat release rate for the free spray and PM of 10PPI pore density at Pinj=500 and
1000bar (b) gross heat release rate for the free spray and PM of 20PPI pore density at Pinj=500 and 1000bar.
TSOI conditions of T1, T2 and T3 represent the initial temperatures of ≈1300, 1050 and 950K at the start of
injection process respectively.
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As per these figures, the burning behaviour of the PM spray seems to be qualitatively similar for the
two pore densities at various injection pressures and thermodynamic conditions of the chamber.
However some differences can be distinguished upon comparing different cases. The effect of higher
heat capacity of the porous ceramic at lower injection pressure on the burning process of the diesel
fuel spray is more evident for higher pore density of 20PPI especially at TSOI=1300K and 1050K.
Upon comparing of the gross heat release rates (GHRR) at Pinj=500bar, it can be seen that it takes
longer time for the PM20 case to reach the PGHR relative to PM10; showing the higher thermal
inertia of the porous ceramic for this pore density.
At higher injection pressure of Pinj=1000bar and TSOI=1300K and 1050K, the qualitative shape of
the GHRR trajectories were fairly similar for both pore densities. However, as shown in Figure 6.16
(b), higher GHRR at t=20ms after SOI is achieved at higher pore density of 20PPI. The GHRR
results as shown here are the result of a single combustion process as opposed to the cold experimental results in which the spray characteristic parameters were calculated as the ensemble average
of more than 100 cases. So one can argue that the effect of combustion process variability have not
been seen here using these single test results. In order to assess the variation of the combustion test
results, the effect of variability of combustion process was studied comparing the combustion characteristics of the spray in one test with the ensemble average of couple of tests in the next section.
6.4.1 Effect of number of cases
To assess the repeatability of the combustion test results, the combustion characteristic parameters
of the ensemble average was compared with the results of 5 individual cases at two different TSOI
conditions, Figure 6.17. The result shows higher shot to shot variability in pressure and temperature
rise after SOI at lower TSOI condition of 950K, Figure 6.17 (a, b). Beside the variation in initial
temperature at SOI as shown in Figure 6.17 (c), the shot to shot variability in this experiment can be
also due to the variable amount of heat absorbed by the PM from the preheating combustion. The
latter effect is more evident at lower TSOI condition of 950K, Figure 6.17 (d). The maximum variation
in initial temperature condition of 58k at SOI was observed at TSOI=1300K, Figure 6.17 (c).
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Figure 6.17 Comparison of the combustion characteristic parameters between 5 different individual runs and
the ensemble average result (a) pressure rise after SOI (b) temperature rise after SOI and (c) gross heat release
and cumulative heat release at two SOI conditions of T1=1300K and T3=950K. Pore density of the PM is
20PPI. Considering 6 cases for each condition, the standard deviation in the temperature values at TSOI 1300K
and 950K, was 7K and 9.1K respectively.
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Similarly, the same trend can be seen in the cumulative gross heat release results at lower TSOI
condition, where the cumulative heat release is approx. 14% lower for the average case than the
single test result. Correlating well with the pressure rise results in Figure 6.17 (a), much lower discrepancy, approx. 6% at 100ms after SOI, in the calculated cumulative gross heat release results
between the average and single test measurement’s result is seen at higher TSOI condition of 1300K.
Higher variation in the calculated characteristic parameters at lower TSOI conditions is thought to be
attributed to the gradual combustion process within the porous ceramic in phase C at lower TSOI
conditions and different levels of absorbed heat by the porous ceramic from the preheating combustion process.
As can be seen in Figure 6.17 (c), by increasing the number of cases, the GHRR diagram becomes
smoother; which is beneficial for lowering the cumulative gross heat release calculation inaccuracies
especially at lower TSOI condition. Disregarding these minor differences, similar trends in the variation
of all parameters can be seen between the average and the single test results.
6.4.2 Effect of porous medium replacement
Figure 6.18 shows the experimental results of combustion test conducted using two porous ceramic of
the same pore densities, 20PPI, and the same material, SiC, at fixed injection pressure of
Pinj=1000bar and two TSOI conditions. These experimental results serve to highlight the variation in
spray combustion process as a result of altering the PM geometrical and thermal properties. Examination of Figure 6.18 (a) and (b) reveals that variation in the PM properties can have a slight effect
on the pressure and temperature rise. Generally, the trajectories show almost similar trends.
Interestingly the higher rate of pressure rise in Figure 6.18 (a) can be seen for case 2 at both TSOI
conditions. This effect can be also seen in Figure 6.18 (c) where higher rate of gross heat release is
apparent for case 2 at lower TSOI condition of T3. This indicates that there is a difference in the
initial stages of the spray combustion process, after interaction with the PM, between two cases. To
shed light on this issue, sequences of combusting spray images are displayed at camera frame rate of
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8kfps for T1 temperature condition at SOI for both porous ceramic cases. As shown in Figure 6.18
(a), there is a difference in the rate of pressure decay after 20ms of SOI. This shows the variability in
the cooling rate after the heat release stage, between the two cases.
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Figure 6.18 Comparison of the average results for two porous ceramic of 20PPI pore density at two TSOI
conditions of 1300K and 950K in terms of (a) pressure rise after SOI (b) temperature rise after SOI and (c)
Gross heat release rate and cumulative heat release.

This effect can be to be due to a difference in the thermal heat capacity of these two porous
ceramics. As illustrated in the images, the combustion process starts earlier in phase B in Figure 6.19
(b) indicating the effect of spray/PM interaction site on combustion development in phase B.
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Figure 6.19 Time sequences (ms) of spray combustion after SOI in the presence of the porous ceramic of 20PPI
pore density for the (a) first case and (b) second case at Pinj=1000bar, PSOI=25bar, TSOI≈1270K. The blurred
part of the burning spray image in phase D, evident in Figure 1.3 (a) at t=3.12ms after SOI, is due to the
three dimensional nature of the flames leaving the PM.

The higher luminosity of the flame in phase B, seen within Figure 6.19(b) at t=2ms, is thought to
rise from the formation of strong deflected sprays in phase B. Strong formation of phase B sprays can
be possibly due to the interaction of the spray with thicker struts or closed pores of the porous
ceramic. The variation of the strut thickness has been discussed in Chapter 4.
As can be seen in Figure 6.19 (a), at 1.065ms after SOI more distributed combustion process can
be seen in phase D for the first porous ceramic, with no obvious sign of combustion initiation in
phase B. On the other hand, the first signs of flame luminosity can be seen to develop in phase B at
the same time frame for the second porous ceramic. It can be concluded that the variability of PM
geometrical properties can have an effect on combustion process of diesel fuel spray after impingement onto the PM as these variability can alter the spray behaviour in different phases. For the sake
of quantitative comparison between two cases, the uncertainty analysis was performed to compare
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the results of peak pressure after SOI. Upon comparing the average measurements, based on 6
different cases, for each porous ceramic the standard deviation in the pressure values for the first and
second cases were found as 0.16bar and 0.105bar. As explained earlier, the difference is thought to be
due to the combustion process initiation in phase B.
The uncertainty analysis of pressure rise results at lower initial TSOI condition, resembling more
realistic temperature condition at TDC position in a diesel engine, demonstrated the minor effect of
PM variability on spray burning process. Comparing the averaged pressure rise values at TSOI=950K
between two cases, it was found that the difference between two cases reduces to approximately 5%.
The values of pressure rise at 95% confidence level for the first and second cases at TSOI=950K were
2.35±0.3bar and 2.23±0.21bar. This is promising news from the engine application point of view of
the PM, as it indicates that the effect of spray interaction location on the burning process of the
spray is not crucial in terms of heat release process.

6.5 SEM results
Figure 6.20 shows the spray entering and exiting surface of the PM in phase B and D after performing almost 70 and 55 combustion tests in the case of PM10 and PM20 porous ceramics respectively.
The occurrence of the combustion process in phase C, within the PM itself, was first investigated
using these images.
A close examination of Figure 6.20 shows the accumulation of soot residue on the ceramic struts
of both PM. This is an indication of combustion initiation or development within the PM. The
elongation of the residue deposition area on the top side of the PM, seen for both pore densities, is
due to the combustion development in phase B. The spray flame propagation in phase B, for both
pore densities, is evident in combustion visualization results in Figure 6.14. As can be seen in Figure
6.20 (a), the area covered by the sooty residue appears to be qualitatively equal for both porous
ceramics on the spray entering side. However this area seems to be relatively larger for the PM10
case on the exiting side, Figure 6.20 (b).
195

2

1

10PPI porous SiC
Spray entering side
20mm

20PPI porous SiC
Spray entering side

(a)

10PPI porous SiC
Spray exiting side

20PPI porous SiC
Spray exiting side
20mm

(b)
Figure 6.20 (a) Spray entering sides of the porous SiC ceramics and (b) spray exiting side of the porous SiC
ceramics after combustion test.

Larger area is thought to be due to the formation of fuel rich spray flow in phase D in the case of
PM10 causing a high temperature diffusion controlled flame. In the case of PM20, the soot formation
area appears to be relatively less dense in the center; however the spread of the black sooty residue
can be still seen in different radial positions away from the center of the surface, Figure 6.20 (b).
This is an indication of radial progression of the combustion progress within the PM while using a
porous ceramic of higher pore density. Formation of a fuel rich core of the spray in phase D, previously verified by the non-combusting spray test in the presence of PM10, can be the reason why we
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have a larger sooty area in phase D. The difference in the patterns can be also due the number of
performed test which was more for the PM10 case. Dotted circles in Figure 6.20 (a) show the
formation of SiO2 on the surface of the ceramic which according to SEM qualitative chemical analysis, is due to the oxidation of the SiC ceramic at the high temperature conditions. As can be clearly
seen in these figures, the formation of the SiC layer is not symmetric around the center and is biased
towards one side.
The asymmetric distribution of the oxidized layer on entering side of the medium can be due to
stronger rebounding of the atomized spray structure in phase B towards one side. This is mainly
affected by the geometrical structure of a porous cell at the impingement point e.g. size and thickness
of a strut. A slight misalignment of the nozzle from a normal to the porous body surface could be
possibly another reason of the observed asymmetry. The impact of this is likely to be reduced for
large standoff distance where the spray spread over a large number of pores.
The Offset position of the multijet structure in phase D was shown in light intensity analysis
results Chapter 5. The difference between the sooty residue pattern of PM10 and PM20 is also due
to the dissimilarity of the spray structure of these two pore densities in phase B and D. As per
Section 2.5.1, a protective amorphous silica layer which starts to form at temperatures of around
600°C on the surface SiC or silicon infiltrated SiC ceramics. This layer serves as an effective oxygen
diffusion barrier which allows these materials to be used up to reasonably high temperatures. For
both PM cases, sooty residue deposition was found within the porous medium.
Following the visual inspection of the PM surfaces, a Scanning Electron Microscope (SEM) was
utilized to provide better understanding of the structure and morphology of the sooty residue formed
on both spray entering and exiting surface of the PM. Porous medium of 10PPI pore density was
selected for this purpose. SEM images were taken from struts collected from the center, 10mm and
20mm from the center of the PM surfaces, in the radial direction, on both spray entering and exiting
side of the PM. SEM images in Figure 6.21 show the observations of the sooty residue layer on a
random strut surface area located in the center of the PM, on the spray entering side.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.21 SEM observations of sooty residue layer on a strut located in the center of the PM10 on the spray
entering side. The magnifications settings used are x30, 100, 500, 2700, 20,000 and 100,000.
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(b)
Figure 6.22 SEM observations of sooty residue layer formed on the surface of a strut located 10mm from the
center of the PM10 on the spray entering side. The magnifications settings used are x30 and 700.

(a)
(b)
Figure 6.23 SEM observations of sooty residue layer formed on the surface of a strut located 20mm from the
center of the PM10 on the spray entering side. The magnifications settings used are x100 and 50,000.

Different levels of magnifications were used in these images to provide better insight through the
morphology and micro/nano structure of the sooty residue layer. The magnifications settings used in
the images are in the range of x30 to 100,000. Figure 6.21 (a) shows the surface area of a strut of the
length of 4.16mm at the magnification level of x30.
As can be seen in Figure 6.21, the sooty residue layer covering the surface of the SiC ceramic has
a rough and inhomogeneous texture. The nano scale structure of the sooty residue is apparent from
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the SEM images shown in Figure 6.21 (e) and (f). The chain-like structure of the particles accumulated on the strut surface is evident in these figures and these are similar to those found in diesel
engine (Burtscher, 2005, Agarwal et al., 2011, Liati et al., 2012).
Figure 6.22 and Figure 6.23 show the SEM observations of sooty residue layer formed on the
surface of a strut located at 10 and 20mm from the center of the PM10 on the spray entering side
respectively. The sooty residue layer deposition on the surface of the struts at various magnifications
can be seen in Figure 6.22(a) and Figure 6.23(a). The difference between the structure of the soot
layer and the internal structure of the SiC porous ceramic is evident in Figure 6.22 (b). Agglomerated spherules are evident in Figure 6.23 at magnification level of x50,000 in the nano scale.
Figure 6.24 shows the SEM observations of sooty residue layer formed on the surface of a strut
located in the center of the PM, on the spray exiting side at various magnification levels. The
comparison of the morphology of the spherules in this figure with Figure 6.21, suggests that the size
of spherules is approximately larger in the exiting surface of the PM; giving the layer a smooth
appearance in the macroscopic scale. Figure 6.25 shows the SEM images of the sooty residue layer
deposition on the exiting surface of the PM associated with phase D at 10mm from the center.
A close examination of Figure 6.25 (a) and (b) shows the accumulation of the soot residue layer
on the ceramic struts, which may be an indication of combustion initiation or development within
the porous media. SEM images in Figure 6.25 (b) show deposition of a nearly 10µm sooty residue
layer on the strut surface. Typical morphological features of chain agglomerates of soot residue can
be observed in Figure 6.25 (c) and (d). As can be seen in these images, the primary particles are
roughly spherical and, thus, the diameter of each primary particle can be estimated using these SEM
images. Although difficult to measure due to the agglomeration of particles together, the size of
particles is estimated to be approx. 80 to 100nm. The sizes of particles are found to be comparatively
larger than those found on the spray entering side. Figure 6.26 presents the SEM images of soot
residue deposited on spray exiting surface of the PM in phase D at 20mm from the center.
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(a)

(b)

(c)
(d)
Figure 6.24 SEM observations of sooty residue layer formed on the surface of a strut located in the center of
the PM10, on the spray exiting side. The magnification levels used are x100, 6000, 20,000 and 50,000.

As demonstrated in these images, the morphology of the layer is similar to the other samples from
the exiting side in terms of having larger particles and a more amorphous structure. Formation of
adhered unburned diesel fuel on the surface of the PM, inserted in the piston head, was reported
during the operation of PM engine using the SEM images (Chien et al., 2006). As the authors
comment, the formation of unburned fuel in a PM engine is associated with the unequal distribution
of fuel over the PM surface area. In this study, no trace of liquid fuel was seen in the SEM images.
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Figure 6.25 SEM images of soot residue deposited on spray exiting surface of the PM10 in phase D and 20mm
from the center. The magnification levels are x60, 1000, 50,000 and 100,000.

The discrepancy can be due to higher temperature of the gas during fuel injection in the current
experiment and the propagation path of the diesel flame through the PM. In the current study, the
spray momentum forces the burned and unburned fuel through the PM where the heat transfer from
the combustion product in phase D, evaporates and can possibly burns the unburned fraction of the
mixture. While in the aforementioned PM engine test, the piston body surrounding the PM could

202

quench the flame stopping it from further propagation within the PM, causing the accumulation of
unburned fuel within the volume and on the surface of the medium. The result of this study highlights the importance of the PM location, within the combustion chamber on fuel efficiency of the
PM engine. As operated here, the conditions can be similar to the cold start condition of the engine
at start up. Therefore, the formation of a sooty residue suggests the possibility of unburned hydrocarbon formation on the surface of porous ceramic during the combustion process in a PM engine.

Figure 6.26 Scanning Electron Microscope SEM observations of soot residue deposited on spray exiting surface
of the PM10 in phase D, 20mm from the center. The magnification levels are x100, 20,000, 50,000 and 100,000.
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The possibility of there being increased unburned hydrocarbons is mitigated to some extent by the
likelihood of there being reduced NOx formation as a result of the lower average temperature
observed during combustion.
As shown by Andersson et al. (2000), the very high concentrations of NOx formed during preheating make a chemically preheated chamber unsuitable for studies of NOx formation. However, the
experimental results in this study indicate that the possibility of thermal NOx formation in the
presence of the PM is lower than the free spray combustion as the combustion occurs at relatively
lower temperature. The PM engine test results have also shown the effect of PM on lowering the
NOx emission which is in a good agreement with the lower average combustion temperature of this
study. Based on the PM engine test result at lean to stoichiometric conditions, Durst and Weclas
(2001) reported up to 31% reduction in peak cylinder temperature and consequently 89% reduction
in thermal NOx compared to the diesel engine operation mode.

6.6 Summary
Results of the combusting spray reveal the PM of 10 and 20PPI to provide a distributed combustion
zone, relative to that observed for the free jet. Combustion is also delayed. Distributed combustion is
thought to arise from the formation of the multijet structure in phase D. For the combusting case it
is further enhanced over that for the non-combusting case because of greater phase A spray spread of
the combusting spray, as well as evaporation enhancement due to interaction of the spray with the
larger surface area of the PM. The temperature of the PM was around 200°C. Heat release analysis
results showed that the porous medium absorbs the heat from the preheating combustion process. It
is thought that this heat absorption process can enhance the fuel evaporation of the split spray
branches within the PM. These factors combine to produce lower rates of pressure rise for the PM
case.
It is worth noting that the experimental configuration used in this study is mainly designed to
investigate the fundamental effect of PM on diesel spray combustion through flow visualization of
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cold and hot events and heat release analysis. The result of this study can shed light on the effect of
PM on creating the required conditions for realizing a homogeneous mixture/combustion in engine.
Hence, the achieved results can be only indirectly correlated with the mixture formation/ combustion
conditions in a PM engine in which fuel distribution/vaporization, mixture homogenization and
combustion occurs within the PM volume.
Heat release analysis results show that the free spray has not only higher ultimate heat release,
but also a higher peak rate of heat release rise. Heat release rise for the PM case occurs over a
relatively longer period than for the free spray case for three temperature conditions at the start of
the injection. Another important parameter affecting the difference between the heat release of PM
and the free spray cases is the loss of mass in PM due to surface wetting which is a function of pore
density and initial temperature of the porous medium. Similar to this result, a longer ignition delay,
with a flatter and wider rate of heat release trajectory, has been also observed in LTC combustion
with retarded injection timing indicating the possible similarity of two combustion regimes.
The heat transfer ratio, defined to examine the effect of porous media on heat recirculation
process, was found to be greater than 1 for TSOI conditions of 1075K and 950K, and is thought to be
due to the transfer of the enthalpy of the hot preheating gases to the PM and the accumulation of
this thermal energy within the PM. Comparing the two pore density cases, it can be seen that higher
amount of heat absorption relative to the free spray case occurs in the case of PM20 porous ceramic.
This finding signified the role of PM in absorbing the enthalpy of the preheating combustion
products, or previous combustion process in a real engine, and utilizing this energy for enhancing the
fuel conversion efficiency. SEM images of the PM reveal a sooty residue on the internal ceramic
surfaces. The conditions experienced here are similar to those of engine cold start. Although greater
experimentation will be required to determine performance over a wider range of conditions, these
results suggest that porous media could be used to promote a distributed air-fuel mixture resulting in
a slower, but more homogeneous release of heat within the cylinder in an engine.
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7. Concluding remarks

In the present research, a high pressure injection diesel test facility was utilized to evaluate the
possibility of diesel fuel spray combustion homogenization using porous medium as suggested in the
PM-engine concept. The facility consisted of a constant volume combustion chamber and was able to
simulate the in-cylinder conditions of automotive diesel engines, while allowing good optical access to
the fuel spray events at the same time. To investigate the behaviour of the fuel after interaction with
the PM, the spray characteristic parameters were investigated at various chamber conditions using a
high speed volume imaging technique. The effect of PM on the spatiotemporal evolution of the spray
was investigated further using the light intensity distribution in the images of spray. These analyses
were carried out to verify the potential of the PM on fuel distribution in addition to mixture homogenization process.
Spray autoignition and combustion behaviour was then investigated through imaging of the spray
combustion process with/ without the presence of the PM in the chamber. The influences of chamber
conditions, injection pressure as well as thermal and geometrical properties of the porous medium
were studied using heat release analysis.

7.1 Cold flow tests
7.1.1 Non-evaporating diesel spray characterization
Examination of the non-combusting sprays confirmed many aspects of the existing understanding of
the various phases of spray interaction with the porous medium. However, new insight into the
transient nature of these phases has become apparent utilizing high speed imaging in conjunction
with digital-image-processing algorithms.

207

For the conditions examined here, phase B, the rebound component of phase A, occurs as a transient
of the entry condition of phase A. Once the head of the spray has entered the PM, the intensity of
phase B grows in a confined region around the impingement area. The transient behaviour of
rebounded spray in phase B could result from the initial impact of the head with the PM, driven by
an entrainment field around the spray.
Visualization results show that the exiting phase D consists of a number of sprays which together
form a multijet structure. During the starting transient of phase D, early stages of multijet development, the spread angle of the multijet was found larger than for phase A. Once fully formed, the
apparent point of origin of the multijet moved to lie within the PM.
Effect of injection and chamber pressure
It was found that the intensity of spray in phase B in the case of 10 and 20PPI pore densities is not
only a function of the contact surface area of the spray in phase A and injection pressure yet the
effect of other factors such as the pore structure of the medium was found crucial in this process.
Formation of low intensity spray clouds in the early stages at the periphery of main spray flow in
phase D was seen for both injection pressures of Pinj=500 and 1000bar, with both the intensity and
initiation time being functions of chamber pressure.
Effect of higher chamber pressure was found on both spray structures in phase B and D. It was
found that at higher chamber pressure of 50bar, the PM spray adopts a more uniform shape and
branches of spray congregate to form a more homogenous atomized spray structure with less distinguishable discrete branches. This process is of special interest from the point of view of mixture
homogenization as the first requirement of homogeneous combustion process in an engine.
Comparing the spray characteristic parameters in phase D with those of the free spray at the
same injection pressure, it is evident that at the same axial penetration the radial penetration is
relatively larger in the case of the PM because of formation of a multijet. Less velocity drop after
interaction with the PM was found at higher injection pressures of Pinj=1000bar relative to 500bar.

208

Effect of porous medium
At the higher chamber pressure condition, contrary to PM10 cases, the spray formation in phase B
was nearly diminished for PM20 cases. The discrepancy was attributed to the differences in the
thickness of the struts (pore ligaments) between these two pore densities as well as the difference in
permeability of the PM which is related to the pore diameter of the medium. Examination of spray
characteristic parameters in terms of the projected area of the spray for 10 and 20PPI porous media
shows a pronounced effect of pore density on spray area at Pc=1bar. However the effect is less
evident at higher chamber pressure conditions of Pc=10 and 50bar. This shows that the smaller PM
pore size has less effect as the spray adopts a more diffused form at higher chamber pressure conditions.
Visualization results showed that the exiting phase D consists of a number of sprays which together form a multijet structure. The fully developed structure of the multijet is strongly related to the
pore size of the PM cells, relative to the width of the spray at the point of entry for phase A. Similar
to phase B, pressure enhances multijet formation. Based on these results, formation of a distributed
combustion zone was anticipated from the multijet structure development in phase D. The visualization result of higher pore density of 30PPI show that very little fuel passes through the porous
medium and most of the spray rebounds from the upper surface; creating a more pronounced spray
structure in phase B.
Effect of standoff distance
Based on the spray velocity profile at the higher injection pressure of Pinj=1000bar, two standoff
distances were selected to investigate the spray behaviour in the presence of the PM; at Xd=11mm
after the spray reaches its maximum tip velocity at the higher chamber pressures of Pc=50bar and
before it reaches its maximum velocity at Xd=5.5mm. At shorter standoff distance, both larger spray
area and radial penetration can be achieved. Wider spray radial penetration for shorter standoff
distance is counteracted by lower axial spray tip velocity. Results showed that by further increasing
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chamber pressure, the difference in spray tip velocity and spray area between these two cases reduces, while the spray radial penetration remains larger in the case of shorter standoff distance.
7.1.2 PDF analysis
Based on the analogy between the light intensity and fuel distribution within the spray, a novel
approach was developed to investigate the fuel distribution after interaction with the porous medium
at various experimental conditions. Using the developed post-processing method, a general map vas
developed to investigate the probability density function of light intensity evolution in phase and D.
Different regions were defined on the PDF map to investigate different phases of the phenomenological model. The capability of monitoring the smallest variation in the intensity histogram is one of the
advantages of this new methodology for investigating the spray structure in various phases after
interaction with the PM.
Contrary to expectations, this research did not find any significant difference between the nonevaporating spray structure for PM10 and PM20 cases in phase D at higher engine-like chamber
pressure condition of Pc=50bar. This finding was examined by visualization of the combustion
process for both pore densities. Shorter standoff distance of Xd=5.5mm proved to be beneficial for
achieving a dispersed atomized spray structure in phase D which is thought to increase the probability of homogeneous fuel air mixture formation.

7.2 Combustion tests
7.2.1 Heat release and combustion visualization studies
Rapid development of combustion process in the last phase of fuel interaction with the PM showed
the validity of the findings of cold experiment of a homogeneous mixture formation in phase D, the
first requirement for a homogeneous combustion. Results of the combusting spray reveal the PM to
provide a distributed combustion zone, relative to that observed for the free spray. Combustion is
also delayed. Distributed combustion is thought to arise from the formation of the multijet structure
210

in phase D. For the combusting case this is enhanced over that for the non-combusting case because
of greater phase A spray spread of the combusting spray as well as evaporation enhancement due to
interaction of the spray with the PM surface which has absorbed the heat from the preheating
combustion process. This could result in fast fuel evaporation of the split spray branches within the
PM. These factors combine to produce lower rates of pressure rise for the PM case. It is difficult to
compare the visualization results of combusting spray with the non-combusting spray for phase D
because of the low sensitivity of the CCD to get a full indication of the extend of very fine spray
structures in phase D and also the absence of evaporation process in the cold spray results.
Due to the estimated low temperature of the PM at SOI in this study, no combustion inside the
PM volume (phase C) could be expected. However examining the regions adjacent to the PM
surfaces in phase D using no optical filter visualization, shows the presence of the radiating source
such as combustion generated particulates near the spray exiting surface of the PM. The relatively
cold outer surface of the PM may locally quench a free flame of the burning spray in phase D in the
proximity to the PM bottom surface. Lower temperature of the PM surface, can also limit the
evaporation of the fuel within the PM volume and make the mixture leaving the PM highly nonpremixed.
An additional factor noted was the role of heat transfer to the PM leading to a lower final
temperature and pressure relative to the free spray case. Heat release analysis results showed that the
free spray has not only higher ultimate heat release but also a higher peak rate of heat release rise.
Heat release rise for the PM case occurs over a relatively longer period than for the free spray case
for the temperature conditions of 950K, 1050K and 1300K at SOI.
Results of the combusting spray reveal the PM of 10 and 20PPI to provide a distributed combustion zone, relative to that observed for the free jet. Combustion in the presence of the PM showed
relatively longer LID periods relative to the free spray. Longer ignition delay in the case of the PM
here can provide greater time for the mixture preparation process which is essential for new methods
of combustion e.g. LTC combustion. An additional benefit of PM application in LTC combustion can
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be avoiding the penalties associated with the use of high levels of EGR such as high CO emissions
and low fuel conversion efficiency.
Distributed combustion in the presence of the PM is thought to arise from the formation of the
multijet structure within the PM and in phase D. For the combusting case it is further enhanced
over that for the non-combusting case because of greater phase A spray spread of the combusting
spray, as well as evaporation enhancement due to interaction of the spray with the larger surface area
of the PM. The average temperature of the PM was around 200°C.
Heat release analysis results showed that the porous medium absorbs the heat from the preheating combustion process. It is thought that this heat absorption process can enhance the fuel
evaporation of the split spray branches within the PM. These factors combine to produce lower rates
of pressure rise for the PM case. It was found that the free spray has not only higher ultimate heat
release, but also a higher peak rate of heat release rise. Heat release rise for the PM case occurs over
a relatively longer period than for the free spray case for three temperature conditions at the start of
the injection.
Similar to this result, a longer ignition delay, with a flatter and wider rate of heat release trajectory, has been also observed in homogeneous diesel combustion, MK mode, indicating the possible
similarity of two combustion regimes. The heat transfer ratio, defined to examine the effect of porous
media on heat recirculation process, was found to be greater than 1 for TSOI conditions of 1075K and
950K, and is thought to be due to the transfer of the enthalpy of the hot preheating gases to the PM
and the accumulation of this thermal energy within the PM. This finding signified the role of PM in
absorbing the enthalpy of the preheating combustion products, or previous combustion process in a
real engine, and utilizing this energy for enhancing the fuel conversion efficiency.
7.2.2 SEM results
This finding signified the role of PM in absorbing the enthalpy of the preheating combustion products, or previous combustion process in real engine, and utilizing this energy for enhancing the fuel
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conversion efficiency. SEM images of the PM revealed a sooty residue on the internal of ceramic
surfaces. The condition experienced here are similar to those of engine cold start.
Although greater experimentation will be required to determine performance over a wider range of
conditions, these results suggest that porous media would be used to promote a distributed fuel air
mixture resulting in slower, but more homogeneous release of heat within the cylinder on an engine.
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APPENDIX A
A-1, Chromaticities of black-body light sources of various temperatures
A-2, Flowchart of image processing of spray images
A-3, MATLAB codes for processing 10bit images
A-4, Description of Canny edge detection method

APPENDIX B
B-1 Probability density function (PDF) analysis
B-2, Image preparation for cold flow visualizations
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A-1, Chromaticities of black-body light sources of various temperatures

Figure 1 The CIE 1931 x,y chromaticity space, also showing the chromaticities of black-body light sources of
various temperatures (Planckian locus), and lines of constant correlated color temperature (Andre et al., 2011).
The Planckian locus is the path that a black body color will take through the diagram as the black body
temperature changes. Lines crossing the locus indicate lines of constant correlated color temperature. CIE 1931
RGB color space is created by the International Commission on Illumination (CIE) in 1931 (Smith and Guild,
1931). Approximate location of the Mecablitz flash light unit in the chromaticity space is displayed with a
white circle.
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A-2, Flowchart of image processing of spray images
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Subprograms for
Ensemble average,
RMS calculation,
And saving the results

A-3, MATLAB codes for processing 10bit images
function im = imread_HPV1dat(filename)
%==========================================================================
% Read 10 bit images from binaery *.dat file from shimadzu hpv-1 high speed
% camera
%
% im = imread_HPV1dat(filename)
% ver.1 Navid Shahangian
% %==========================================================================
warning off

% read binary file to buffer variable
fid = fopen(filename);
imx=312; imy=260;
nim=102;

% image size
% nr images

tmp = fread(fid,428,'uint8');

% place read pointer at 428

im = fread(fid,imx*imy*nim,'short');

% Read images

im=permute(reshape(im,imx,imy,nim),[2 1 3]);

% rotate images

im=im(end:-1:1,:,:); % rotate images

function DispHPV1Dat(p,ns)
%==========================================================================
% DispHPV1Dat: displays images stored in shimadzu hpv-1 dat format
% COPY THE FILE IN THE SAME DIRECTORY AS THE CODE AND RUN IT FROM THERE
% DispHPV1Dat(p,ns)
%% Change the matlab working directory to a folder containing the *.dat file
% or a folder with subfolders containing dat files.
%% * p: 1x2 vector, p(1) - pause between images [s] and p(2) pause
% between series [s]
% * ns: Max number of series to show
%%==========================================================================
close all
if exist('p')==0; p=[0.1 1]; end % Test input
%% Load files
name2='*_*.Dat'
files=subdir(name2);
nf=length(files);

% Get full file names
% number of files

j=0;
for i=1:length(files)

% Loop over B16dat files
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[pathstr, name, ext] = fileparts(files(i).name);

% Getting file name

parts
if files(i).isdir==0

% Test if names refer to files

j=j+1;
disp(['Series No. ' num2str(j)])
im=imread_HPV1dat(files(i).name);

% Store images

nim=size(im,3);

% # img's in series
% Fig: Show images

figure(1); clf
for i=1:nim

% Loop over img's

imagesc(im(:,:,i)); axis image
colormap gray
title(['Img. ' num2str(i), '/' num2str(nim)])
pause(p(1))
end
pause(p(2))
end
end
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A-4, Description of Canny edge detection method
The canny edge detection, is performed in 4 steps: 1) convolution with a Gaussian filter; 2) estimation of gradient vector; 3) non-maxima suppression; 4) hysteresis thresholding and connectivity
analysis (Ma et al., 2012). The first step in the gradient-based edge detection is estimation of the
underlying gradient function. This is achieved by the convolution of the input image with an appropriately chosen filter. The filter used is the directional derivative of a two-dimensional Gaussian
distribution defined by Equation 1 and 2.
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Here x, y and  denote absolute pixel coordinates and the width of Gaussian distribution. The

increase in  increases the number of neighboring pixels used to determine the gradient at a given

pixel (Oram et al., 2008). The default value of  = 1 was chosen for this study. The advantage of
using such a filter is that it inherently smoothes the image while estimating its gradient, hence

reducing the range of scales over which intensity changes in the input image take place (Marr and
Hildreth, 1980). This way, the suppression of noise can occur simultaneously with calculating the
gradient (Oram et al., 2008). The other main edge detection operators e.g. the Roberts Cross, Sobel
or Prewitte are not able to detect the edges of the object while removing all the noise in the image
(Informatics, 2013, Shrivakshan and Chandrasekar, 2012).
The x and y gradients of the input spray image, I, are then calculated respectively using Ix=Gx*I
and Iy=Gy*I, where * fdenotes two-dimensional convolution. After smoothing the image and eliminating the noise the gradient magnitudes, edge strengths, can then be determined as a Euclidean
distance measure by applying the law of Pythagoras as shown in Equation 3.
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Since the edges are typically broad, the gradient magnitudes do not often indicate the exact location
of the edges so the direction of the edges must be determined (Ma et al., 2012). The direction of the
gradient is perpendicular to the edge direction and is calculated according to Equation 4.
/*
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Equation 3
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Equation 4

The gradient direction angle calculated from Equation 4, shows that each pixel of the image has
four possible directions when connected with the adjacent vertex: 0 degrees (horizontal direction), 45
degrees (diagonal), 90 degrees (vertical direction), 135 degrees (negative diagonal)(Ma et al., 2012).
Therefore any edge direction calculated will be rounded up to the closest angle.
As Ma et al. (2012) explains, for all the edge points in the image, if the gradient magnitude in the
above direction angle direction is less than or equal to the amplitude between the two adjacent
points along the line gradient, the value of ∇I(x, y) is assigned zero; If not, the value of ∇I(x, y) is
not changed. The next step in the Canny edge detection method is to thin the contours of the
gradient image, Imag, and suppress any contours of magnitude less than a given threshold (Oram et
al., 2008). Thinning is achieved by searching for local maxima in Imag. Any non-maxima pixels are set
to zero. Thresholds are then applied to Imag to find any significant edges.
Thresholding used in the Canny operator is performed with hysteresis, utilizing upper and lower
thresholds. Pixels of gradient magnitude greater than a high threshold are given a value of one as are
any connected pixels of gradient magnitude above a low threshold (Canny, 1986). All other pixels are
set to zero. This method is therefore efficiently applied to images that have a significant amount of
noise, and it is more likely to detect true weak edges (Jeong et al., 2007).
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B-1 Probability density function (PDF) analysis
To calculate the PDF of an invariant like I, the domain of the quantity is firstly divided into Nb bins.
As a result, the size of each bin can be calculated according to Equation 5.
∆® =

®I¯¬ − ®IG~
b

Equation 5

where Imax and Imin are the maximum and minimum of the invariant respectively. Counter ni is
dedicated to each bin in which indices are i=1, 2...Nb and counters are initially set to zero. Then, the
number of events of I which falls within each bin is calculated. In other words, for values of I which
are in the range of Imin ≤ I < Imin +∆I, counter is incremented by 1 and finally counter n1 represents
the total number of events which are located in the first interval (Amili., 2012).
As Amili (2012) explain, this process is repeated for all intervals like Imin + (i−1) ∆I ≤ I < Imin +
i∆I. Total value of the counters is the summation of all points of Ifin the measured flow field, N =
Nx× Nz ×Nt; where Nx and Nz are the number of points in the streamwise and spanwise directions
respectively, and Nt is the number of time realizations. This process gives us the PDF of If by
plotting ni/(N×∆I) against the centre of the bins, Imin + (i−1/2)∆I. It is worth noting that by this
way the area below the PDF function is 1:
hµ

c k®. ∆® = 1


Equation 6

According to Amili (2012), the probability densities function of variable I can be weighted by

another variable like V. The process is similar to the method described above but instead of the
counter increment of 1 for each data point falling within the interval, corresponding value of V at
that point is added to the counter value. As a result, the summation of counters is the total amount
of variable V over the flow domain. To show the PDF plot, counters are normalised by the bin size,
∆I, and the summation of V variable, ∑V. As Amili (2012) explains, the PDF function is better
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estimated if a large number of bins are selected. However, an appropriate number of data points are
required for a proper calculation. Accordingly, a careful selection of the number of bins should be
carried out based on the range of the variable and total number of available data points. It is worth
noting that sometimes to show the PDF plots, variables are normalised by their RMS intensity
(Amili., 2012). In this thesis, in most cases, 30 bins have been chosen and invariant I have been
normalised using the reference intensity level in each 10bit image to compute the non-weighted
probability density function. Separate codes were developed to find the nozzle coordinates in addition
to the first spray image in each image sequence.
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B-2, Image preparation for cold flow visualizations
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Figure 2 (a) Original 8bit image of spray interaction with PM10 at Pinj=500bar and Pc=1bar; (b) inverted
image; (c) enhanced contrast image (normalized and equalized histogram). The associated histogram of each
image has been shown in the right column.
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