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Summary 

In order to adopt appropriate bio-fuels as alternatives for diesel to obtain lower 
soot emission, this project is focused on the exploration of the mechanisms of 
soot formation by using advanced measurement methods by combining 
fundamental investigation and applied research.   

The fundamental research is accomplished by a special designed High Pressure 
Vessel and Burner (HPVB) with an optical accessibility for laser diagnostic 
techniques. It provides capabilities of burning vaporized liquid fuels in laminar 
diffusion flames and the research focuses on the impact of fuel molecular 
structure on the sooting tendencies of relevant fuels and biofuels. Besides, the 
HPVB setup is designed to allow measurements at elevated pressures. For the 
prospective of applications of relevant fuels in compression ignition engines, the 
research is focused on the effect of molecular structure on the NOx-soot 
emissions trade-off and corresponding engine performance. This is realized by 
means of experiments on a modified DAF heavy-duty diesel engine. 

This thesis consists of two parts. Following the introduction chapter, Part I 
focuses on fundamental research on sooting tendencies in laminar diffusion 
flames. 

In Part I, chapter 2 starts with background information on the type of burners 
mostly used for combustion studies in laminar flames. Focus is on the feasibility 
of using liquid fuels for soot formation measurements at elevated pressures. 
Reviews and discussions of laser diagnostic techniques of soot formation 
measurements in laminar diffusion flames have been presented as well. Finally, 
soot volume fraction measurements in laminar diffusion flames of n-heptane 
from atmospheric to elevated pressure by Laser Induced Incandescence (LII) and 
Line-Of-Sight Attenuation (LOSA) have been demonstrated in this chapter. 

In chapter 3, in order to evaluate the effect of molecular structures on the soot 
formation of laminar diffusion flames at elevated pressure, fuels with two kinds 
of molecular structures, linear and saturated cyclic, have been studied. Fuels in 
question here are from the non-oxygenates group: n-hexane and cyclohexane, 
and the oxygenates group: 1-hexanol and cyclohexanol. Using a particular 
designed “doped flame” system, sooting tendencies of laminar diffusion flames 
of these fuels blended in n-heptane at elevated pressure have been measured by 
means of the laser diagnostic techniques introduced in chapter 2.  

Then, Part II is concentrating on the applied research on the performance and 
emissions behavior of the same fuel set in a heavy-duty compression ignition 
engine. 

In Part II, chapter 4 describes the effect of the molecular structure of the bio-
fuels on emission performance in a heavy-duty diesel engine, where the same 
group of the fuels which was studied in chapter 3 has been used. 
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In chapter 5, in order to process a further investigation of the prospective of 
adapting different cyclic oxygenate fuels in a compression ignition engine, a 
comparison of emission performance between 2-phenyl ethanol belonging to the 
aromatic oxygenates and cyclohexane ethanol belonging to the saturated cyclic 
oxygenates in a diesel engine have been studied and discussed. 

In chapter 6, as an extended research of lignin-derived aromatic fuels from 
second generation biomass, three aromatic oxygenates, including anisole, benzyl 
alcohol and 2-phenyl ethanol, have been presented, and the effect of the position 
of oxygen group to the aromatic ring on emission performance in a diesel engine 
has been investigated. The experimental work in chapter 5 and chapter 6 are 
conducted not only at one fixed engine operation points, but also on a wider 
engine operation range which is realized by (Exhaust Gas Recirculation) EGR 
sweeps and load sweeps.  

The thesis is finalized in chapter 7 with concluding remarks. 
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Definitions/Abbreviations 

Part I 
HAB Height Above Burner 

LII Laser Induced Incandescence  

LOSA Line-Of-Sight Attenuation  

αsa Empirical factor ( for the morphology of soot) 

E(m)  Dimensionless refractive index function 

 fv  Soot volume fraction   

IT Transmitted light intensity  

I0  Incident light intensity 

Kext  Experimental extinction coefficient 

ke  Dimensionless extinction coefficient 

m Complex soot refractive index 

λ Wavelength of the laser 

 

Part II 
BTDC Before Top Dead Center 

BD Burn Duration = CA90-CA05 

CA05 Time of 5% Cumulative Heat Release 

CA10 Time of 10% Cumulative Heat Release 

CA50 Time of 50% Cumulative Heat Release 

CA90 Time of 90% Cumulative Heat Release 

CN Cetane Number 

EGR Exhaust Gas Recirculation 

GHV Gross Heating Value 

HHV High Heating Value 

HRR Heat Release Rate 

IMEP Indicated Mean Effective Pressure 

ID Ignition Delay=CA10-SOI 
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ISFC Indicated Specific Fuel Consumption 

LHV Lower Heating Value 

MON Motor Octane Number 

RON Research Octane Number 

SOI Start of Injection 

TDC Top Dead Center 

η Efficiency 

λ Air-excess ratio 
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Chapter 1  

 

Introduction 

1.1 Background  

Excessive consumption of fossil fuels is leading to global environmental 
degradation effects, such as the greenhouse effect, acid rain, and ozone 
depletion. The main reason for these increased pollution levels, notwithstanding 
stringent emission regulations, is related for a large part to road transport [1]. 
Moreover, combustion of various fuels in this sector (e.g. diesel engines) leads 
to emission of several harmful pollutants, such as NOx, CO, HC, and soot. 
These pollutants contribute to several detrimental effects on human health; 
especially long-term health effects are associated with particulate matter (PM), 
of which the main constituent is soot [2]. Many toxicological and 
epidemiological studies established adverse health effects due to exposure to 
particulate matter, wherein the ultra-fine particles, so-called PM2.5 (Figure 1-1), 
are the most hazardous [3]. 

Figure 1-1 Global PM2.5 distribution [4] 

Actually, emissions from vehicles, especially the soot emission, can be partly 
reduced by replacing mineral-based fuels by cleaner burning, renewable fuels 
from biomass. Moreover, due to the depletion of conventional mineral-based oil, 
future transportation fuels are inevitably expected to contain an increasing 
amount of alternative fuel components. Consequently, biofuels have been 
investigated to be used as an important alternative fuel source for compression 
ignition engines since cars were first introduced, with the first diesel and 
gasoline vehicles designed to (also) run on peanut oil and ethanol, respectively. 
A lot of researchers reported that the use of biodiesel (i.e. fatty acid methyl 
esters) instead of diesel causes a reduction in soot emissions [5, 6]. Particularly, 
it was reported in [7-9] that the PM value was only 50% for biodiesel of that of 
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diesel. However, most studies normally also show a slight increase in NOx 
emissions [5, 6]. Only a few studies demonstrated that there was no benefit in or 
even a negative impact on PM emissions for biodiesel [10, 11]. These studies 
suggest that these phenomena are related to the higher viscosity of biodiesel, 
which causes fuel atomization to be worse and combustion quality to decrease. 

A strong connection between fuel molecular structure and the soot formation 
mechanisms for diesel combustion has been discussed in work on laminar flames 
[12]. Moreover, the sooting tendency measurements on laminar flames are not 
only important in themselves, but they also provide a validation for the 
associated numerical simulations. 

Second generation biofuel production technologies have been developed rapidly 
because they yield fuel without threatening food supplies and biodiversity [13]. 
Lignin, a form of second generation biomass, is a waste stream currently burnt in 
paper mills and cellulosic ethanol plants for process heat and electricity. It has a 
unique poly-aromatic structure (Figure 1-2), which has to be depolymerized into 
useful monomeric aromatics before it can be used in engines. This thesis will not 
deal with the depolymerization method itself, but rather assume that such a 
method will eventually become available on a commercial scale to supply the 
chemical industry with highly desired renewable aromatic base chemicals. 
Rather, the goal of this work is to study the impact of lignin-based oxygenated 
aromatic fuels on combustion, and soot in particular.  

Preliminary in-house work on cyclic oxygenates [14, 15] the soot-NOx trade-off 
is compared for various classes of oxygenates. That work concludes that, given a 
fixed fuel oxygen content, cyclic oxygenates consistently outperform their linear 
and branched counterparts. This thesis builds further on this work, looking more 
into detail which type of cyclic oxygenates are to be preferred for use in 
compression ignition engines. For the later development of the production route 
from lignin, this insight is crucial so as to tailor the plant towards the most 
valuable fuel components. This insight will be provided by means of analysis of 
burner generated laminar diffusion flames and in-cylinder pressure and 
emissions characteristics from a DAF heavy-duty compression ignition engine. 
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Figure 1-2 Molecular structure of lignin 

1.2 Outline 

This thesis consists of two parts: 

Part I: Fundamental research on sooting tendencies in laminar diffusion flames 
for a wide range of (oxygenated) hydrocarbons. 

Part II: Applied research on the performance and emissions behavior of the same 
fuel set in a DAF heavy-duty compression ignition engine. 

1.2.1 Part I: Sooting tendencies in Laminar Diffusion 

Flames 

The formation of soot is a complex process, which involves a multitude of 
simultaneous reactions that are governed by complex chemical kinetics, heat and 
mass transfer. Even though the literature on soot formation is very extensive [16-
18], the fundamental aspects of soot formation related to biofuels have not been 
fully grasped to date.  



Chapter 1 

8 

Understanding of the soot forming mechanisms has grown considerably by 
studies on laminar flames [19-21]. Because soot formation and oxidation 
processes are highly dependent on the prevailing flame environment, several 
studies have focussed on soot formation in laminar flames of gaseous fuels at 
elevated pressure [22-29]. There is scant data, however, on the sooting behavior 
of liquid fuels under said conditions [30]. This is mainly due to the fierce 
instability observed for laminar diffusion flames burning liquid fuels [31].  

Many practical combustion devices, such as internal combustion engines and gas 
turbines, intrinsically operate on liquid fuels at high pressures. Accordingly, in 
our research, a specially designed burner and fueling system are proposed, which 
significantly improve the stability of laminar diffusion flames of pre-vaporized 
liquid fuels. The soot formation in laminar diffusion flames of pure liquid fuels 
as well as liquid blends have been measured and analyzed by optical 
technologies, outlined below. 

Optical methods have gained popularity in the combustion community due to 
their mostly non-perturbing nature [32].  Laser Induced Incandescence (LII) is 
currently the most actively employed method in this field of research [33-35]. It 
is well suited for the measurement of soot prevalance in flames, with the 
possibility of time-resolved analysis in point or 2D measurements. It requires a 
calibration to yield absolute soot volume fractions [36], because at present there 
is no broadly accepted model to compute soot volume fractions directly from LII 
data. This calibration is often obtained by Line-Of-Sight Attenuation (LOSA), 
which is a widely used diagnostic method to quantify soot volume fractions in 
flames [37]. 

In Chapter 2, measurements of soot volume fraction, obtained via LII from 
laminar diffusion flames with n-heptane in the pressure range up to 3.0 bar will 
be presented that have been calibrated with LOSA. From this data it will be 
investigated whether it is possible to derive a correlation between soot volume 
fraction and pressure, akin to earlier studies on gaseous fuels [22-29]. 

  
 

 

n-hexane cyclohexane 1-hexanol Cyclohexanol 

Figure 1-3 Structures of fuels investigated both on laminar diffusion flames and 

compression ignition engines 

A second goal is to evaluate the sooting tendency of different fuels, in order to to 
understand the effect of their molecular structure on soot formation. 
Accordingly, two fuels with distinct saturated hydrocarbon structures, i.e. linear 
and cyclic (Figure 1-3), will be studied in Chapter 3.  The fuels in question are a 
non-oxygenated group (n-hexane (C6H14) and cyclohexane (C6H12)), as well as 
an oxygenated group (1-hexanol (C6H14O) and cyclohexanol (C6H12O)). Soot 
volume fractions on laminar diffusion flames with these fuels, blended to n-
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heptane, have been measured in the pressure range up to 1.5 bar or 2.0 bar in 
accordance to the aforementioned methodology.  

The results show that the saturated cyclic hydrocarbons produce more soot than 
corresponding linear hydrocarbons. 

The research on laminar diffusion flames in this work is accomplished by a 
specially designed High Pressure Vessel and Burner (HPVB), which facilitates 
research on high pressure combustion processes burning both gaseous and liquid 
fuels. This robust, steel vessel allows for experiments up to 30 bar, but in this 
work measurements can be only realized up to 3.0 bar due to the occurrence of 
too severe flame instabilities with liquid fuels above this limit.  

To optimize flame stability, additional design features were implemented, which 
are discussed in Chapter 2. Moreover, in order to realize measurements with 
liquid blends, a dedicated “doped flame” system has been added to the setup, 
which by means of a digital infusion pump slowly pressing against a syringe 
controls the liquid fuel flow rate into the heated gas stream (Chapter 3). 

1.2.2 Part II: Performance and Emission in Compression 

Ignition Engine 

The second part of this thesis deals with the performance of a similar fuel set in 
a  DAF heavy-duty compression ignition engine. 

In-cylinder soot reduction can be accomplished by means of engine hard- and 
software optimization. Alternatively, one can tailor the fuel composition. 
Extensive descriptions of soot formation in diesel engines can be found in [12].  

This second part starts in Chapter 4 with the description of the effect of (bio) 
fuel molecular structure on overall emission performance in a heavy-duty diesel 
engine. This work on the engine measurements has been realized on a modified 
DAF heavy-duty diesel engine, the specifications of which are presented later in 
the thesis. Engine results show again that the saturated cyclic hydrocarbons 
produce more soot emission than corresponding linear hydrocarbons from the 
engine. The results show a similar trend with the corresponding measurements 
performed on the laminar diffusion flames. 

However, according to the results in Chapter 4, with respect to soot emissions, 
saturated cyclic oxygenates are better than diesel. Note that, starting from lignin, 
cyclic oxygenates are more readily produced than linear variants. Accordingly, it 
is worthwhile to further investigate the performance and emissions of different 
classes of cyclic oxygenate (Figure 1-4). 

To this end, two kinds of measurement strategies have been carried out:  

1) Fuel injection timing sweeps in several engine work points. 
2) Two lambda sweeps over a wider window of operating conditions: 
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a. By means of varying the load via injection duration/quantity  
b. By means of increasing the level of exhaust gas recirculation (EGR) 

Details on these strategies are in the Prelude of Part 2.  

 

   

anisole benzyl alcohol 2-phenyl ethanol cyclohexaneethanol 

 Figure 1-4 Structures of fuels studied on compression ignition engine  

Pertaining to fuel selection, two topics on the fuels have been discussed in detail. 
1) Aromatic versus saturated cyclic oxygenates (Chapter 5) 
Emissions and fuel economy are evaluated for two types of cyclic oxygenates, 
namely 2-phenyl ethanol and cyclohexaneethanol (Figure 1-4), which have an 
aromatic and aliphatic (e.g. saturated) ring structure, respectively.  

2) Type of functional oxygen group on the aromatic ring (Chapter 6) 
Focus here is on different types of aromatic oxygenates, namely anisole, benzyl 
alcohol and 2-phenyl ethanol (see Figure 1-4). All have similar heating values 
and cetane numbers, but differ in the position and type of the functional oxygen 
group relative to the aromatic ring. 

The structure of this thesis is shown in Figure 1-5. 

 

Figure 1-5 Structure of this thesis 
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Part I 

 

Fundamental research on sooting 

tendencies in laminar diffusion flames 
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Part I: Prelude 

In this part, a specially designed burner (HPVB) and fueling system are 
presented. The soot distribution in laminar diffusion flames of pure liquid fuels 
as well as liquid blends have been measured and analyzed by corresponding 
optical techniques. It consists of 2 chapters. 

Measurement setup: HPVB 

The goal of the HPVB [38] setup is to conduct research at high pressure 
combustion processes burning gaseous as well as liquid fuels.  A cross-section of 
the device is illustrated in Figure I-1. The inner and outer diameters of the fuel 
tube are 4 mm and 6 mm, respectively. The inner diameter of the concentric co-
flow tube, through which the oxidizer channels stream flows, is equal to 50 mm 
and the height of the burner, from the bottom to the top of the co-flow 
compartment is 100 mm. The (interchangeable) fuel nozzle is tapered both 
inside and outside to reduce the formation of turbulent eddies in the air and fuel 
flow. Sintered metal porous disks are used in the fuel and oxidizer. Aluminum 
beads (3 mm diameter) and perforated plates which are also flow guiders are 
placed in the air stream. The fit of the burner inside the pressure vessel is 
achieved by clamping the burner in one of the holes of the shaped pressure 
vessel (see Figure I-2). In order to efficiently use the space inside the pressure 
vessel and create a good alignment with the optical ports, the burner is partly 
placed inside the vessel, while the major part is left outside the vessel.  

 

Figure I-1 A schematic lay-out of the burner [38] 

The robust steel vessel allows for experiments up to 30 bars. Figure I-2 shows 
the setup assembly. Liquid fuels have to be vaporized, and to avoid cooling and 
consequent condensation of this vapor in the fueling or burner, the burner needs 
to be heated. This heat is supplied by a heated ring (supplying up to 110 W of 
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heat) which is mounted around the burner and is kept at a constant temperature 
using a temperature controller. To enhance this control and to avoid unnecessary 
heat loss, the heated burner is isolated from the pressure vessel by a thermal 
insulating PTFE (Teflon) ring. The burner is made of aluminum in order to 
conduct heat more efficiently from the heated ring into the co-flow. The mass 
flow of all gaseous flow is controlled by mass flow controllers (Bronkhorst). Ref. 
[38] provides the details of dimensions of the burner and vessel. 

The burner and vessel are used in the Part I of this thesis to study the 
fundamentals of soot volume fractions of all kinds of fuels in laminar co-flow 
flames at atmospheric and higher pressures.  

 

Figure I-2 Pressure Vessel Assembly [38] 
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Chapter 2 

 

Measurements of sooting tendency in laminar 
diffusion flames of n-heptane at  

elevated pressure 

 

This chapter focuses on the effect of increasing pressure on the soot production 
during combustion of vaporized liquid fuel. Therefore soot production is 
measured in a laminar diffusion flame, with n-heptane as fuel, over a range of 
pressures from 1.0 to 3.0 bar. The soot volume fraction in the diffusion flames 
has been measured using Laser-Induced Incandescence (LII) calibrated by means 
of the Line Of Sight Attenuation (LOSA) technique.    

 

This chapter is taken from the following publication: 

Zhou L., Dam, N.J., Boot, M.D. & Goey, L.P.H. de (2013).  

“Measurements of sooting tendency in laminar diffusion flames of n-heptane at 

elevated pressure”. Combustion and Flame. Accepted, corrected proof 

online. 

Minor edits have been made to improve the quality. 
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2.1 Introduction 

Soot emissions from combustion of hydrocarbons have long been recognized as 
a significant problem to the environment and to the health of humans and other 
animals. 

The understanding of the fundamental mechanism of soot formation has grown 
considerably by studies on laminar flames. Most literature has reported on soot 
formation in laminar flames at atmospheric pressure. It is well known that 
increased pressure has a large influence on the soot production in spray 
combustion, in premixed as well as diffusion flames [19, 20, 39]. Fuel pyrolysis 
and soot nucleation are enhanced by pressure, and the net effect is that soot 
growth and concentration are strongly affected by the system pressure [21, 40]. 

Gülder’s group at the University of Toronto has been focusing on soot formation 
research in laminar flame at elevated pressure for many years [22-26]. The soot 
formation which was defined as the mass flow of soot at a given flame height 
per unit of carbon mass flow in the fuel, in co-flow methane–air and ethane–air 
laminar diffusion flames at elevated pressures was measured at different fuel 
flow rates. Moreover, they reported on the exponential relationship between soot 
volume fraction and pressure or the fraction of fuel carbon converted soot. Their 
measurement methods mainly involve Spectral Soot Emission (SSE) and Line-
Of-Sight Attenuation (LOSA), to provide information on spatially resolved soot 
volume fraction as well as temperature, for various fuels (methane, ethane, 
ethylene and propane), and pressure increasing  from atmospheric to 60 bar. In a 
recent study [27], the authors summarized that the available high-pressure soot 
yield data from gaseous fuel diffusion flames behave in a unified way on 
reduced pressure when the soot yield is properly scaled.  However, these studies 
have definitely addressed the issue of soot formation by gaseous fuels only. For 
liquid fuels, there is a clear scarcity of data.  

Roberts’ group at North Carolina State University also conducted a 
comprehensive investigation of soot formation in laminar flames [28]. Their 
results are expressed in terms of the Smoke Point Height by measuring the 
height of a laminar diffusion flame prior to emitting smoke, and in terms of soot 
volume fraction obtained by Laser Induced Incandescence (LII) with a 
calibration accomplished by LOSA. Similar to Gülder, only gaseous fuels, such 
as ethylene and methane, have been studied in their laminar flames over an 
ambient pressure range from 1 to 25 bar. 

Smooke et al. at Yale University also investigated the soot formation in ethylene 
laminar diffusion flames [29]. The main purpose of their work was to provide 
quantitative and detailed data for the validation of numerical simulations. 
Therefore, the flame they studied was relatively simple (ethylene flame under 
atmospheric conditions), and the measurement method, a combination of LII and 
LOSA, was quantitative.  

Recently, a new study on soot measurements in laminar diffusion flames of 
liquid fuels has been presented by Menon from Pennsylvania State University 
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[41, 42].  An experimental study on the effects of the addition of m-xylene to a 
nitrogen–diluted ethylene flame was presented [41]. A special setup for 
vaporizing liquid m-xylene introduced as an additive into a flow of gaseous fuels 
has been designed and used in this research. It was used to administer well 
defined quantities of m-xylene to the flame. Stable flames doped with m-xylene 
at low concentration levels were established at pressures of up to 5 bar. 
Although it is the first study of quantitative soot volume fraction measurements 
reporting on a liquid fuel (m-xylene) diffusion flame at high pressure, this 
research is limited to very small quantities of liquid fuel dopant ( at most 5.0%)  
in a gaseous fuel flow. 

Actually, there is no data on the sooting behavior of liquid fuel laminar diffusion 
flames at elevated pressures [30]. However, many practical combustion devices, 
such as internal combustion engines and gas turbines, operate on liquid fuels at 
high pressures. In our research, the soot formation in laminar diffusion flames of 
pure n-heptane up to 3 bar will be discussed.  

One of the main challenges for measurements on flames in a closed chamber is 
the instability of the laminar flame itself. Laminar co-flow flames realized in 
experimental setups are required to be stable for a period long enough to apply 
the measurement techniques proposed. This challenge is greatly increased when 
working at elevated pressures. Several problems were faced by Thomson and co-
workers [21, 22] when stabilizing methane-air diffusion flames. Darabkhani 
provides extensive discussions on the stability of laminar diffusion flames [31, 
43]. Experiments were conducted in a high-pressure burner to investigate the 
influence of pressure (1 to 16 bar), fuel type (ethylene, methane and propane) 
and fuel flow rate on the shape and buoyancy induced instabilities in sooty co-
flow diffusion flames [43]. The results show that the shape of the flame changes 
dramatically with increasing pressure, and the instability behavior of the flame 
depends on both fuel type and pressure. Again, all of this research was 
conducted on flames with gaseous fuels. 

Unfortunately, as compared to flames of gaseous fuels, the instability of laminar 
diffusion flames of liquid fuels turns out to be more pronounced, especially at 
elevated pressures. That is probably the main reason why data on the sooting 
behavior of liquid fuels in laminar diffusion flames at elevated pressure are not 
available [30]. Apart from the factors governing the instability of the flames of 
gaseous fuels [21, 22, 31, 43], some obstacles particular to laminar flames of 
liquid fuels make the realization of stable flames particularly difficult. In fact, it 
is difficult to produce stable flames of liquid fuels even at atmospheric 
conditions, mainly because the homogeneity of the temperature in the whole 
system is not easy to maintain during the measurement process, which in turn 
could bring about incomplete evaporation of the liquid fuel or condensation of 
the pre-vaporized liquids in the fuel line towards the burner. 

Consequently, a specially designed burner and fueling system are proposed in 
this paper, which significantly improve the homogeneity of the temperature of 
the whole fuel line of pre-vaporized liquid fuels. The stability range of the 
flames is extended up to 3 bar. 
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It is important to develop diagnostic methods for soot formation measurements 
which can work under elevated pressure. Generally, as already mentioned in the 
previous part, two main methods have been used for soot detection: a 
luminescence method, called LII (Laser Induced Incandescence) and an 
extinction method, called LOSA (Line Of Sight Attenuation). 

LOSA is a widely used diagnostic method for the quantification of soot volume 
fractions in flames. Its principle is straightforward. The optical transmissivity of 
the flame of interest is determined from the difference in intensity of a narrow 
laser beam that has or has not passed through the flame. This yields the total 
extinction coefficient, integrated along the whole path of the laser beam through 
the flame. Typically, this “line of sight” corresponds to a tangential path, at a 
fixed height above the burner exit (HAB = Height Above Burner). From a series 
of measurements at various lateral positions at the same HAB, the radial soot 
distribution can be reconstructed. By also varying the HAB, the whole 3-D soot 
volume fraction field can be derived. Performed in this way, this method relies 
on several assumptions. The flame must be stable during the whole measurement 
series, and it must be axis-symmetric in order to reconstruct the radial 
distributions at fixed HAB (this involves an inverse Abel transform). Finally, the 
method requires an independent calibration or knowledge on the optical 
properties of the soot responsible for the attenuation, and it assumes that soot is 
really the only cause of attenuation. 

Laser-Induced Incandescence (LII) is an imaging diagnostic technique, that is 
based on recording the grey-body radiation of soot that is instantaneously heated 
to far above the local flame temperature by means of a short laser pulse. 
Comprehensive overviews of the technique and the physics involved have been 
given by Schulz et al. [34] and by Michelsen [35]. The incandescence yield is 
nearly, but not quite, proportional to the local soot volume fraction [44]. This 
technique provides the advantage of instantaneous 2D measurement, but requires 
a calibration (often obtained by LOSA) to yield absolute soot volume fractions 
[36]. 

Compared to LOSA, the most important advantage of LII is that it is capable of 
providing 2D images of the soot distribution directly. However, there are a few 
limitations. According to research by Bassi [45], at high pressure the soot 
particle density may be so high that the infrared radiation is not able to penetrate 
the flame. Incandescence trapping by flame regions in between the probe 
volume and the detector is a concern in highly sooting flames and may cause an 
underestimation of the actual soot volume fraction [46]. Shaddix [47] claims that 
signal trapping becomes significant at soot volume fractions above 10 ppm. Liu 
[48] used the uncorrected LII intensities and the particle temperatures derived 
from wavelength dependent LII intensity ratios and argued that the soot volume 
fraction inferred from the absolute LII intensity technique is higher than the true 
value, especially when the detection location is on the flame centerline and the 
soot loading is high. Thus, he claims that a correction for signal trapping in 
general is difficult, if not impossible, since it requires knowledge not only on the 
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distribution of the soot volume fraction, but also on the morphology of soot 
particles.   

Accordingly, at present there is no broadly accepted model to extract soot 
volume fractions directly from LII data. Consequently, some researchers prefer a 
qualitative comparison by comparing relative LII signal intensities [49]. 
Alternatively, in order to take advantage of LII for 2D soot measurements, as a 
compromise, some investigations have been accomplished by a combination of 
LII and LOSA [28, 29, 41, 42, 45, 47, 50]. According to this method, one flame 
will be measured using both methods in otherwise completely similar 
configurations, and the soot volume fraction of the flame is calculated from the 
LOSA signals. By means of this process, a calibration factor between LII 
intensity and LOSA soot volume fraction will be established. As a result, the LII 
intensity can subsequently be interpreted in terms of the soot volume fraction. 

In LOSA, the soot particles are considered to be in the early stage of soot 
formation and small enough to warrant the Rayleigh assumption [21]. The soot 
volume fraction  fv can be calculated from [21]: 

   
 

  
                           Equation 2-1 

where, λ is the wavelength of the laser, Kext is experimental extinction coefficient 
and ke is the dimensionless extinction coefficient. Kext can be calculated by 
measuring the transmitted light intensity IT, the incident light intensity I0 and the 
affective absorption length L in the flame: 

     
 

 
  

  

  
                     Equation 2-2 

According to Equation 2-1, the soot volume fraction calculation by LOSA also 
depends on the value of dimensionless extinction coefficient ke [51]:  

                    Equation 2-3 

in which, E(m) is known as the dimensionless refractive index function, m is the 
complex soot refractive index, which is related to laser parameters, burner 
parameters, properties of soot, and so on. αsa is an empirical factor which relates 
to the morphology of soot. Some researchers tried to estimate values for m and 
αsa. In Thomason’s report [21] E(m)=0.258  at λ= 577nm and αsa=0.05±0.05; In 
Gülder’s research [22], E(m) is 0.274. However, more researchers on the applied 
investigation of soot measurements prefer to choose a simplified method to 
estimate ke directly. In Krishnan’s reports [52, 53], the authors provide some 
recommendations for ke for a few frequently used fuels, which have been 
directly used by other researchers [28, 29, 41, 42]. In our research, the soot 
formation in laminar diffusion flames of n-heptane will be measured over the 
pressure range from atmospheric up to 3 bar, so the effect of pressure on the LII 
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calibration factor should be taken into account. According to Hoffmann et al. 
[54], pressure has little effect on the LII calibration factor when calibrated using 
laser extinction. Therefore, the extinction coefficient adopted for this research 
will be ke = 9 [52, 53]. 

In summary, over the last three decades, various researchers reported 
investigations on soot formation in laminar flames with gaseous fuels from 
atmospheric to elevated pressures up to 60 bar. However, it is hard to find any 
data on soot measurements in laminar diffusion flames with liquid fuels even in 
atmospheric environments, let alone measurements at elevated pressure, which 
would be of direct practical relevance for engine combustion. Although the 
measurement methods, LOSA and LII have been widely discussed, liquid fuels 
almost never have been used for these measurements. In the present paper, we 
will provide soot formation data on laminar diffusion flames of n-heptane in the 
pressure range up to 3.0 bar by means of LII, with LOSA calibration.  

2.2 Materials and Methods 

2.2.1 Liquid fuels system 

The HPVB has been shown in details in prelude section of Part I. The layout for 
liquid fuels is shown in Figure 2-1. The liquid in the fuel accumulator is 
pressurized with nitrogen. In the accumulator a membrane divides the liquid and 
the nitrogen. The flow of pressurized liquid is measured by a liquid mass flow 
meter and the amount of liquid entering the burner is controlled by a Controlled 
Evaporator Mixer (CEM) from Bronkhorst. The nitrogen that passes through the 
CEM is controlled by a Mass Flow Controller (MFC). The vaporized liquid fuels 
can be delivered at a temperature up to 200 °C. In order to avoid the risk of 
condensation, the vaporized liquid is led to the burner via a heated hose of which 
the temperature can be set between 20°C and 200°C, while a heated ring is 
placed around the burner.  

The flue gas from the exhaust of the pressure vessel can have a temperature 
above 200 °C and was cooled before it passes through the pressure regulator. 
The pressure regulator of the pressure vessel and the pressure regulator of the 
liquid fuel accumulator are coupled, in order to keep the pressure in the 
accumulator at a higher level than the pressure in the vessel. 
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Figure 2-1 Layout for liquid fuels system [38] 

As a frequently used fuel for flame measurements, n-heptane is chosen as the 
fuel for this research because its cetane number is close to that of conventional 
diesel fuels. Moreover, it is one of the primary reference fuels for octane number 
evaluation. Lastly, it is a representative component for the aliphatic fraction in 
commercial gasoline and diesel oils. 

In order to improve the stability of the laminar diffusion flame of n-heptane, 
some special design features were implemented. We placed a one-way valve in 
the fuel line immediately upstream of the burner. The one-way valve forces the 
flow in one direction and therefore it was also efficient in suppressing oscillatory 
flow when the vessel is closed. Another aid to dampen flame oscillations is a 
buffer vessel of 200 mL in the fuel line between the heated hose and the burner. 
This solution showed stability improvements when burning n-heptane at 
atmospheric pressure. A heating tape is wrapped around the buffer to control the 
temperature, thereby avoiding condensation. 

Flame flickering and oscillations will increase with pressure, but the flame is 
sufficiently stable for soot measurement in laminar diffusion flames of n-heptane 
up to 3.0 bar. Unfortunately, when the pressure exceeds 3 bar, the flame seems 
to start rotating and pulsating. Further increase in pressure increases these 
instabilities. The flame rotation speed increases and rotating cells start in the 
flame base and grow towards the flame tip until they break the flame envelop 
into sooting tips. 
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2.2.2 LII and LOSA 

The LII experimental setup is shown in Figure 2-2. The laser is a Nd:YAG laser 
(one cavity of a Quntal Brio Twins system) operating at 1064 nm. The energy is 
fixed at 0.78 mJ/pulse. The laser fluence is 260 J/m2, and it is in the linear 
regime and not saturated. The prompt LII signal was collected by an intensified 
CCD camera (Princeton Instruments ICCD) , using a prompt technique; a gate 
time of 100 ns was used, with the intensifier at a fixed gain and fully open upon 
arrival of the laser pulse. The raw LII images were averaged and corrected by 
subtracting luminescence signals [36, 44]. The LII radiation was focused onto 
the ICCD using an f/2.8: 50 mm lens.  

 

Figure 2-2 Layout of the LII set-up 

As shown in Figure 2-3. In order to evaluate the errors brought about by the 
varying power of the laser over the height, the laser profile has been measured 
by a cylindrical lens and laser power meter behind the vessel. According to the 
results (see Figure 2-4), the sooting area could be completely covered by the 
major part of the laser profile, where the deviations of the laser power is less 
than 5%. 

 

Figure 2-3 Laser power measurement 
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Figure 2-4 Laser profile 

As shown in Figure 2-5, the LOSA setup is designed to minimize disturbances 
[38]. The laser used for this research is a He-Ne laser, with a power of 5 mW 
and a wavelength of 632 nm. To compensate for laser intensity variations, a 
reference detector is used. Making use of a wedge shaped beam splitter, 
approximately 4% of the laser intensity is split into the reference detector. The 
incident light intensity is determined from measurements outside the flame and 
the reference signals. A laser scan is created by an adjustable mirror and two 
positive anti-reflection coated lenses. The angle of the adjustable mirror can be 
changed with an electric step-motor. The length of the scan is approximately 30 
mm. Since the mirror is located in the local point of the 1st lens, varying its 
angle changes the lateral position of the HeNe laser beam above the burner, but 
not its direction. Each scan covers more than the full flame width; start and end 
points are defined by an aperture. The HPVB is placed at an angle of ~15° with 
respect to the laser beam. This is done to prevent reflections along the laser 
beam. 

 

Figure 2-5 Layout of the LOSA set-up [38] 

2.2.3 Measurement process 

During the measurement, the fuel flow rate of n-heptane is kept at 6.0 g/h (1.67 
mg/s), the air co-flow is kept at 4.67 g/s with fixed supply pressure of 8 bar and 
the carrier nitrogen is kept at 14 mg/s with fixed supply pressure of 10 bar. The 
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mass flow fraction of fuel in the fuel mixture including nitrogen carrier gas is 
11 %. Consequently, during the whole measurement process, as the boiling point 
of n-heptane is 99 °C at 1 bar, the system temperature is kept at 180 °C which is 
enough to guarantee full evaporation of n-heptane. Then, the mass flow rate of  
the fuel mixture in the tube and the co-flow around the tube are 1.25 mg/mm2s 
and 2.41 mg/mm2s respectively. This indicates that mass flow rates of the fuel 
mixture and co-flow are of a same level. As a result and since the densities of 
both mixtures are similar because they consist mainly of nitrogen, the velocities 
are also similar. The velocity in the fuel mixture is lower, but it will increase to 
higher values than the co-flow velocity due to the temperature increase by 
combustion. It is therefore expected that instabilities induced by shear layer 
between fuel mixture and co-flow air are avoided in such a way. 

The setting of ambient pressure in the vessel was varied from 1.0 bar to 3.0 bar. 
In the LII measurements, for each flame, both the LII and spontaneous 
luminescence signals are captured in 5 individual frames at 6 second interval LII 
images are based on single laser pulse. 

In the LOSA measurements, the beam was slowly swept through the flame at a 
fixed HAB (Height Above Burner) (10 seconds per scan). Note that in the 
optical setup of Figure 4, the HeNe beam hits the adjustable mirror on its 
rotation axis, and this axis lies in the focal plane of the first lens. In this way, by 
rotating the mirror, only the location of the HeNe beam through the flame is 
varied, but not its direction. Scans were limited by a rectangular slit in front of 
the HPVB. The second lens focuses the transmitted light into a small integrating 
sphere, thus reducing the possible effects of beam steering by the flame. The 
transmitted and reference intensities were recorded by a sampling oscilloscope 
(LeCroy Waverunner 44 MXi-A). Burner height was varied by translating the 
whole vessel up or down in steps of 1.52 mm for one full rotation. The laser 
beam was kept unchanged. Since this also implied that the laser beam had to 
pass through different parts of the entrance and exit windows, reference scans 
without a flame were recorded for every setting of the HAB. The extinction 
signal was calculated by subtracting the flame-on signal from the flame-off 
signal at the same HAB. The reference signal was stable during all 
measurements. The original data required a small correction for non-uniform 
scan speed. The LOSA calibration factors for LII were determined at the 
positions of maximum soot concentration alone the centerline in the flames at 
1.0 bar, 2.0 bar and 3.0 bar, respectively, using ke=9, as mentioned earlier. The 
results were subsequently extrapolated to all other flames by interpolation. 

2.3 Results and Discussions 

2.3.1 Flame stability 

As mentioned in the first part of this chapter, flame stability becomes an issue 
for measurements on laminar diffusion flames of liquid fuels at elevated 
pressures. In order to quantify the stability of our flames, we determined both the 
lateral position and height of the flame tips in all recordings made under 
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nominally identical conditions. Figure 2-6 shows an example of the 
measurement data. Figure 6a is an unprocessed recording of the flame including 
LII signal (laser on; single shot), Figure 6b is recorded with identical settings but 
without LII signal (laser off), the lower panel is their difference (laser on minus 
laser off), which we interpret as the actual LII signal1. 

 
a b c 

Figure 2-6 Unprocessed flame luminosity images (n-heptane, 2.25 bar) with laser on (a), laser 

off (b) and their difference (c). The white curves are fit to vertical and horizontal cross sections 

of the luminosity, used to align individual readings. Note that the cross section are from the 

original data, whereas the images have already been shifted into their standard position (see 

text). 

Obviously, the natural flame luminosity provides a dominant contribution to the 
signal, also when the laser induces additional incandescence. We have 
determined the flame position by fitting horizontal and vertical cross sections 
through these images to Gaussian profiles. For each setting, 5 individual single-
shot images were collected, and these were, per setting, shifted to their average 
vertical position and, for all settings, to the same (arbitrary) horizontal position. 
Afterwards, the five background images were averaged, and then the LII 
contributions were evaluated by subtracting the “laser off” average from the 
individual “laser on” images (Figure 2-6c).  

In Figure 2-7, we show the vertical position of the flame tips as a function of 
pressure for both the “laser on” and “laser off” measurements, with standard 
deviations () based on 5 replica’s. The latter typically are smaller than 0.35 mm 
(about 2% of the flame height), but the fluctuations increase with pressure. 
Clearly, the flame tip height decreases with increasing pressure. The mass flow 
rate of the fuel might be gradually decreasing with pressure due to the 
difficulties for calibrating the mass flow while operating at high pressures, 
which is partly contribute to the lower height of the flame with the pressure. 
Moreover, somewhat unexpected, the natural luminosity shows a slightly higher 
flame than the LII pictures. This last observation must be treated cautiously 

                                                           
1 We realize that it is a bit tricky to compensate the laser-heated part of the flame for 
natural luminosity as well (there is no natural luminosity in the laser-heated region any 
more). The thin light sheet in combination with the line-of-sight nature of the detection 
is expected to render the overcompensation negligible. 
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because the soot temperature is a strongly non-linear factor in the luminosity 
yield [55]. Note that it cannot be due to insufficient laser sheet height, because at 
1.0 bar the LII-tip is highest; Figure 2-4 shows that there are no obvious non-
uniformities.  

However that may be the soot which shows luminescence by itself is also 
expected to be superheated by the laser pulse, and there is no obvious reason 
why the “laser on” flame images should be less high than the “laser off” ones. 
Such a region might contribute little to the natural luminosity, but would show 
up strongly after laser heating. The occurrence of such a region implies that with 
increasing pressure, either the soot formation rate decreases towards the flame 
tip, or the soot oxidation rate in the same region increases and as a result the soot 
formation decreases.  

 

Figure 2-7 Average flame tip height (maximum value of signals) with standard deviations of 

original LII signals and luminescence signals (n-heptane, ambient pressure=1.0 ~ 3.0 bar) 

2.3.2 Soot formation 

LII SOOT SIGNALS 

For all ambient pressures considered in this study, Figure 2-8 shows the average 
LII distribution (i.e. soot volume fractions) and their standard deviations (based 
on pixel-by-pixel evaluation of the five individual images). The scale is the same 
for all images, so they can be compared amongst each other. According to 
Figure 2-8, soot production increases with increasing pressure while the flame 
stability decreases with increasing pressure. Moreover, the flame stretches 
downward with increasing pressure, and also becomes a bit narrower. It should 
be noticed that a pocket of low soot density seems to grow into the upper part of 
the flame (see red arrows in Figure 2-8; this is not a laser absorption effect, since 
the region is surrounded by high-signal regions). The standard deviation is 
relatively high, which might be attributed to the subtraction of two large 
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numbers. The asymmetry of the soot signals increases with pressure likely due to 
laser absorption occurs while the laser passes through the flame from right to left.   

 
Figure 2-8 Mean soot signals (top) and associated standard deviations (bottom) derived from LII 

measurements (n-heptane, ambient pressure=1.0 ~ 3.0 bar), as indicated above each column. The laser 

beam traversed the flame from right to left. Red arrows: see text. 

CALIBRATION BY LOSA 

The primary use of the extinction data in this study was to calibrate the LII data, 
so three representative conditions of 1.0 bar, 2.0 bar and 3.0 bar have been 
selected for this calibration.  

However, the absorption profiles by the LOSA concept relate to a line-of-sight 
integrated soot density at each height, whereas the LII data are a measure for the 
local soot density at each point. Therefore, there are two routes for the 
calibration of LII signals by LOSA signals. The first route involves transforming 
the integrated LOSA signals to local soot signals [13-15]. By this method, the 
tangential extinction profiles have to be transformed using Abel inversion [36] 
for calculation of radial soot volume fractions. As a prerequisite for this process, 
the LOSA profiles have to be made symmetric, which may introduce an error 
source into the final results. The second route uses the maximum signals at the 
centerline from the LOSA measurement to calculate the calibration factors by 
comparing them with the integrated LII signal at the corresponding height. This 
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not only minimizes the uncertainties and errors, which could be dominating in 
the low sooting flames as the total extinction is very weak, but also allows for 
the possibility that the real soot distribution is not completely symmetric. The 
second route will be used for the soot volume fraction calibration in this research. 
As shown in the Figure 2-9, the value for the calibration factors between LII 
intensity and soot volume fraction from LOSA vary slightly with pressure. Thus, 
the calibration factors in this paper have been taken at the corresponding 
interpolated value from the fitting curve shown in Figure 2-9. 

 

Figure 2-9 Calibration factors between LII signals and soot volume fraction by LOSA (n-

heptane, ambient pressure = 1.0 ~ 3.0 bar) 

SOOT VOLUME FACTION 

Figure 2-10 displays the soot volume fractions derived from the LOSA-
calibrated LII measurements, for all pressures considered here. In the lower part 
of the flame, the soot forms a type of annular zone. With increasing pressure, 
this ring zone descends and the amount of soot increases. Simultaneously, the 
flame tip height decreases, and the net result is that the sooting region increases 
in height. Some asymmetry can be observed (possible partly due to absorption of 
the laser beam), but this is not very constant. Also, the flame narrows a bit with 
increasing pressure, and becomes slightly constricted below the most strongly 
sooting region.  

The flame height decreases slightly with the pressure (also mentioned in Figure 
2-7). This is somewhat at variance with theoretical considerations [56-60], 
which suggest that the height of a diffusion flame fed by fuel at a constant mass 
flow rate should be invariant with pressure. This prediction, however, is 
intended for laminar diffusion flames of gaseous fuels [22-28], and has not been 
validated for flames of vaporized liquid fuel. Due to the unavailability of the 
corresponding reference and the limit of measurement points (the measurement 
could only be realized up to 3 bar), we speculated that the following two factors 
might contribute to this phenomenon. First, a systematical error of the flames 
due to the evaporation process of the liquid fuel in CEM (Controlled Evaporator 
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Mixer) or in the MFC (Mass Flow Controller). Second, with respect to the cases 
in gaseous fuels, because the higher quantity of the water production while 
burning the liquid fuels, the density of the gases inside the vessel is higher. 

 

Figure 2-10 Soot volume fraction of laminar diffusion flames (n-heptane, ambient 

pressure=1.0 ~ 3.0 bar). The laser beam traversed the flame from right to left.  

In related previous studies, apart from illustrations of visible flame height and 
cross sectional area, the maximum soot volume fraction has frequently been 
expressed in an approximate power-law relationship with pressure, that is, 
fv_max=Cp

n
, in which C is a proportional constant and n is the so called pressure 

exponent.  As shown in Table 2-1, n is in the range from 0.4 to 2.2, between 1 
and 40 bar for most of the available data [6-10]. The value of n depends on 
several factors, such as the fuel flow rate, pressure range, and fuel properties.  

Table 2-1 The estimated pressure exponent in previous studies [22-26, 28] 

Fuel Fuel flow rate [mg/s] Pressure [bar] Pressure exponent n 

in the fv_max=Cp
n  Reference 

Ethylene 
(C2H4)  

3.4 1-4 2  [26, 28] 

1.13 1-16 1.7  [26, 28] 

Methane 
(CH4)  

1.1 1-5 1.2  [22, 24] 

0.55 5-20 2  [22, 24, 28] 

0.55 20-40 1.2   [22, 24, 28] 
Propane 
(C3H8)  

0.49 1- 7.3 1.8  [23] 

Ethane (C2H6)  

0.52 2-5.1 2.2  [25] 

0.52 5.1-15.2 1.1  [25] 

0.52 15.2-33.4 0.4 [25] 
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In our case, the location of maximum soot concentration varies considerably 
with pressure, and it does not seem reasonable to compare these values. Instead, 
we have taken the integrated soot volume fraction (integration on whole area of 
2-D flames), as shown in Figure 2-11. The data can be fitted to fv_integrated=Cp

n, 
resulting in a pressure exponent n = 3.4±0.3 (1-3 bar ambient pressure; fuel flow 
rate 1.67 mg/s).The error bars are standard deviations  derived from 5 individual 
single-shot images. In addition, the fitting process has been summarized in 
appendix. 

 
Figure 2-11 Power law fit for integrated soot volume fraction (n-heptane, ambient pressure = 

1.0 ~ 3.0 bar)  

2.4 Conclusions 

Soot volume fraction measurements have been conducted in laminar diffusion 
flames with a liquid fuel, n-heptane, over a pressure range spanning from 1.0 to 
3.0 bar. The mass flow rate of n-heptane was kept constant at all pressures. LII 
was employed to measure soot volume fraction and has been calibrated by 
LOSA. The conclusions obtained from this research are summarized below: 

1) Up to 3 bar, the oscillations of the flame tips increase with pressure. The 
oscillations of the height of the flame tips were less than 1 mm in this setup. 

2) The flame tip height based on soot structure decreases slightly with 
increasing pressure, and, somewhat unexpected, the natural luminosity 
shows a slightly higher flame than the LII signals.  

3) The flame stretches downward with increasing pressure and also becomes a 
bit narrower. Moreover, a pocket of low soot density seems to grow into the 
center part of the flame. In the lower part of the flame, the maximum soot 
volume fractions gradually appear in an annular wing region for all 
investigated pressures.  
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4) The axial position of peak soot formation decreases with pressure. This is 
not completely consistent with observations on laminar diffusion flames 
with gaseous fuels in other studies [22-28], where heights differ less. 

5) The value of the calibration factor between LII intensities and soot volume 
fraction from LOSA slightly changes with pressure. 

6) The integral soot volume fractions show a power law dependence with 
pressure. The measured integral soot volume fraction is proportional to pn, 
with n being 3.4±0.3 in the pressure range of 1.0-3.0 bar. 

This initial research demonstrates the feasibility and capability of soot formation 
measurements on laminar diffusion flames with liquid fuels by means of laser 
diagnostics. Investigation of different chemical compounds by using other liquid 
fuels will shed more insight into the effects of molecular structures on the soot 
formation of laminar diffusion flames at elevated pressure.  
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Chapter 3 

 

Investigation of the effect of molecular structure 
on sooting tendency in laminar diffusion flames at 

elevated pressure 

 

In this chapter, a specially designed fueling system (called “doped flame”) is 
proposed, which allows soot measurements on laminar diffusion flames of liquid 
fuel blends at elevated pressure. Fuels with two typical molecular structures, 
namely linear and saturated cyclic hydrocarbons, are examined in both non-
oxygenated (n-hexane (C6H14) and cyclohexane (C6H12)) and oxygenated form 
(1-hexanol (C6H14O) and cyclohexanol (C6H12O)). All compounds are blended to 
n-heptane. Focus of the research is on soot volume fraction at elevated pressure 
in the range 1.0-2.0 bar. Sooting tendency is evaluated by means of laser 
diagnostics techniques used in the previous chapter.  

 

This chapter is taken from the following publication: 

Zhou L., Dam, N.J., Boot, M.D. & Goey, L.P.H. de (2013).  

“Investigation of the effect of molecular structure on sooting tendency in 

laminar diffusion flames at elevated pressure”. Combustion and Flame. 

Submitted, under review. 

Minor edits have been made to improve the quality. 
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3.1 Introduction 

Soot emitted from combustion (e.g. from internal combustion engines) is a major 
pollutant, and it has been categorized as a known carcinogen for humans and 
recognized to contribute to environment pollutions. The research of reduction on 
soot emission is mostly carried out by engine researchers [12]. However, in 
order to reduce the soot emission from practical combustion devices further, it is 
unavoidable to clarify the fundamental mechanism of soot formation in 
combustion processes. Consequently, studies of soot formation have been 
published more and more on laminar diffusion flames. 

According to our discussions in the previous chapter, data of the sooting 
behavior of liquid fuels in laminar diffusion flames at elevated pressure are not 
available [30, 61, 62], mainly because the instability of laminar diffusion flames 
of liquid fuels are more pronounced [21, 22, 31, 43] at elevated pressures. More 
recently, Witkowski et al. [63] compared the sooting tendency of simple fuel 
surrogates that are commonly used in CFD simulations of internal combustion 
engines. In their research, a syringe pump was used to seed the liquid fuel into a 
heated element in the methane supply tube. It is similar to the “doped flame” 
system (details will be shown in next part) in our work, but their base fuel is still 
gaseous fuel (methane) and all of their measurements are only conducted in 
atmospheric conditions. Consequently, a specially designed burner and fueling 
system are proposed in this paper, which provides possibilities for the 
measurements of liquid blends at elevated pressures. 

Categories of the sooting tendencies of different fuels are fairly important to 
understand the effect of their molecular structure on soot emission. Moreover, it 
is also a key factor to introduce the alternative fuels for internal combustion 
engines. Actually, the smoke point (SP), has been used as a relative 
measurement of the tendency of various fuels to produce soot since 1980s [64, 
65], where a higher SP value indicates a lower sooting tendency. Then, a simple 
index of specific flame heights called the threshold soot index (TSI) for 
evaluating the soot tendencies of the fuels was developed [64, 66–68]. TSI 
introduces the fuel molecular mass as the weighting factor, and re-scales SP on a 
0–100 scale from the lowest to the highest sooting tendencies. However, TSI and 
SP rely on eye determination which can be subjective. Later, McEnally et al. [69] 
proposed the yield sooting index (YSI), which is based on the measurement of 
the maximum soot volume fraction by using an extinction method, called LOSA 
(Line Of Sight Attenuation). However, it neither provides 2-D images of soot 
distributions, nor integral soot volume fraction in the plane across the axis of the 
flame. On the other hand, in the search of fuels alternative to diesel, bio-derived 
fuels and blends with diesel have been applied [15, 70, 71]. Nevertheless, 
fundamental knowledge on soot formation related to the use of biofuels is 
limited. A more recent work [72] attempts to comprehend the fundamental 
differences that occur at low temperature oxidation between saturated cyclic 
hydrocarbons with various ring structures, and their open-chained variants. 
However, with respect to sooting tendency in laminar diffusion flames, 
insufficient insight into the effect of molecular structures herein was provided. 
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 linear saturated cyclic 

non-

oxygenate 

 

oxygenate 

 Figure 3-1 Structures of studied fuels 

Consequently, fuels with two typical molecular structures, linear and saturated 
cyclic, have been studied in this chapter. As shown in Figure 3-1, fuels in 
question here are in the non-oxygenate fuels group: n-hexane (C6H14) and 
cyclohexane (C6H12), as well as the corresponding oxygenate fuels group: 1-
hexanol (C6H14O) and cyclohexanol (C6H12O). Their properties are summarized 
in Table 3-1. In addition, as its general property is close to that of conventional 
diesel fuels, n-heptane is chosen as the base fuel, and it will be blended with 
these four kinds of fuels in certain volumetric percentages in this chapter.  

In the non-oxygenate fuels group, cyclohexane plays a relevant role in practical 
fuel chemistry due to its significant presence in diesel fuel and jet fuel [73], and 
in oil-sand derived fuels [74]. However, there are no experimental data on 
sooting propensity of cyclohexane. n-Hexane has the same carbon number as 
benzene and has been used to represent paraffin fuels [75]. Therefore, 
measurements of soot formation in laminar diffusion flames of n-hexane blends 
and cyclohexane blends (blended in n-heptane), from atmospheric pressure up to 
1.5 bar have been carried out in this chapter. Above 1.5 bar, flame instabilities 
were too severe to allow measurement.  

In the oxygenated fuels group, 1-hexanol mixes well with petroleum-based fuels 
with their longer alkyl carbon chains [76], and it shows more suitable thermo-
chemical and physical properties to be a potential component in diesel fuel 
blends. For example, compared to ethanol, 1-hexanol has a higher energy 
density (e.g. heating value) and lower evaporative emissions due to its lower 
volatility, which would bring better vehicle fuel economy and less HC/CO 
emissions. Some studies [77] have discussed the combustion of 1-hexanol and 
its blends, but no fundamental study of soot formation in laminar flames of these 
fuels seems to exist. In addition, cyclohexanol is an important intermediate of 
the chemical industry [78]. Thus, both 1-hexanol and cyclohexanol have been 
selected to be investigated in this research. Soot volume fractions have been 
measured in laminar diffusion flames of 1-hexanol blends and cyclohexanol 
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blends (blended in n-heptane). The measurements could be accomplished up to 
2.0 bar.  

Table 3-1 Properties of studied fuels 

Name of Fuel 
Density  [kg/m3] 

(at 15 °C) 
Boiling Point 

[°C] 
Lower Heat Value 

[MJ/kg] 
Molar Mass 

[g/mol] 

n-Heptane 
(base fuel) 680 99 45.0 100 

n-Hexane 655 69 44.8 86 

Cyclohexane 779 81 43.4 84 

1-Hexanol 814 158 39.0 102  

Cyclohexanol 962  161 37.2  100  

In summary, the soot production by laminar diffusion flames of n-hexane, 
cyclohexane, 1-hexanol and cyclohexanol blends (n-heptane is the base fuel) in 
the pressure range up to 1.5 bar or 2.0 bar will be investigated by means LII 
(Laser Induced Incandescence) and calibrated by LOSA (Line Of Sight 
Attenuation) in this chapter.  

3.2 Materials and Methods 

This research will be realized on the HPVB setup and corresponding liquid fuels 
system. Details of the setups are provided in prelude section of Part I and chapter 
2, and only the new introduced “doped flame” system mentioned below. 

3.2.1 Liquid fuel setup with “Doped flame” system 

The layout for the liquid fuels system is shown in Figure 3-2, the details of this 
fueling system can be found in chapter 2. Besides, in this chapter, in order to 
measure the soot formation of laminar diffusion flames of the liquid blends and 
avoid damage to the CEM1

, a special designed “doped flame” system has been 
proposed (see Figure 3-2). This is done by means of a digital infusion pump, 
which slowly advances the plunger of a syringe. In this way a controlled flow of 
liquid is injected in the heated gas flow. A syringe of 500 micro liter 
(HAMILTON 750N: ga22/51mm/pst2) can be used to do an experiment of 
15~20 minutes. The corresponding syringe digital pump (Model 100, UNO 
Roestvaststaal BV, accuracy is ±1% provided by manufacturer) can be set to 
                                                           
1. Actually, in order to realize a better stability of a flame and a better defined fuel blend, 
it would be preferable to use the CEM to evaporate a prepared blend (base fuel and 
additive) for the measurement. However, according to the manufacturer, only n-heptane 
is allowed to be used; other liquids might damage some parts inside the mixer. This 
indeed turned out to be a serious problem, especially for cyclohexanol. As a compromise, 
the “doped flame” system is proposed as an alternative method. 
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several flow rates. It is important that before injection starts the whole setup 
should be brought up to temperature (all temperatures should be above 200 °C). 
Even though stable flames of base fuel (n-heptane) can be realized up to 3.0 bar, 
fierce instabilities of the flames occur when the pressure exceeds 1.5 bar (non-
oxygenate blends) or 2.0 bar (oxygenate blends). 

 

Figure 3-2 Layout for liquid fuels setup with ‘doped flame’ system 

3.2.2 Flame configurations 

During the measurement, the total fuel flow rate of the blends are kept at 8830 
μl/h (1.67 mg/s for n-heptane), the air co-flow is kept at 4.67 g/s with fixed 
supply at a pressure of 8 bar and the carrier nitrogen is kept at 14 mg/s with 
fixed supply pressure of 10 bar, see chapter 2 for the details of the setting. The 
configurations of the “doped flames” of different blends as well as the reference 
flame of base fuel are shown in Table 3-2. Unfortunately, also, this “doped 
flame” configuration does not allow flames of the pure dopants to be studied. 
Any possible synergistic effects will then remain hidden. 
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Table 3-2 Doped flame (blends) configurations 

Ambient  
Pressure Blend  Additive Oxygen Base fuel 

(n-heptane) 
bar name  % (v/v) μl/h wt.-% μl/h 

1.0,1.25, 
1.5,1.75, 

2.0 
n-heptane - - - 0 8830 

1.0, 
1.25, 
1.5 

n-hexane-10% 
n-hexane 

10.0 880 0 7950 

n-hexane-15% 15.0 1320 0 7510 

cyclohexane-
10% 

cyclohexane 
10.0 880 0 7950 

cyclohexane-
15% 15.0 1320 0 7510 

1.0,1.25, 
1.5,1.75, 

2.0 

1-hexanol-10% 
1-hexanol 

10.0 880 1.54 7950 

1-hexanol-15% 15.0 1320 2.73 7510 

cyclohexanol-
10% 

cyclohexanol 
10.0 880 2.17 7950 

cyclohexanol-
12.7% 12.7 1120 2.73 7710 

 

The LII experimental setup and the corresponding laser profile and the LOSA 
setup and corresponding calibration can be found in chapter 2. The setting of 
ambient pressure in the vessel was varied from 1.0 bar to 1.5 bar or 2.0 bar.  The 
LOSA calibration factors for LII were determined by the results from the n-
heptane flames (see chapter 2) at 1.0 bar and 2.0 bar, respectively. The results 
were subsequently extrapolated to all other flames by interpolation.  

3.3 Results and Discussions 

Figure 3-3 shows the average soot volume fractions and their standard deviations 
(based on pixel-by-pixel evaluation of five individual images) in the flames of 
the base fuel, see chapter 2 for details of the data processing.   
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Figure 3-3 Mean soot volume fraction (top) and associated standard deviations 

(bottom) derived from LII measurements (n-heptane, ambient pressure = 1.0 ~ 

2.0 bar), as indicated above each column. The laser beam traversed the flame 

from right to left. 

In the non-oxygenate blends group, as shown in Figure 3-4a and 3-4b, for both 
n-hexane and cyclohexane blends, soot production increases with pressure and 
with increasing amount of additive, but otherwise the two blends behave rather 
similarly. In addition, the asymmetric characteristics of the flames become 
slightly stronger in several conditions with the increase of the fraction of the 
additives. From Figure 3-4b, it follows that the sooting tendency of cyclohexane-
15% is somewhat higher than that of n-hexane-15% at a given pressure 
condition. 
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Figure 3-4a Mean soot volume fraction (top) and associated standard 

deviations (bottom) derived from LII measurements (n-Hexane-10% and 

Cyclohexane-10%, ambient pressure = 1.0 ~ 1.5 bar), as indicated above each 

column. The laser beam traversed the flame from right to left. 

 

 
Figure 3-4b Mean soot volume fraction (top) and associated standard 

deviations (bottom) derived from LII measurements ( n-Hexane-15% and 

Cyclohexane-15%, ambient pressure = 1.0 ~ 1.5 bar), as indicated above each 

column. The laser beam traversed the flame from right to left. 

In the oxygenated blends group, as shown in Figure 3-5a and 3-5b, soot 
formation of both 1-hexanol blends and cyclohexanol blends increase with 
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pressure. Moreover, fierce instabilities of the flames occur at 2.0 bar, and the 
standard deviations at this condition become visible which suddenly become 
very large. Otherwise, any differences of soot formation between 1-hexanol-10% 
and cyclohexanol-10% are not evident at the given pressures (see Figure 3-5a).  

 
Figure 3-5a Mean soot volume fraction (top) and associated standard deviations 

(bottom) derived from LII measurements (1-Hexanol-10% and Cyclohexanol-10%, 

ambient pressure=1.0 ~ 2.0 bar), as indicated above each column. The laser beam 

traversed the flame from right to left. 

As shown in Figure 3-5b, due to the increase of additive fractions, it becomes 
pronounced that the sooting tendency of cyclohexanol-12.7% is higher than that 
of 1-hexanol-15%, especially while the pressure is higher than 1.5 bar. 

An earlier established theory [56-60] suggested that the height of a diffusion 
flame fed by fuel at a constant mass flow rate should be invariant to pressure. 
However, the results on n-heptane flames in chapter 2 slightly disagree with this. 
Compared with the n-heptane flames, the height of the “doped flames”, depends 
on the on-axis location of height soot concentration, still in general decreases 
with pressure, as is shown in Figure 3-6 and Figure 3-7. Moreover, fluctuations 
occur in some points, which might be attributable to the interference of the 
additive doping with the subsequent mixing process of the base fuel and 
additives during the blend preparation. 



Chapter 3 

42 

 

Figure 3-5b Mean soot volume fraction (top) and associated standard deviations 

(bottom) derived from LII measurements (1-Hexanol-15% and Cyclohexanol-

12.7%, ambient pressure=1.0 ~ 2.0 bar), as indicated above each column. The 

laser beam traversed the flame from right to left. 

 

Figure 3-6 The location of maximum soot volume fraction (n-hexane-10%, n-

hexane-15%, cyclohexane-10%, cyclohexane-15%  and n-heptane, ambient 

pressure=1.0 ~ 1.5 bar) 
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Figure 3-7 The location of maximum soot volume fraction (1-hexanol-10%, 1-

hexanol-15%, cyclohexanol-10%, cyclohexanol-12.7% and n-heptane, ambient 

pressure=1.0 ~ 2.0 bar) 

In our case, we have taken the integrated soot volume fraction (integration on 
the whole area of 2-D flames across the axis) for comparison of their sooting 
tendency, as shown in Figure 3-8. Interestingly, in almost all of the studied 
conditions, the oxygenated blends produce less soot than neat n-heptane, but the 
non-oxygenated blends produce more soot than neat n-heptane.  

Also, in the oxygenate fuels group, cyclohexanol shows a larger sooting 
tendency than 1-hexanol; in the non-oxygenate fuels group, the trend is less clear, 
although the saturated cyclic compound leads to marginal more soot than the 
linear one. It also indicates a trend that sooting tendency of cyclohexane is 
higher than that of n-hexane, even though the difference of the integrated soot 
volume fraction between the cyclohexane-10% and n-hexane-10% is marginal 
due to their lower amounts in each blend. These results agree with earlier 
research in Olson’s report [65], the Threshold Soot Index (TSI) of diffusion 
flames of n-hexane and cyclohexane is 2.6±0.1 and 3.2±0.3, respectively.  

In the previous chapter, the integrated soot volume fraction of the n-heptane 
flames can be fitted to a power law, that is fv_integrated (Integrated Soot Volume 
Fraction) =Cp

n, with a pressure exponent n = 3.4±0.3 (1.0 ~ 3.0 bar ambient 
pressure; fuel flow rate 1.67 mg/s). Consequently, in current research, the power 
law fitting has also been adapted to assess the sooting tendencies of “doped 
flames” for fuels from oxygenated group.  As shown in Table 3-3, for the 
oxygenated group, while the ambient pressure is in the range from 1.0 bar to 2.0 
bar, the pressure exponent n of most flames is located in the range of 2.3~2.6. It 
implies that, within the pressure range 1.0~2.0 bar, the increase of sooting 
production with the pressure are similar among the flames of 1-hexanol and 
cyclohexanol as well as n-heptane. However, due to the limited measurements of 
soot intensity from non-oxygenate fuel diffusion flames, it is not suitable for 
adapting any kind of data fitting.  
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Figure 3-8 Integrated soot volume fraction (fitting by power law for oxygenated 

blends and reference fuel, assorted by same colors with the symbols respectively, 

and for the blends with lower additives volume fraction by 10% (dash lines), for 

blends with higher additives volume fractions by 12.7% or 15% (solid lines) ) 

Also in Table 3-3, in both non-oxygenated fuels group and oxygenate fuels 
group, the carbon flow rates of saturated cyclic compounds are about 1%~4% 
higher than their linear structure counterparts because of the higher densities of 
the saturated cyclic ones. As a result, the higher sooting tendencies of saturated 
cyclic blends are partly attributed to their higher carbon fractions.  However, 
according to the values shown in Figure 3-8, even if this factor is considered, the 
soot formation of saturated cyclic fuels is still higher than their corresponding 
linear fuels only with very marginal (1% ~ 4%) variations of the discrepancies.  

Besides, as can be seen in Figure 3-8, for each saturated cyclic blend, the soot 
production increases rapidly as the amount of additive increases from 10% to 
12.7/15%. This might be attributable to increased carbon flow rates associated 
with the additives (see Table 3-3). However, when considering the linear blends, 
the differences between 10% and 15% doping are not apparent. In this case, 
likely because no increase of carbon flow rates takes place (see Table 3-3). 

 

 

 

 

 



Chapter 3 

45 

Table 3-3 Pressure exponents in power low fit for integrated soot volume fractions 

Blend  Ambient 
pressure range 

Mass flow 
rate 

Carbon 
flow rate 

Pressure exponent n 
in fv_integrated =Cpn 

 bar mg/s mg/s - 

n-heptane 
1.0~3.0 1.67 1.40 3.4±0.3 (chapter 2) 

1.0~2.0 1.67 1.40 2.5±0.2 

n-hexane-10% 

1.0~1.5 

1.66 1.40 

Measurements points 

are too limited to be 

used for fitting 

n-hexane-15% 1.66 1.40 

cyclohexane-10% 1.69 1.42 

cyclohexane-15% 1.70 1.44 

1-hexanol-10% 

1.0~2.0 

1.70 1.41 2.6±0.2 

1-hexanol-15% 1.72 1.41 2.4±0.2 

cyclohexanol-
10% 1.74 1.44 2.3±0.4 

cyclohexanol-
12.7% 1.76 1.45 2.6±0.4 

 

In compression ignition engines, fuel oxygen content is one of the most 
important fuel-bound factors that impact the soot formation process [12]. In this 
study, as shown in Figure 3-8, the cyclohexanol-12.7% show higher soot volume 
fractions than 1-hexanol-15%, notwithstanding the equal oxygen content for 
each of blend (see Table 3-2).  

In summary, by ruling out all other factors, the effect of molecular structure has 
been isolated. We conclude that the saturated cyclic compounds show higher 
sooting tendencies with respect to linear structure counterparts in both non-
oxygenate fuels and oxygenate fuels.   

3.4 Conclusions 

The sooting tendency characteristics of four kinds of fuels of two typical 
molecular structures (blended in n-heptane) were measured using laminar 
diffusion flames at elevated pressures. As the instabilities of the flames increase 
with pressure, the flames were only stable enough up to certain pressures to 
permit complete measurements. Measured soot volume fractions demonstrated 
that the integrated soot volume fractions increase with similar pressure 
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exponents regardless of blend type with respect to oxygenated blends. Pertaining 
to fuel behavior at constant pressure, it may be concluded that cyclic compounds 
generally yield more soot than linear moieties. This behavior was consistent for 
both oxygenated and non-oxygenate blends.  
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Applied research on the performance and 

emission in a compression-ignition engine 
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Part II: Prelude 

This part discusses application researches of emission and performance of 
biofuels in a Heavy-Duty Compression Ignition Engine. It makes up of 3 
chapters. 

Engine Measurement setup: CYCLOPS 

In this part, the test engine, named CYCLOPS [79], designed and built at the 
Eindhoven University of Technology is introduced and explained. It is based on 
a DAF XE 355 C heavy-duty truck engine. Specifications of this engine are 
presented in Table II-1. Cylinders 4 to 6 operate under the stock engine control 
unit, and together with a water-cooled, eddy-current Schenck W450 
dynamometer, they are only used to start the engine and control the rotational 
speed of the test cylinder, i.e. cylinder 1, which is used in this research. 

Table II-1 Specifications of Cyclops Engine and operation configurations 

Base engine 6 cylinder HDDI diesel 

Test Cylinder 1 isolated for combustion 
studies 

Bore [mm] 130 

Stroke [mm] 158 

Compression ratio [-] 15 

Bowl shape M-shaped 

Bowl diameter [mm] 100 

Engine speed [r/min] 1200 

Intake pressure [bar] 1.0 

Intake temperature [K] 293 

Injection pressure [bar] 1500 

Number of Injector holes [-] 8 

Injector hole diameter [mm] 0.151 

 

When data acquisition is idle, for instance during engine warm-up or in between 
measurements, only the three propelling cylinders are fired. Once warmed up 
and operating at the desired engine speed, combustion phenomena and emission 
formation can be studied in the test cylinder. Apart from the shared camshaft and 
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crankshaft and the lubrication and coolant circuits, the test cylinder operates 
autonomously from the propelling cylinders. Fed by an Atlas Copco air 
compressor, the intake air pressure of the test cylinder can be boosted up to 5 bar. 
The fresh air mass flow is measured with a Micro Motion Coriolis mass flow 
meter. Non-firing cylinders 2 and 3 function as exhaust gas recirculation (EGR) 
pumps (see Figure II-1, the schematic layout of the setup).  Their purpose is to 
generate adequate EGR flow for cylinder 1, even at elevated charge pressures.  

Fueling of cylinder 1 is provided by a double-acting air-driven Resato HPU200-
625-2 pump, which can deliver a fuel pressure up to 4200 bar. An accumulator is 
placed near (~ 0.2 m) the fuel injector to mimic the volume of a typical common 
rail and dampen pressure fluctuations originating from the pump. The fuel mass 
flow is also measured with a Micro Motion mass flow meter.  

For measuring gaseous exhaust emissions, a Horiba Mexa 7100 DEGR emission 
measurement system is used. Exhaust smoke level (in Filter Smoke Number or 
FSN units) is measured using an AVL 415 smoke meter three times per 
operating point, of which the average value is logged. The engine is equipped 
with all common engine sensors, such as intake and exhaust pressures and 
temperatures, and oil and water temperature. This quasi steady-state engine data, 
together with air, fuel and EGR flows, as well as the regulated gaseous 
emissions, are recorded at 20 Hz for a period of 40 seconds by means of an in-
house data acquisition system (TUeDACS) [79]. The average of these 
measurements is taken as the value for the operating point under investigation. 

 

Figure II-1 Cyclops Engine Test Rig 

Finally, a SMETEC Combi crank angle resolved data acquisition system [80] is 
used to record and process in-cylinder pressure (measured with an AVL GU12C 
un-cooled pressure transducer), intake pressure, fuel pressure and temperature 
and injector current. All of these channels are logged with a resolution of 
0.1 °CA for 50 consecutive cycles (normally, the standard deviation less than 
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0.2 °CA). From this data, the average and standard deviation (which are 
normally less than of important combustion parameters, such as CA10, CA50 
and IMEP, can be resolved online with the associated SMETEC software.  

Engine Measurement strategies 

In chapter 4, 5&6, two kinds of measurement strategies have been adapted on 
the CYCLOPS as follows: 

Strategy 1: Injection timing sweeps 

All tests are performed at 1200 r/min, with a fuel injection pressure and 
temperature set to 1500 bar and 30 °C, respectively. As shown in Table II-1, the 
operating points are based on two intake pressure points with two mixture 
strengths for each operation. Finally, injection timings (SOI), separated by 5 ºCA 
intervals, are chosen.  

Table II-2 Injection timing sweeps 

Intake pressure [bar] 1 1.5 
Aim load (IMEP) [bar] 7.5 12 
EGR [wt%] 0 30 0 30 
Aim λ [-] 1.45 1.00 1.60 1.15 

Injection timing [ºCA aTDC] 
-5 -5 -5 -5 
-10 -10 -10 -10 
-15 -15 -15 -15 

 

Strategy 2: Lambda (λ) sweeps 

The engine speed is fixed at 1200 r/min and the CA50 has been kept constant at 
10°CA aTDC. λ is varied from highly diluted to close to stoichiometric 
combustion by means of two distinct approaches: 

1) non-EGR operation: Load variation by increasing the injection 
duration/quantity at zero EGR. 

2) EGR operation: EGR variation by increasing the EGR flow rate at 
constant load. 

 

Figure II-2 Employed lambda regimes 
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A factor λ varies from 3.0 to 1.0 for both methods.  The operation points have 
been divided into three regimes (see Figure II-2): Close to Stoichiometric: 
λ=1.0~1.5, Lean: λ=1.5~2.1 and highly diluted: λ>2.1. 
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Chapter 4 

 

The Effect of Molecular Structure on Soot 
Emission of a Heavy-Duty Compression-Ignition 

Engine 

 

In this chapter, the effect of molecular structure on soot emission in a heavy-
duty compression-ignition engine has been assessed, where the same set of the 
fuels which was studied on laminar diffusion flames has been used.  

 

This chapter is taken from the following publication: 

Zhou L., Boot, M.D. & Goey, L.P.H. de (2013).  

“The Effect of Molecular Structure on Soot Emission of a Heavy-Duty 

Compression-Ignition Engine”. SAE Technical Paper. 2013-01-2693. 

Minor edits have been made to improve the quality. 
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4. 1 Introduction 

Many studies have shown a near linear reduction in measured engine-out soot or 
in-cylinder soot precursor concentrations, typically at some expense of NOx, 
with increasing fuel oxygen [81-83]. Some researchers have found differences in 
the effectiveness of different oxygenates with respect to curbing soot, an equal 
fuel oxygen concentration notwithstanding [82, 83]. It has been implied that 
these differences may be due to effects of oxygenate molecular structure on soot 
production. For example, the presence of carbon-carbon single or double bonds 
and the distribution of oxygen atoms within the oxygenate molecule are 
molecular structure effects that could influence the soot-reduction potential of an 
oxygenate.  Against this background, it is interesting to further investigate which 
oxygenated hydrocarbon typology is most effective and why. 

Results from earlier in-house research on cyclic oxygenates showed this 
oxygenate class clearly outperforming their branched and linear counterparts 
with respect to reducing soot in diesel engines [84, 85]. This chapter sets out to 
acquire more insight into the mechanism behind said superior performance. To 
this end, a fuel matrix has been set up such that the elements cyclic and 
oxygenated could be investigated independently.     

The molecular structure of the fuels under investigation can be seen in Figure 3-
1 in chapter 3, there are two fuels with a linear structure and two with a saturated 
cyclic structure. Moreover, each skeletal structure is included in the fuel matrix 
in both an oxygenated and non-oxygenated moiety. In the non-oxygenated group: 
n-hexane (C6H14) and cyclohexane (C6H12), as well as the corresponding 
oxygenated group: 1-hexanol (C6H14O) and cyclohexanol (C6H12O). The 
properties of the neat fuels, including the reference diesel fuel can be found in 
Table 4-1. 

N-hexane was used to represent paraffinic fuels [75]. Moreover, cyclohexane 
plays a relevant role in practical fuel chemistry due to its significant presence in 
diesel fuel and jet fuel [73]. Therefore, experimental measurements of 
performance and emissions in a heavy duty CI engine of n-hexane and 
cyclohexane blended in diesel in 15% by volume are performed in the current 
study. 

On the other hand, oxygenated fuels were found to decrease soot emission in 
most cases. As a larger alcohol, 1-Hexanol has better miscibility in petroleum-
based fuels given its longer alkyl carbon chains [76]. Moreover, compared to 
ethanol, 1-hexanol has a higher energy density (e.g. heating value) and fewer 
evaporative emissions due to its lower volatility. One study [77] has discussed 
the combustion of 1-hexanol and its blends with commercial fuels. For its 
important role in the chemical industry (e.g. for Nylon), cyclohexanone is 
produced by cyclohexane oxidation and subsequent catalytic dehydrogenation of 
the resulting cyclohexanol [78]. Therefore, cyclohexanol has also been selected 
to be investigated in this research. Similar to the measurements setting in the 
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non-oxygenated group, engine measurements have been conducted on 1-hexanol 
and cyclohexanol blended in diesel to 15% and 12.7% by volume, respectively. 

Table 4-1 Properties of studied fuels 

Name of Fuel Diesel 
(EN590) 

n-Hexane Cyclohexane 1-Hexanol Cyclohexanol 

Density  [kg/m3] 
(at 15 °C) 

830 655 779 814 962  

Boiling Point 
 [°C] 

170 ~ 361 69 81 158 161 

Lower Heat Value 
[MJ/kg] 

41.5 44.8 43.4 39.0  37.2  

Molar Mass 
[g/mol] 

233 86 84 102  100  

CN 56 43 [86] 15 [86] 23.3 [86] 23.1 [87] 

4.2 Blending methods 

Properties of the resulting blends can be found in Table 4-2. As defined in the 
Introduction, the goal of this paper is to isolate the properties “saturated cyclic” 
and “oxygenated” to determine which property is the dominating factor that 
makes saturated cyclic oxygenates above par soot curbing oxygenates.  

As shown in Table 4-2, the two oxygenates are subsequently blended to 
commercial diesel (EN590) to an equal fuel oxygen content of 2.31 wt.-% 
(Table 4-2). Fortunately, and coincidentally, they share not only the same 
oxygen content, but also a similar CN. The methodology for the evaluation of 
the Lower Heating Value (LHV), Cetane Number (CN) and stoichiometric ratio 
can be found in the Appendix. 
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Table 4-2 Properties of tested fuels/blends 

Name of Fuel 
Diesel 

(EN590)  
n-Hexane-

15% 
Cyclohexane-

15% 
1-Hexanol-

15% 
Cyclohexanol-

12.7% 

Base Fuel Diesel 

Base Fuel 
[vol.-%] 

100 85 85 85 87.3 

Additive - n-Hexane Cyclohexane 1-Hexanol Cyclohexanol 

Fraction 
[vol.-%] 

- 15 15 15 12.7 

Oxygen [wt.-%] - 0 0 2.31 2.31 

Density  [kg/m3]  
(at 300K) 

830 804 822 828 847 

Lower Heat 
Value [MJ/kg] 

41.5 42.4 42.1 40.8 40.3 

CN 56 52 46 47 47 

 

The stoichiometric ratios are listed in Table 4-3. As could be expected, given the 
relatively low concentration of the blend components, the values of 
stoichiometric ratio for the three mixtures are quite similar. 

Table 4-3 Calculated stoichiometric ratio of the blends 

Blend n-Hexane-15% Cyclohexane-
15% 

1-Hexanol-
15% 

Cyclohexanol
-12.7% 

Base Fuel Diesel 

Additive n-Hexane Cyclohexane 1-Hexanol Cyclohexanol 

Stoichiometric 
ratio of additive 14.75 12.15 11.70 8.98 

Stoichiometric 
ratio of blend 14.37 13.98 13.91 13.62 

4.3 Results and discussions 

All tests are performed on CYCLOPS (see Figure II-1 and Table II-1) by 
measurement strategy 1.The operation matrix was shown in Table II-2 in the 
prelude section of Part II.  
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Figure 4-2 Soot emissions at 7.5 bar gross 

IMEP, no EGR, and lambda=1.45 

Figure 4-3 Soot emissions at 12 bar gross 

IMEP, no EGR, and lambda=1.60 

 

 
 

Figure 4-4 Soot emissions at 7.5 bar gross 

IMEP, 30 wt% EGR, and lambda=1.00 

Figure 4-5 Soot emissions at 12 bar gross 

IMEP, 30 wt% EGR, and lambda=1.15 

 

SOOT EMISSIONS 

The normalized soot emissions are shown in Figure 4-2 thru 4-5. It is found that 
the two oxygenated blends show lower soot emissions than is the case for neat 
diesel in almost all operating points. The soot emissions of two non-oxygenated 
blends, however, are worse than that of the oxygenated blends. It is noted that 
from Figure 4-2, 4-3 and 4-5, blends with linear compounds, n-hexane and 1-
hexanol, yield lower soot emissions with respect to their corresponding saturated 
cyclic compounds, cyclohexane and cyclohexanol respectively. This may imply 
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that the saturated cyclic compounds are more prone to metastasize into poly-
aromatic hydrocarbons and ultimately soot.  

A different trend, conversely, found at low loads with EGR (Figure 4-4), is that 
of the soot emissions of the linear chemicals being higher than those produced 
by the corresponding saturated cyclic compounds. Unstable combustion takes 
place in this near-stoichiometric point, it gives rise to incomplete combustion by 
high concentration of mixtures at the space close to injector due to the higher 
mixture concentration, and it might be partly debit to this particular phenomenon. 

SOOT-NOX TRADE-OFF 

In order to correct for the soot-NOx diesel dilemma, soot levels for different 
fuels must be compared at equal NOx for given operating points. To this end, the 
soot-NOx curves have been plotted in Figures 4-6 to 4-9. In accordance with 
literature, a given operating point will yield lower soot, but typically also higher 
NOx for oxygenated fuels. Compared at equal NOx, however, both oxygenated 
blends show lower soot emissions than is the case for non-oxygenated fuels, 
which is indicative of a more favorable soot-NOx trade-off.  

Amongst the oxygenates, there is no clear winner, indicating that, for equal 
blend CN and fuel oxygen, there appears to be no preferential hydrocarbon 
structure for more favorable soot-NOx behavior. This finding is corroborated by 
earlier in-house work that showed that, at equal fuel oxygen content, oxygenates 
performance hinges only on CN and is further in discriminatory towards the 
prevailing molecular shape [15]. 

When studying the results for the non-oxygenated fuels, it is clear that in most 
cases the saturated cyclic structure yields unfavorable trends over the linear one. 
At best the performance is equal. Although the blend CN’s do not fully match, 
the relatively small gap does not wholly explain the clear divergence in 
performance. It would seem that cyclohexane generates on average far more soot 
at equal NOx than n-hexane. This would indicate a stronger sooting tendency for 
the former species. From other non-oxygenated compounds, notably aromatics, 
it is well-known that removal of said species improves the soot-NOx curve 
considerably.  

Combining all above results, a theory can be distilled that the proclivity of 
saturated cyclic hydrocarbons to form soot is mitigated by adding a functional 
oxygen group. Once oxygenated, the saturated cyclicity of an oxygenate appears 
no longer of any consequence with respect to soot-NOx behavior. 
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Figure 4-6 NOx vs. soot emissions at 7.5 bar 

gross IMEP, no EGR, and lambda=1.45 

Figure 4-7 NOx vs. soot emissions at 12 bar 

gross IMEP, no EGR, and lambda=1.60 

 

  
Figure 4-8 NOx vs. soot emissions at 7.5 bar 

gross IMEP, 30 wt%  EGR, and lambda=1.00 

Figure 4-9 NOx vs. soot emissions at 12 bar 

gross IMEP, 30 wt%  EGR, and lambda=1.15 

IGNITION DELAYS 

As shown in Figure 4-11 and Figure 4-13, the discrepancies in ignition delay (ID) 
of all four kinds of blends at the higher loads are less than 0.5 °CA for a given 
SOI. This demonstrates that, while running at a relatively high load, the initial- 
and boundary conditions for the combustion event are comparable for all fuels 
for all given operating conditions. The greater difference in the combustion 
products can therefore be solely attributed to the physical and chemical 
properties of the blends.  
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Figure 4-10 Ignition Delay at 7.5 bar gross 

IMEP, no EGR, and lambda=1.45 

Figure 4-11 Ignition Delay at 12 bar gross 

IMEP, no EGR, and lambda=1.60 

 

  
Figure 4-12 Ignition Delay at 7.5 bar gross 

IMEP, 30 wt% EGR 

Figure 4-13 Ignition Delay at 12 bar gross 

IMEP, 30 wt% EGR 

 

On the other hand, among the four of blends, as well as neat diesel, more 
remarkable discrepancies in the ID can be shown in Figure 4-10 and 4-12, for 
the lower load condition. Specifically, in both oxygenated and non-oxygenated 
blends, the ID’s for the saturated cyclic blends are about 0.5~0.8 °CA higher 
than those found for the linear blends.  

However, the soot emissions in these operation points, especially in the non-
EGR conditions, disobey the established knowledge that a longer ID brings 
about lower soot emissions. This implies that the relatively high soot emissions 
for the saturated cyclic blends are related to their saturated cyclic structure and 
associated intrinsic tendency towards soot precursor formation. 
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4.4 Conclusions 

In this chapter, the same set of the fuels which was studied on laminar diffusion 
flames (chapter 3) has been blended to normal diesel and run on a modern DAF 
heavy-duty diesel engine. The results suggest that for both non-oxygenate and 
oxygenate blends, hydrocarbon saturated cyclicity, and associated more 
preferential route towards soot (precursors). Soot emissions of two non-
oxygenate blends are higher than those of the oxygenate blends. It shows similar 
trends to the results on the sooting tendency on laminar diffusion flames (see 
chapter 3). 

Moreover, from view point of engine performance, compared at equal NOx, 
both oxygenated blends show lower soot emissions than any of the non-
oxygenated fuels, indicating a more favorable soot-NOx trade-off.  In addition, 
aforementioned discrepancy in emission performance for the non-oxygenates 
does not appear to be driven by a mismatch in combustion phasing (e.g. ignition 
delay).  
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Chapter 5 

 

Comparison of Emissions and Performance 
between Saturated Cyclic Oxygenates and 

Aromatics in a Heavy-Duty Diesel Engine 

 

According to the results from chapter 4, in terms of soot emission on a 
compression ignition engine, saturated cyclic oxygenates are better than diesel 
fuel. Consequently, in this chapter, as a continuation work, emissions and fuel 
economy are evaluated for two types of bio-fuels, namely 2-phenyl ethanol and 
cyclohexaneethanol, which have an aromatic and aliphatic (e.g. saturated) ring 
structure, respectively. The goal of this chapter is to assess if it is necessary to 
require an expensive hydrogenation step to ultimately produce saturated ringed 
oxygenates like cyclohexaneethanol from the more lignin-like 2-phenyl ethanol.  

 

This chapter is taken from the following two publications: 

1) For section 5.2, 

Zhou L., Boot, M.D., Luijten, C.C.M., Leermakers, C.A.J., Dam, N.J. & 

Goey, L.P.H. de (2012).  

“Emission performance of lignin-derived cyclic oxygenates in a heavy-duty 

diesel engine”. SAE Technical Paper. 2012-01-1056. 

2) For section 5.3, 

Zhou L., Boot, M.D. & Johansson. B.H.(2013).  

“Comparison of Emissions and Performance between Saturated Cyclic 

Oxygenates and Aromatics in a Heavy-Duty Diesel Engine”. Fuel. 

113(2013) 239-247. 

Minor edits have been made to improve the quality. 
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5.1 Fuels 

From a production point of view, starting from lignin – itself a polymer of 
aromatic oxygenates – it would be far more economical to focus on aromatic 
end-products.  Saturated compounds, conversely, would require large amounts 
of expensive hydrogen to produce. Specifically, the production of aromatic 
compounds (e.g. 2-phenyl ethanol) requires less hydrogen and can therefore be 
produced at lower cost than is the case for saturated or aliphatic compounds (e.g. 
cyclohexaneethanol).  

Accordingly, this work aims to add insight into the case for aromatics 
oxygenates as renewable diesel components by using two kinds of measurement 
strategies which cover wide engine operation range. Fuels will be evaluated with 
constant fuel oxygen content as well as compared at equal CN.  

 

Figure 5-1 Lignin and selected possible monomers for transport fuel applications 

As a poly-aromatic molecular structure material, lignin has to be depolymerized 
into practical, ideally monomer (e.g. single ring) aromatics. It assumes that such 
a process, most likely pyrolysis-based, will eventually become available on a 
commercial scale to supply the chemical industry with highly desired renewable 
aromatic base chemicals. As shown in Figure 5-1 and Table 5-1, two kinds of 
fuels have been selected for review: 2-phenylethanol and its saturated 
counterpart cyclohexaneethanol.  

Both oxygenates in question are assumed to be of low toxicity for humans given 
that the U.S. Food and Drug Administration (FDA Part 172, Subpart F) [14] has 
approved their use as food additives for human consumption, where they are 
typically used as flavorants (e.g. 2-phenyl ethanol = rose). Relevant physical 
properties are presented in Table 1, from which can be inferred that boiling 
points of the neat oxygenates are on the low side of the diesel boiling range and 
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that their densities are considerably higher than diesel. For the discussion in this 
chapter, it is assumed that the combustion behavior is dictated primarily by the 
chemical properties of the fuels, with a less significant influence of the physical 
properties. Nevertheless, the effects of density and boiling behavior on the 
emission performance will be briefly touched.  

Table 5-1 Physical properties and heating value for the neat compounds 

Name of Fuel Diesel (EN590)  2-Phenyl ethanol Cyclohexaneethanol 

  
  

Molecular formula - C8H10O C8H16O 

Density (at 300K) 
 [kg/m3] 0.830 1.017 0.905 

Initial / final boiling 
point [K] 443 / 634 493 481 

Molar Mass [kg/mol] 0.233 0.122 0.128 

HHV 
 [MJ/kg] 44.5 35.9 39.2  

LHV  
[MJ/kg] 41.5 34.2  36.7  

LHV 
[MJ/L] 34.5 34.8 33.2 

5.2 Investigations by measurement strategy 1 

5.2.1 Earlier studies 

Diesel engines are known to offer good fuel economy and low carbon dioxide 
(CO2) emissions. Unfortunately, the diesel engine is a source of soot and NOx 
emissions, both of which are subject to legal limits because of their adverse 
effects on the environment and human health. Moreover, soot emissions from 
diesel engines produce a significant fraction of urban airborne particulate matter, 
which has been suspected to cause an increased incidence of respiratory 
problems and cancer. It is therefore of considerable interest to reduce soot 
escaping oxidation during the diesel combustion process. In order to meet the 
requirements of future legislation, emissions of these substances, as well as those 
of carbon monoxide (CO) and unburnt hydrocarbons (HC), will have to be 
reduced. This could be accomplished either by improving the combustion 
process within the cylinder or by other means, for example by using alternative 
fuels with oxygenated compounds.  

In order to realize lower NOx and soot emissions, improvements of fuel 
injection systems (e.g. rate shaping, multiple injections), optimized combustion 
chamber designs and exhaust gas recirculation (EGR) have been investigated 

http://en.wikipedia.org/wiki/File:Phenethyl_alcohol.png
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[88-90]. Still, Diesel engines produce relatively high NOx and soot emissions 
that require expensive and, often, fuel consuming exhaust gas after treatment 
technology. This is the driver for continuous research, heading towards 
alternative combustion modes, which promise a drastic reduction of engine-out 
emissions at still favorable fuel efficiency.  

In addition, there have been many studies on fuel effects on exhaust emissions, 
especially with respect to soot [91, 92]. The results suggest that reductions in 
sulfur, density, distillation temperature and aromatic content, in particular multi-
ring variants, lower soot emissions. Although fuel properties are the main factors 
influencing engine performance and emissions, there are still many challenges to 
identify the optimal fuel properties and their effects on engine behavior. In 
particular, many researchers have investigated the relationship between chemical 
properties of fuels and formation of pollutants. The pyrolysis and oxidation of 
several light hydrocarbon fuels was investigated over a wide temperature range 
using shock tubes [93, 94]. The thermal decomposition of several aliphatic 
hydrocarbon fuels was also investigated using a fluid reaction tube [95]. These 
authors reported the formation mechanism of benzene rings from the 
decomposed low-boiling point hydrocarbons. Among various fuel properties 
such as CN, distillation characteristics, aromatic content, the aromatic content in 
particular is known to have significant effect on NOx and soot emissions [14]. 

Because of the depletion of conventional oil, future transportation fuels are 
expected to contain an increasing portion of alternative fuel components. 
Consequently, a deeper understanding of the combustion process not only of 
normal diesel, but also of possible alternative fuels, could be of help in reaching 
stringent emission limits with maintained efficiency. A number of studies have 
shown substantial soot reductions for biodiesel and biodiesel blended with 
petroleum diesel [96, 97], relative to neat petroleum diesel. However, they also 
show a slight increase in NOx emissions. Further research has shown that the 
molecular structure of biodiesel could have a substantial impact on emissions. 
Recent studies on fuel properties, especially CN, indicate that the homogeneity 
of the cylinder charge is related to the CN of diesel or diesel-like fuels [98]. Low 
CN fuels that are resistant to ignite create longer ignition delays, thereby 
resulting in extended mixing time for fuel and air [80, 99]. Yet, the strong 
resistance to auto-ignition of the low CN fuels may cause difficulties in certain 
combustion conditions, such as cold start [14]. 

A strong connection between fuel molecular structure and the soot formation 
mechanism during diesel combustion has been shown and discussed in some 
fundamental studies [100-102]. Basic studies on soot formation in laminar 
diffusion flames have revealed that the sooting tendency of most hydrocarbons is 
profoundly affected by the different types of carbon-carbon bonds [100]. In 
general, compared with straight chain hydrocarbons, soot production of fuels 
with aromatic rings and triple-bonded carbon-carbon are relatively high [100-
102]. While some studies [103-105] have focused on the effect of aromatics on 
engine exhaust emissions, variations of aromatic content are often accompanied 
by changes in other fuel properties, such as oxygen fraction, CN, boiling 



Chapter 5 

67 

behavior, viscosity and heating value. It is therefore quite difficult to isolate the 
effect of aromaticity as such with respect to engine performance and pollutant 
emissions.  

Starting from lignin, which has a complex poly-aromatic structure, the 
production of aromatic compounds (e.g. 2-phenyl ethanol) requires less 
hydrogen and can therefore be produced at lower cost than is the case for 
saturated or aliphatic compounds (e.g. cyclohexaneethanol). The goal of this 
chapter is to investigate whether or not the hydrogenation step from 2-phenyl 
ethanol to cyclohexaneethanol has an added value with respect to fuel economy 
and/or the soot-NOx trade-off. 

5.2.2 Blending methods 

Table 5-2 Test blend properties (for measurement strategy 1) 

Name of Blend Phenyl ethanol-15% Cyclohexaneethanol-
17.1% 

Base Fuel Diesel Diesel 

Base Fuel [vol.-%] 85 82.9 

Oxygenate Phenyl ethanol Cyclohexaneethanol 

Concentration [vol.-%] 15 17.1 

Oxygen [wt.-%] 2.33 2.33 

Density [kg/l] 0.858 0.843 

Calculated LHV [MJ/kg] 40.4 40.7 

LHV [MJ/kg] vs. diesel [%] -2.7 -1.9 

Calculated LHV [MJ/l] 34.7 34.3 

LHV [MJ/l] vs. diesel [%] +0.7 -0.4 

Calculated CN [-] 42.3 49.3 

CN vs. diesel [-] -13.7 -6.7 

 

Both oxygenates are blended to commercial diesel (EN590) to equal a fuel 
oxygen content of 2.33 %(Table 5-2), as it is well-known that fuel oxygen 
heavily influences the soot-NOx trade-off [14]. Furthermore, the calibrated 
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stoichiometric ratios listed in Table 5-3.The methodology for the evaluation of 
the Lower Heating Value (LHV), Cetane Number (CN) and stoichiometric ratio 
can be found in the Appendix. 

Table 5-3 Calculated stoichiometric ratio of the blends (for measurement strategy 1) 

Blend Phenyl ethanol-15% Cyclohexane ethanol-17.1% 

Base Fuel Diesel Diesel 

Additive Phenyl ethanol Cyclohexane ethanol 
Stoichiometric ratio of 

additive 11.28 12.37 

Stoichiometric ratio of blend 13.85 13.97 

5.2.3 Results and discussions 

All tests are performed on CYCLOPS (see Figure II-1 and Table II-1) by 
measurement strategy 1.The operation matrix was in Table II-2 in the prelude 
section of Part II. 

SOOT AND NOX EMISSIONS 

As shown in Figures 5-2 thru 5-5, the soot emission of the saturated cyclic blend 
is not lower, even higher in some operation points than that of the corresponding 
aromatic blend. Moreover, when the SOI approaches TDC, this difference 
becomes larger. When combined, the above observations suggest that when the 
diffusion phase of the diesel combustion becomes relatively more important, the 
impact of fuel chemistry on soot is more profound. Considering that the 
combustion process, in particular the combustion timing, is a key factor for soot 
formation in diesel engine, further analysis of combustion phasing will be 
discussed in the next section. 

The use of EGR to reduce NOx emissions from diesel engines has been 
investigated extensively before, for instance by Ladommatos [106], who 
concluded that the most significant effect of EGR is the reduction of the oxygen 
flow rate to the engine. This leads to a reduced local flame temperature during 
combustion and, thus, a reduced rate of (thermal) NOx formation. As shown in 
Figure 5-4 and 5-5, NOx levels indeed become much lower when EGR is applied. 

For each of the four operating points (see Figure 5-2 to 5-5), all blends follow 
the same trend (as compared to each other) as a function of injection timing. 
Normally, for the four operation points investigated, the soot emission of diesel 
is expected to be higher than that of both oxygenates, which is confirmed by the 
graphs of soot emissions in the two operation points without EGR (Figures 5-2 
and 5-3), and the operation points of low load with EGR in Figure 5-4. However, 
as shown in Figure 5-5, in the operation point of high load with EGR, the soot 
emission of the two oxygenates is higher than that of normal diesel. This might 
be explained by a lower combustion temperature and associated poorer soot 
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oxidation for the two oxygenate blends. This possible explanation is supported 
by the lower NOx emissions seen for the oxygenated blends in this work point.  

  
Figure 5-2 NOx vs. soot emission at 7.5 bar 

gross IMEP, no EGR, and lambda=1.45 

Figure 5-3 NOx vs. soot emission at  12 bar 

gross IMEP, no EGR, and lambda=1.60 

 

  
Figure 5-4 NOx vs. soot emission at 7.5 bar 

gross IMEP, 30 wt% EGR, and lambda=1.00 

Figure 5-5 NOx vs. soot emission at  12 bar 

gross IMEP, 30 wt% EGR, and lambda=1.15 

Noteworthy is also that the soot trend in the work points with EGR differs from 
that in the work points without EGR. Specifically, the lowest soot emission in 
the operation point without EGR is found for an SOI of -10 °CA aTDC or          -
5 °CA aTDC. With EGR, -5 °CA aTDC is the SOI with the highest soot. EGR 
thus seems to reverse the soot trend, but the relative soot ranking amongst the 
three fuels remains unaffected. This suggests that aromaticity influences the soot 
emission, given that the fuel oxygen percentage in both oxygenates is kept 
constant. 

Since there is generally a trade-off between soot and NOx in diesel engines, it is 
interesting to compare soot with NOx trends. As can be inferred from Figures 5-
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2 thru 5-5, the aromatic blend, containing 15% 2-phenyl ethanol, yields 
comparable trade-offs to the aliphatic cyclohexaneethanol blend. This suggests 
that hydrogenation does not appear to be a value-adding process step when 
producing fuel from lignin. 

FUEL ECONOMY AND COMBUSTION PHASING 

  
Figure 5-6 Fuel consumption (open symbols) 

and ignition delay (solid symbols), at 7.5 bar 

gross IMEP and no EGR 

Figure 5-7 Fuel consumption (open symbols) 

and ignition delay (solid symbols), at  12 bar 

gross IMEP and no EGR 

 

  
Figure 5-8 Fuel consumption (open symbols) 

and ignition delay (solid symbols), at 7.5 bar 

gross IMEP and 30 wt% EGR 

Figure 5-9 Fuel consumption (open symbols) 

and ignition delay (solid symbols), at  12 bar 

gross IMEP and 30 wt% EGR 

Ideally, any improvement in the soot-NOx trade-off should be realized without 
sacrificing fuel economy. However, as can be seen in Figures 5-6 thru 5-9, fuel 
consumption for both oxygenated blends is higher than that of diesel fuel in all 
of four operation points, with the corresponding standard deviation of the ID 
over 50 engine cycles (Figures 5-10 to 5-13). In most of the measurement points, 
the deviations of the results are less than 0.5 °CA (even smaller than 0.2 °CA in 
most cases). 
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Figure 5-10 Standard deviation of ignition 

delay, at 7.5 bar gross IMEP and no EGR 

Figure 5-11 Standard deviation of ignition 

delay, at  12 bar gross IMEP and no EGR 

 

  
Figure 5-12 Standard deviation of ignition 

delay, at  7.5 bar gross IMEP and 30 wt% 

EGR 

Figure 5-13 Standard deviation of ignition 

delay, at  12 bar gross IMEP and 30 wt% 

EGR 

However, one should take into account that the heating value of any fuel will 
inherently decrease with fuel oxygen content. Compared to the base fuel, the 
studied oxygenated blends have a reduced gravimetric LHV of 2.7% and 1.9%, 
respectively (Table 5-2). This could be more or less expected given the fuel 
oxygen content in the blends of 2.33 wt.-%. Based on this decrease in LHV, 
penalties in ISFC could be expected in the order of 5-6 and 3-4 g/kWh for 2-
phenyl ethanol and cyclohexane ethanol, respectively. As can be seen in figures 
5-6 to 5-13, this roughly explains the observed penalties in ISFC, suggesting that 
the thermal efficiency of the combustion process is not significantly affected by 
the presence of the cyclic oxygenates at the studied concentrations. 

The fuel consumption of the aromatic blend is slightly higher than (<1%) that of 
the saturated blends when the engine is running in an operating point without 
EGR. This could be explained by the 0.7% lower LHV for the aromatic blend 
(Table 5-2). The order of the fuel consumption appears reversed when EGR is 
utilized, except for the points with unexpectedly higher fuel consumption in 
Figure 5-8 at relatively late SOI (red circle). There might have been a problem 
with the EGR flow rate control during the measurement. It was found to deviate 
because of a controlling problem of the EGR flow rate, as witnessed by the 
oxygen flow rate in the exhaust pipe as shown in Figure 5-14.  
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As shown in Figures 5-6 thru 5-13, the ignition delays of the two kinds of 
oxygenates blends and reference diesel fuel are quite similar at high loads, with 
or without EGR. However, when the engine is running at low loads, the 
difference in ignition delay becomes larger, especially at the points where 
injection timing is close to TDC when the engine running with EGR. This might 
be attributed to the aforementioned control problem of the EGR flow rate (see 
Figure 5-14), which did not change the general trends of the soot and NOx 
emission comparisons. 

 
Figure 5-14 Oxygen flow rate in exhaust, at 

7.5 bar gross IMEP and 30 wt% EGR 

 

5.2.4 Summary 

Based on the results in this section, a number of general points may be drawn: 

1) Compared to diesel and for a given fuel injection timing, a 1~3% higher 
ISFC is observed for the oxygenated blends. This penalty is roughly in line 
with the expected penalty of 2.33%, based on the fuel oxygen content of 
both oxygenated blends. 

2) Compared to diesel and for a given fuel injection timing, a longer ignition 
delay can be observed for both oxygenated blends. This can be explained by 
their lower CN (Table 5-2). 

3) The longer ignition delay, in turn, coincides and may be the cause of 
significantly lower soot emissions and slightly elevated NOx due to a more 
prominent premixed combustion. 

4) By also adapting the SOI to account for the longer ignition delay of the 
oxygenated blends, a significant simultaneous reduction in both soot and 
NOx can be realized, especially in operating points without EGR and 
without an additional penalty in ISFC. 

5) At an equal fuel oxygen content, the aromaticity of lignin derived (model) 
cyclic oxygenates does not appear to significantly influence either the soot-
NOx trade-off or fuel consumption. This conclusion is of importance, given 
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that the hydrogenation of the aromatic compounds found in lignin is a 
costly process. 

 

5.3 Investigations by measurement strategy 2 

5.3.1 Earlier studies 

It is known that the bio-fuels show different properties with respect to normal 
diesel. For instance, a lower cetane number (CN) leads to a longer ignition delay 
which results in a better premixing and brings about benefit from lower soot 
emissions. Furthermore, different studies have shown the positive influence of 
oxygen content in the fuel on the emission behavior [107-109].  Ramadhas et al. 
[110] claimed that, while using bio-fuels, the presence of oxygen in the structure 
of the bio-fuels increases the availability of reactive oxygen which will leads to 
an increase in combustion efficiency, thus improving oxidation resulting in 
reduction of soot, but an increase in NOx. Therefore, the amount of oxygen in 
the structure of the fuel molecule is critical in the views of both combustion and 
emissions [111, 112]. 

This section builds on an earlier engine work performed with cyclic oxygenates 
as discussed in previous section. In previous section (section 5.2), the authors 
compare aromatic against saturated cyclic oxygenates and report comparable 
emission behavior between the two. From a production point of view, starting 
from lignin – itself a polymer of aromatic oxygenates – it would be far more 
economical to focus on aromatic end-products.  Saturated compounds, 
conversely, would require large amounts of expensive hydrogen to produce. 
Accordingly, this line of research will focus primarily on aromatic oxygenates. 
This section aims to add additional insight into the case for aromatic oxygenates 
as renewable diesel components by using an extended measurement strategy 
which covers wider engine operation range. Fuels will be evaluated first with 
constant fuel oxygen content. Second, the fuels will be compared at equal CN.  

On the other hand, improving the NOx-Soot trade-off is one of the most 
important goals in diesel engine research and it is well-known that this trade-off 
hinges heavily on fuel molecular structure [101]. Moreover, the use of exhaust 
gas recirculation (EGR) to reduce NOx has been investigated extensively before 
[102, 106]. Consequently, investigation of the NOx-soot trade-off for various 
fuels, both with and without EGR, is one of the focuses in this study again. 

5.3.2 Blending methods 

The two oxygenates are subsequently blended to commercial diesel (EN590) to 
an equal fuel oxygen content of 1.74 wt.-% (Table 5-4). Unfortunately, this leads 
to a discrepancy in CN. According to the calculation, the CN of 
cyclohexaneethanol-12.7% is higher than that of 2-phneylethanol at nearly the 
same concentration added to diesel. This is not surprising given that aromatics 
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are considerably more resistant to auto-ignition than saturated rings of the same 
size (e.g., C6). In order to investigate the consequences of the mismatch in CN, a 
third blend, cyclohexaneethanol-32%, is prepared (Table 5-4).The methodology 
for the evaluation of the Lower Heating Value (LHV), Cetane Number (CN) and 
stoichiometric ratio can be found in the Appendix. 

Table 5-4 Test blend properties (for measurement strategy 2) 

Name of Blend Diesel 
(EN590) 

2-Phenyl 
ethanol-11.1% 

Cyclohexaneethanol-
12.7% 

Cyclohexaneethanol-
32% 

Base fuel Diesel 

Base Fuel  
[vol.-%] 100 88.9 87.3 68 

Oxygenate - 2-phenyl 
ethanol Cyclohexaneethanol Cyclohexaneethanol 

Concentration  
[vol.-%] - 11.1 12.7 32 

Oxygen  
[wt.-%] - 1.74 1.74 4.36 

Density  
[kg/l] 0.830 0.851 0.840 0.854 

Calculated LHV 
[MJ/kg] 41.5 39.9 40.4 39.2 

LHV 
 [MJ/kg] vs. diesel [%] - -1.6 -1.1 -2.3 

Calculated LHV  
[MJ/l] 34.4 34.0 33.9 33.4 

LHV  
[MJ/l] vs. diesel [%] - -0.4 -0.5 -1.0 

Calculated CN  

[-] 
56 45 51 45 

CN  
vs. diesel [-] - -11 -5 -11 

The calculated stoichiometric ratios are listed in Table 5-5. Note that the value 
for the third blend by 32% of cyclohexaneethanol is lower than the other two 
oxygenate blends due to the higher volume of oxygenate. 

Table 5-5 Calculated stoichiometric ratio of the blends (for measurement strategy 2) 

Blend Diesel 
(EN590) 

2-Phenyl 
ethanol-
11.1% 

Cyclohexaneethanol-
12.7% 

Cyclohexaneethanol-
32% 

Base fuel Diesel 

Additive Diesel 2-Phenyl 
ethanol Cyclohexaneethanol Cyclohexaneethanol 

Stoichiometric 
ratio of 
additive 

14.3 11.28 12.37 12.37 

Stoichiometric 
ratio of blend 14.3 13.97 14.05 13.68 



Chapter 5 

75 

5.3.3 Results 

These measurements have been performed on CYCLOPS (see Figure II-1 and 
Table II-1) by measurement strategy 2. The details of the measurement strategy 
have been shown in Figure II-2 in the prelude section of Part II. 

MEASUREMENT CHECK 

In all cases, the fixing of the CA50 is the prerequisite of all of the evaluations of 
the emission and combustion phasing. As a result, the measurement accuracy has 
to be checked by considering the variations of the CA50, which is the key 
control factor in this study.  

  
Figure 5-15 Phasing of 50% heat released for 

operation of non-EGR (unfilled markers) and 

EGR (filled markers) 

Figure 5-16 IMEP for operation of  non-EGR 

(unfilled markers) and EGR (filled markers) 

The CA50 is controlled on-line during the measurement process and it is 
determined by taking the middle point of accumulated heat release rate, which is 
derived from the measured cylinder pressure trace simultaneously. From Figure 
5-15, the variations in CA50 are minimized to within ±0.8 °CA for the non-EGR 
operation and ±1.1 °CA for the EGR operation. In Figure 5-16, it can be seen 
that for the EGR condition, load is kept as constant as possible at IMEP = 5.5. 
Only for the λ close to 1 do a few points begin to deviate at a 10% decrease.  
Consequently, the engine operation is fairly controlled by the settled CA50 with 
an acceptable deviation range.  

According to the measurement check, the same combustion setting for all 
operation cases by fixing CA50 at 10°CA aTDC has been realized for all fuels.  
The discussion and analysis of the measurement data is therefore considered to 
be reliable. 

COMBUSTION PHASING 

As shown in Figure 5-17, in the non-EGR operation, the ID (Ignition Delay)’s of 
all fuels are increasing proportionately with λ. Owing to the lower estimated CN, 
the ID of 2-phenyl ethanol blend is apparently longer than that of 
cyclohexaneethanol-12.7%. However, exceeding the expectations based on the 
estimated equal CN, the ID of cyclohexaneethanol-32% is longer than that of the 
2-phenyl ethanol blend. It is disappointing that the cyclohexaneethanol-32% has 
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not shown a similar ID with the 2-phenyl ethanol-11.1%, which has same 
evaluated CN. This might be attributing to several reasons, such as the surface 
tension and viscosity of the fuel/blend, they will influence spray brake up and 
the droplet size and therefore the premixing time. It also implies the limits and 
drawbacks of the CN calculation method proposed by Kalghatgi [113].  

  
Figure 5-17 Ignition Delay (non-EGR) Figure 5-18  Burn Duration (non-EGR) 

After the pre-combustion phase, the subsequent combustion phase will be 
influenced by chemical reactions as well as physical properties of the 
fuels/blends. As shown in Figure 5-18, the BD (Burn Duration) of all 
oxygenated blends and diesel decreases linearly for highly diluted mixtures. 
Moreover, significant difference could be found amongst the blends and neat 
fuels with respect to BD, and the order of BD’s is completely reversed from the 
ID’s of all fuels/blends. All of the oxygenate blends present shorter BD with 
respect to the diesel. Apparently, the cyclohexane-32% shows the fastest 
combustion speed in all of the studied fuels/blends. Apart from the effect of CN, 
it can be ascribed to a lower boiling point of the cyclohexaneethanol-32% due to 
the relatively higher amount of oxygenates,  it leads to a shorter  atomization and 
evaporation period of the fuels spray. Besides, effect of a faster evaporation may 
be caused by a lower heat of evaporation. Nevertheless, the relatively shorter BD 
due to reduced boiling temperature of cyclohexanethanol-32% could be one of 
the suitable explanations for the corresponding higher combustion temperature 
and therefore the significant NOx emissions and lower efficiency.   

From Figure 5-19, in the EGR operation, however, the ID’s of all fuels are 
decreasing proportionately with λ, and they become longer while the EGR flow 
rate increases. Moreover, the ID’s of all kinds of oxygenate blends as well as 
neat diesel are exceptionally longer than that in the non-EGR case. Notably, the 
ID’s of all oxygenates blends are longer than that of diesel and the order is in-
line with the calculated blend CN’s (Table 5-4). Especially, compared with the 
case in the non-EGR operation, the difference between the ID of 2-phenyl 
ethanol-11.1% and cyclohexaneethanol-32% are almost diminished. It indicates 
that the EGR restricted fuel/air mixing and the premix combustion in all kinds of 
fuels and blends and this function suppresses the discrepancies brought about by 
the differences of the compositions. It is worthwhile to note that, similar to the 
situation in the non-EGR operation, the order of BD’s of all fuels/blends 
becomes reversed with respect to the order of ID’s, as shown in Figure 5-20. 
Consequently, it is still valid in this EGR operation that the discussion and 
analysis for this characteristic described in the non-EGR operation.  
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Figure 5-19 Ignition Delay (EGR) 

(IMEP=5.5bar) 

Figure 5-20 Burn Duration (EGR) 

(IMEP=5.5bar)  

EFFICIENCY 

Admittedly, the intrinsic negative effect of fuel oxygen on the gravimetric 
heating value means that the sacrifice of fuel economy is inevitable due to the 
adoption of oxygenates in the diesel engine. As shown in the Table 5-4, 
compared to neat diesel, the studied oxygenated blends have a reduced 
gravimetric LHV of 1.6%, 1.1% and 2.3% respectively due to the fuel oxygen 
content in the blends from 1.74 wt.-% to 4.36 wt.-%. 

As shown in Figure 5-21, penalties in ISFC of the oxygenate blends have been 
observed, partly attributable to the decrease in LHV of these oxygenate blends 
(from Table 5-4). In general, the ISFC of diesel is lower than that of all 
oxygenate blends. The fuel consumption of the oxygenate blends are higher (3% 
~ 8%) than that of the diesel when the engine is running in non-EGR operation. 
For EGR operation, the penalties for the oxygenates is less pronounced at 1% ~ 
5%. On average, in terms of ISFC by fuel mass, the 2-phenyl ethanol blend 
performs better in the EGR operating points, but the blend of 
cyclohexaneethanol with the same oxygen content (cyclohexaneethanol-12.7%) 
stands out in the non-EGR cases. Fuel consumption actually improves for the 
oxygenates as lambda moves towards stoichiometric conditions as a 
consequence of high EGR. Conversely, for lean conditions without EGR, the 
oxygenates perform considerably worse than neat diesel fuel. 

However, end-users of fuels typically tend to pay on a volumetric (e.g. liter) 
basis, versus the more scientific approach of gravimetric ISFC. Taking into 
account the higher densities of oxygenates, especially of the aromatic variant, it 
is worthwhile to investigate how ISFC is affected by switching to a volumetric 
basis. Figure 5-22 shows lower penalties for the oxygenates in the non-EGR 
cases and improved benefits in the cases when EGR is present. Again, the 
aromatic oxygenate outperforms in the EGR operation points, in particular for 
near stoichiometric combustion. 
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Figure 5-21a ISFC by mass (non-EGR) Figure 5-21b ISFC by mass (EGR) 

  

Figure 5-22a ISFC by volume (non-EGR) Figure 5-22b ISFC by volume (EGR) 

Compared to neat diesel, the low CN 2-phenylethanol blend has a lower and 
higher indicated efficiency for non-EGR and EGR conditions, respectively 
(Figure 5-23). Again, the data suggests that low CN is favorable for more 
premixed low temperature and has adverse effects on engine behavior for more 
conventional, hot diffusion combustion. Similar to the trends in the gravimetric 
fuel consumption plots, the cyclohexane ethanol-32% blend yields the lowest 
efficiencies in both EGR and non-EGR operation modes.  

  
Figure 5-23a Indicated Efficiency (non-EGR) Figure 5-23b Indicated Efficiency (EGR) 

NOX-SOOT TRADE-OFF 

As shown in Figures 5-24 and 5-25, it is apparent that while running with EGR 
(filled symbols), large differences are seen between diesel and oxygenated fuels, 
with the latter clearly outperforming the former. All initially show characteristic 
behavior with respect to classical trade-off curves, which eventually peak and 
fall as high EGR pushes ID’s gradually into the order of injection durations and 
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the combustion mode switches into the premixed combustion variation. Distinct 
differences can be seen amongst the oxygenated blends. At equal fuel oxygen 
content the aromatic 2-phenyl ethanol clearly outperforms the saturated ringed 
cyclohexane ethanol. Only at nearly triple the initial concentration, meaning also 
triple the fuel oxygen concentration, does the latter species appear to match the 
performance of the former. Accordingly, it may be inferred that, for these 
oxygenated fuels at least, matching CN is a better precursor for similar 
emissions performance than equal fuel oxygen level. 

 
 

Figure 5-24 NOx vs. soot emissions at close to 

stoichiometric combustion with and without 

EGR (λ=1.0~1.5) 

Figure 5-25 NOx vs. soot emissions at close to 

stoichiometric  combustion (λ=1.0~1.5) with 

EGR (zoomed in from Figure 5-24) 

However, while operating in non-EGR conditions (Figure 5-24), it appears that 
no one fuel shows remarkable advantages or disadvantages. This suggests, also 
looking at the “with EGR” data, that fuel identity becomes essentially masked at 
higher combustion temperatures, notwithstanding large difference in chemical 
fuel properties. What is more, low CN can actually be perceived here as being 
disadvantageous, given that the oxygenates perform at best equal to and in most 
cases worse than the higher CN reference diesel fuel, on-board otherwise 
beneficial fuel oxygen notwithstanding. 

The same trade-offs for lean combustion conditions are shown in Figure 5-26. 
Although it is clearly less marked than seen earlier for close to stoichiometric 
combustion with EGR (Figure 5-25), oxygenates show better curves than diesel. 
Once again, the oxygenates perform worse than diesel, especially for the NOx 
emissions, in the non-EGR operation points. Moreover, from Figure 5-27 can be 
observed that the lagging performance of the oxygenates without EGR is greater 
still for the highly diluted operation conditions.  
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Figure 5-26 NOx vs. soot emissions at lean 

combustion (λ=1.5~2.1) 

Figure 5-27 NOx vs. soot emissions in non-

EGR operation at highly diluted combustion 

(λ>2.1) 

5.3.4 Discussions 

It is known that, if the carbon atoms are partly bounded to the oxygen atoms are 
less inclined to play a role in soot formation. This form of soot suppression, also 
referred to as carbon sequestration is more or less proportional to the prevailing 
oxygen concentration. Generally speaking, when one in two carbon atoms is 
bonded to an oxygen atom, translating into a fuel oxygen concentration of 30~40 
wt.-%, no soot emissions are observed.  Actually, from Figures 5-24 to 5-27, for 
a same additive (cyclohexaneethanol) in diesel, the soot emission of the 
cyclohexaneethanol-32% is lower than that of the cyclohexaneethanol-12.7%, 
not only on account of its’ relatively higher oxygen percentage, but also 
attributed to its considerably lower CN, especially in the EGR operations.  

Moreover, by studying the NOx-Soot trade-off plots more carefully (Figures 5-
24 to 5-27), some clear characteristics and trends can be found for the studied 
fuels. On the one hand, in non-EGR mode, with respect to the neat diesel, the 
“supposed benefits” from the NOx-soot trade-off of fuel oxygen and lower CN 
are not occurring. This is believed to be attributable to higher combustion 
temperatures, characteristic of the traditional diffusion combustion, which can be 
expected when ID’s are short due to either an increase in load of absence of 
EGR. As a result, fuel identity appears to become masked, with all fuels 
showing similar curves. In some cases, the expected benefits even turn into a 
drawback, with diesel fuel outperforming the oxygenated blends. On the other 
hand, in EGR mode, the benefits of low CN and fuel oxygen become more 
pronounced, as the combustion mode shifts from diffusion to more premixed 
(e.g. low temperature) combustion. More importantly, compared to the two 
saturated cyclic blends, the aromatic blend shows a markedly better NOx-Soot 
trade-off in the presence of EGR and the lowest penalties in non-EGR mode. 

Generally, for the oxygenate blends, fuel oxygen suppresses soot formation 
while increasing NOx emission. According to the results demonstrated in 
Figures 5-24 thru 5-27, the blends 2-phenyl ethanol-11.1% and 
cyclohexaneethanol-12.7%, with the same oxygen contents (1.74%), their soot 
suppression clearly outweighs the associated NOx penalty at low temperatures / 
NOx levels, while the inverse appears to be true at high combustion 
temperatures/ NOx levels. Fortunately, there is a trend towards low temperature 
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combustion in diesel engines, suggesting there might be potential interest in low 
CN oxygenated fuels for such applications. Unfortunately, a negative effect of 
the cyclohexaneethanol-32% to NOx emission appears clearly because of the 
exceptional high oxygen content of 4.6%. It indicates that the function of oxygen 
for rich NOx formation suppresses the function of lower CN for lower 
temperature combustion and therefore the lower NOx formation. It implies that 
the oxygen percentage should be controlled to a certain amount while it will 
decrease the CN eventually, so we have to make a compromise between the 
lower CN and oxygen contents for the alternative fuels/blends. 

5.3.5 Summary 

From the results and discussion the following points are drawn. 

1) Penalties in gravimetric fuel consumption (e.g. ISFC) for the oxygenate 
blends are typically inevitable, given their oxygen-related reduced LHV. 
The penalties, however, where considerably lower for the EGR experiments, 
suggesting that engine efficiency in low temperature combustion mode, 
contrary to diffusion controlled combustion for the non-EGR points, 
benefits from lower CN fuels. 

2) End-users pay for liters not kilograms at the petrol station. It is therefore of 
interest to evaluate volumetric fuel consumption as well. Owing to their 
substantially higher densities, particularly the case for 2-phenylethanol, 
ISFC by volume shows lower penalties for the oxygenates in the non-EGR 
mode and even lower fuel consumption than neat diesel when EGR is 
applied. The aromatic oxygenate outperforms in the EGR operation points, 
in particular for near stoichiometric combustion. 

3) With respect to soot and NOx, in non-EGR mode, fuel identity appears to 
become masked, with all fuels showing similar NOx-soot trade-offs, with 
the oxygenates, particularly the low CN blends, generally performing worse 
than the reference neat diesel fuel. Conversely, as combustion shifts from 
diffusion to more premixed (e.g. low temperature) in EGR mode, the NOx-
soot trade-off clearly benefits from the presence of fuel oxygen and low CN 
of the oxygenates with the latter parameter appearing the more dominant 
factor. Compared to the two saturated cyclic blends, the aromatic blend 
shows a markedly better NOx-Soot trade-off in the presence of EGR and 
the lowest penalties in non-EGR mode. 

4) Overall, lower CN oxygenates appear more beneficial for the NOx-soot 
trade-off than higher fuel oxygen. It implies that further processing of 
aromatic oxygenates by means of hydro-treating to saturated rings is not 
only expensive, but also disadvantageous for the NOx-Soot trade-off, 
especially for EGR operation. Moreover, because the traditional non-EGR 
or less EGR diesel combustion mode is gradually being phased out by high 
EGR for more premixed combustion and lower temperature combustion 
modes (e.g. PCCI and HCCI), the NOx-Soot trade-off benefits from 
aromatic bio-fuels mentioned in this research could prove quite promising.  
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5.4 Conclusions 

In this chapter, a lignin monomer 2-phenyl ethanol is benchmarked against is 
saturated equivalent cyclohexane ethanol.  As these oxygenates vary in both CN 
and oxygen concentration, blends were prepared both at equal fuel oxygen or 
CN. The emission and performance of these blends with two series of oxygenate 
percentages have been measured and analyzed by two kinds of measurement 
strategies in this chapter. The results demonstrate that further processing of 
aromatic oxygenates by means of hydro-treating to saturated rings is not only 
expensive, but also disadvantageous for the NOx-soot trade-off. 

 



Chapter 6 

83 

Chapter 6 

 

The Effect of the Position of Oxygen Group to the 
Aromatic Ring to Emission Performance in a 

Heavy-Duty Diesel Engine 

 

Follow the results in chapter 5, it is far more economical to focus on aromatic 
end-products. In this chapter, we therefore focus on different aromatic fuels. The 
purpose of this chapter is to assess the impact of the position of the functional 
oxygen group relative to the aromatic ring. The aromatics in question, anisole, 
benzyl alcohol and 2-phenyl ethanol, have similar heating values and CN, but 
differ in the type of functional oxygen group attached to the aromatic ring. 

 

This chapter is taken from the following two publications: 

1) For section 6.2, 

Zhou, L., Boot, M.D. & Goey, L.P.H. de (2012).  

“The effect of the position of oxygen group to the aromatic ring to emission 

performance in a heavy-duty biodiesel engine”. SAE International 

Journal of Fuels and Lubricants. 5 (2012) 1216-1239. 

2) For section 6.3, 

Zhou, L., Boot, M.D., Johansson, B.H. & Reijnders, J.J.E. (2014).  

“Performance of lignin derived aromatic oxygenates in a heavy-duty diesel 

engine”. Fuel. 115(2014) 469-478. 

Minor edits have been made to improve the quality. 
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6.1 Fuels 

Lignin, a biomass waste stream currently burnt in paper mills and cellulosic 
ethanol plants for process heat and electricity, has a unique poly-aromatic 
structure (Figure 6-1).  What is more, this second generation form of biomass is 
the only large-scale renewable feedstock for aromatics. Accordingly, if 
renewable aromatics are desired, it is desired that lignin no longer be burnt for 
low value process heat, but rather be depolymerized into useful (mono) aromatic 
base chemicals for the chemical industry. It is further foreseeable that in such a 
lignin-based refinery there will be a significant side stream of aromatics for fuel 
applications (Figure 6-1). Against this background, it is worthwhile to study how 
such aromatic compounds will affect engine performance. 

This work will not deal with the depolymerization method itself, but rather 
assume that such a method will eventually become available on a commercial 
scale to supply the chemical industry with highly desired renewable aromatic 
base chemicals. 

 

Figure 6- 1 Lignin and optional monomers for transport fuel applications 

In this chapter, the fuels are confined to the aromatic oxygenates, they are 
anisole, benzyl alcohol and 2-phenyl ethanol. All of which are considered to be 
of a low toxicity, given that the U.S. Food and Drug Administration (FDA Part 
172, Subpart F) [14] has approved their use as food additives for direct addition 
to food for human consumption.  Relevant physical properties and heating 
values are presented in Table 6-1. 

From Table 6-1, it can be inferred that the boiling points of the neat oxygenates 
are on the low side of the diesel boiling range and that their gravimetric heating 
values are considerably lower than is the case for diesel. The heating values per 
volume are similar though. 
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Table 6-1 Physical properties and heating value for the neat compounds 

Name of Fuel Diesel (EN590)  Anisole Benzyl 
alcohol 

2-Phenyl 
ethanol 

  
   

CAS no. - 100-66-3 100-51-6 60-12-8 

Scent/odor - Anise Jasmine Rose 

Molecular formula - C7H8O C7H8O C8H10O 

Density (at 300K) 
[kg/L] 0.830 0.995 1.044 1.017 

Initial / final boiling 
point [K] 443 / 634 427 478 493 

Molar Mass  
[kg/mol] 0.233 0.108 0.108 0.122 

HHV  
[MJ/kg] 44.50 34.97 34.56 36.90 

LHV  
[MJ/kg] 41.50 33.46 33.05 34.24  

LHV 
[MJ/L] 34.45 33.29 34.50 34.82 
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6.2 Investigations by measurement strategy 1 

6.2.1 Earlier studies 

This study builds on earlier work on cyclic oxygenates. In [15], the authors 
compare the soot-NOx trade-off for various classes of oxygenates and conclude 
that, given a fixed fuel oxygen content, cyclic oxygenates consistently 
outperform their linear and branched counterparts. In this work, a correlation is 
presented which shows better emission behavior for lower blend cetane numbers 
(CN), thereby offering a possible explanation for the above par performance of 
the inherently low reactive cyclic compounds.   

Later, in [70], the authors compare aromatic vs. saturated cyclic oxygenates and 
report comparable emission behavior between the two. From a production point 
of view, starting from lignin – itself a polymer of aromatic oxygenates – it would 
be far more economical to focus on aromatic end-products.  Saturated 
compounds, conversely, would require large amounts of expensive hydrogen to 
produce. Accordingly, this line of research will focus primarily on aromatic 
oxygenates. 

It is known from literature that there exists a strong connection between fuel 
molecular structure and the soot formation mechanism [100-102]. In general, 
compared with saturated hydrocarbons, soot production of fuels with unsaturated 
(e.g. double, triple or aromatic carbon-carbon bonds) are relatively high. 

Some studies [107, 109] have also shown the positive influence of oxygen 
content in the fuel on the emission behavior. Soot formation can be reduced 
more or less linearly with increasing oxygen content. Since the carbon atoms are 
partly bounded to the oxygen atoms already in the fuel, the formation of mono-
aromatics, notable soot precursors, can be suppressed.  

Though aromatics and oxygenates in general have been extensively researched, 
it is difficult to find studies that focus on aromatic oxygenates. Admittedly, 
intentionally adding aromatic compounds to diesel fuel with the purpose of 
lowering soot emissions is counterintuitive. Nonetheless, positive results in 
earlier work and the widely available and generally overlooked (e.g. for 
transport fuel applications) lignin feedstock warrant further investigation into the 
use of aromatic oxygenates in diesel engines. 

Given the heterogeneous nature of lignin, it is important to investigate various 
types of aromatic oxygenates in order to learn which compounds should be 
targeted in a future lignin refinery. This study will investigate how the position 
of the functional oxygen group to the aromatic ring impacts overall engine 
behavior in a modern DAF heavy-duty diesel engine. 

6.2.2 Blending methods 

The three oxygenates are subsequently blended to commercial diesel (EN590) to 
an equal fuel oxygen content of 2.59 wt.-% (Table 6-2). Fortunately, albeit 
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coincidental, there is a nice match for the CN as well. The methodology for the 
evaluation of the Lower Heating Value (LHV), Cetane Number (CN) and 
stoichiometric ratio can be found in the Appendix. 

Table 6-2 Blend properties of test fuels (for measurement strategy 1) 

Name of Blend Diesel (EN590) Anisole-
15% 

Benzyl alcohol-
14.4% 

2-Phenyl ethanol-
16.7% 

Base Fuel Diesel Diesel Diesel Diesel 

Base Fuel  
[vol.-%] 100 85 85.6 83.3 

Oxygenate - Anisole Benzyl alcohol 2-phenyl ethanol 

Concentration 
[vol.-%] - 15 14.4 16.7 

Oxygen  
[wt.-%] - 2.59 2.59 2.59 

Density  
[kg/l] 0.830 0.855 0.862 0.861 

Calculated LHV 
[MJ/kg] 41.5 39.0 38.8 39.2 

LHV [MJ/kg]  
Vs.diesel [%] - -6.0 -6.5 -6.5 

Calculated LHV 
[MJ/l] 34.4 33.3 33.4 33.8 

LHV [MJ/l]  
vs.diesel [%] - -3.2 -2.9 -1.7 

Calculated CN  

[-] 
56 41 41 41 

CN vs. diesel  
[-] - -15 -15 -15 

The stoichiometric ratios of blends are listed in Table 6-3. Note that the values 
for the three mixtures are almost identical. 

Table 6-3 Calculated stoichiometric ratio of the blends (for measurement strategy 1) 

Blend Diesel (EN590) Anisole-
15%  

Benzyl alcohol-
14.4% 

2-Phenyl ethanol-
16.7% 

Base Fuel Diesel Diesel Diesel Diesel 

Additive Diesel Anisole Benzyl alcohol 2-Phenyl ethanol 

Stoichiometric ratio of 
additive 14.3 10.8 10.8 11.3 

Stoichiometric ratio of 
blend 14.3 13.8 13.8 13.8 
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6.2.3 Result and Discussion 

All tests are performed on CYCLOPS by measurement strategy 1(see Figure II-1 
and Table II-1). The operation matrix was in Table II-2 in the prelude section of 
Part II. 

SOOT-NOX TRADE-OFF 

  
Figure 6-2 NOx vs. soot emission at 7.5 bar 

gross IMEP, no EGR, and lambda=1.45 

Figure 6-3 NOx vs. soot emission at 12 bar 

gross IMEP, no EGR, and lambda=1.60 

 

  
Figure 6-4 NOx vs. soot emission at 7.5 bar 

gross IMEP, 30 wt%  EGR, and lambda=1.00 

Figure 6-5 NOx vs. soot emission at 12 bar 

gross IMEP, 30 wt%  EGR, and lambda=1.15 

As shown in Figures 6-2 thru 6-5, the soot emissions of the three oxygenates 
blends, for a given fuel injection timing, are consistently lower than is the case 
for diesel. NOx, conversely, is generally slightly higher for a given timing. 
Lower soot at the expense of NOx is expected behavior for lower CN fuels, 
given a more pronounced premixed combustion phase incurred by the inherently 
longer ignition delay. Although all fuels show comparable soot-NOx trends on a 
qualitatively level, the curves for the oxygenates are more favorable in absolute 
terms. 
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Fig 6-6 Normalized Soot Emission (Soot 

emission of pure diesel=1.0) at 7.5 bar gross 

IMEP, no EGR and lambda=1.45 

Fig 6-7 Normalized Soot Emission (Soot 

emission of pure diesel=1.0) at 12 bar gross 

IMEP, no EGR and lambda=1.60 

 

  
Fig 6-8 Normalized Soot Emission (Soot 

emission of pure diesel=1.0) at 7.5 bar gross 

IMEP, 30 wt% EGR, and lambda=1.00 

Fig 6-9 Normalized Soot Emission (Soot 

emission of pure diesel=1.0) at 12 bar gross 

IMEP, 30 wt% EGR, and lambda=1.15 

Generally, in the operation points without EGR, an increase in the distance 
between oxygen and the ring, will lead to lower soot with often only a marginal 
sacrifice of NOx. Moreover, it should be noticed that the oxygen atom is in 
different functional groups (ether and alcohols) in these oxygenates, this 
difference may also contribute to the lower soot seen for anisole (ether). In the 
operation points with EGR, this order of soot reduction still holds, but now 
appears to come at a far clearer expense of NOx. From earlier work on 
oxygenates [15, 70] it is known that fuel identity is more apparent at the lower 
combustion temperatures that result from EGR. For reasons of clarity, the 
normalized soot emissions are presented in Figures 6-6 to 6-9. 

ISFC IN TERMS OF MASS AND IGNITION DELAYS 

Ideally, an improvement in the soot-NOx trade-off should be realized at no 
expense of fuel economy. As could be expected in light of the presence of 
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oxygen, this is not the case for the aromatic oxygenates (Figures 6-10 thru 6-13). 
A compounding adverse factor intrinsic to aromatics is their relatively low H/C-
ratio due to the aromatic carbon-carbon bonds.  

 
 

Figure 6-10 Fuel consumption  and ignition 

delay at 7.5 bar gross IMEP, no EGR, and 

lambda=1.45 

Figure 6-11 Fuel consumption  and ignition 

delay at 12 bar gross IMEP, no EGR, and 

lambda=1.60 

 

 
 

Figure 6-12 Fuel consumption and ignition 

delay at 7.5 bar gross IMEP, 30 wt% EGR, 

and lambda=1.00 

Figure 6-13 Fuel consumption and ignition 

delay at 12 bar gross IMEP, 30 wt% EGR, 

and lambda=1.15 

Compared to the base fuel, the studied oxygenated blends have a reduced 
gravimetric lower heating value (LHV) of 6.0%, 6.5% and 6.5%, respectively 
(Table 6-2). Based on this decrease in LHV, penalties in indicated specific fuel 
consumption (ISFC) could be expected in the order of 7-9, 8-10 and 7-9 g/kWh 
for anisole, benzyl alcohol and 2-phenyl ethanol, respectively. However, from 
Figures 6-10~6-13, it becomes clear that the penalty in fuel consumption 
incurred with the aromatic oxygenates is in all cases lower than could be 
expected based solely on the difference in LHV.  While all oxygenates have 
consistently longer ignition delays than diesel fuel, the delays are not equal for 
all oxygenates, an equal (calculated) CN notwithstanding. Coming back to 
emission trends discussed earlier, the generally higher NOx and lower soot seen 
for 2-phenyl ethanol is more or less in line with what could be expected given 
the fact that this oxygenate has on average the longest ignition delays of the 
three.  
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Figure 6-14 Fuel consumption by heating 

value at 7.5 bar gross IMEP, no EGR, and 

lambda=1.45 

Figure 6-15 Fuel consumption by heating 

value at 12 bar gross IMEP, no EGR, and 

lambda=1.60 

 

  
Figure 6-16 Fuel consumption by heating 

value at 7.5 bar gross IMEP, 30 wt% EGR, 

and lambda=1.00 

Figure 6-17 Fuel consumption by heating 

value at 12 bar gross IMEP, 30 wt% EGR, 

and lambda=1.15 

ISFC IN TERMS OF CHEMICAL ENERGY 

As is well-known for lower CN fuels, and clearly visible in Figures 6-14 to 6-17, 
the low reactive oxygenated blends show an improved ISFC in terms of energy 
or, in other words, an improved thermodynamic efficiency. Longer ignition 
delays lead to more premixing and hence a more rapid overall combustion event. 
The aforementioned penalty in NOx is a tell-tale marker in this regard. But, 
again, unexpected behavior is observed for benzyl alcohol, which has the best 
ISFC in terms of chemical energy, but the shortest ignition delays of the three. 
Moreover, this appears to be the case irrespective of operating conditions. 
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ISFC IN TERMS OF VOLUME 

 
  
Figure 6-18 Fuel consumption by volume at 

7.5 bar gross IMEP, no EGR, and 

lambda=1.45 

Figure 6-19 Fuel consumption by volume at 

12 bar gross IMEP, no EGR, and 

lambda=1.60 

 

  
Figure 6-20 Fuel consumption by volume at 

7.5 bar gross IMEP, 30 wt% EGR, and 

lambda=1.00 

Figure 6-21 Fuel consumption by volume at 

12 bar gross IMEP, 30 wt% EGR, and 

lambda=1.15 

Because the road transport sector typically pays for fuel on a volumetric basis, 
the ISFC is presented in terms of volume in Figures 6-18~6-21. It is evident 
from these Figures that in most cases the ISFC of 2-phenyl ethanol and anisole 
are comparable to that of diesel fuel. In line with the previous section, but 
amplified by its relatively high density, benzyl alcohol consistently outperforms 
all fuels. Compared to the diesel benchmark, the improvement is typically 
around 2% and more or less irrespective of operating conditions. 

6.2.4 Summary 

Based on the results, the main points could be summarized as following: 
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1) When blended to diesel fuel the investigated aromatic oxygenates 
consistently lead to lower soot at the expense of higher NOx.  

2) In general, the soot-NOx trade-off is improved by the presence of aromatic 
oxygenates in the fuel. 

3) There appears to be a correlation between the position of the functional 
oxygen group to the aromatic ring and the soot-NOx trade-off, with a further 
position leading to lower soot and slightly higher NOx. 

4) All oxygenates show a penalty in ISFC in terms of mass, although the 
penalty is less than could be expected based on the penalty in heating value. 

5) An explanation for this can be found by studying the ISFC in terms of 
chemical energy. Here, it can be seen that the lower CN, owing most likely 
to their longer incurred ignition delays and hence more pronounced 
premixing phase, have more favorable thermodynamic efficiencies. 

6) Benzyl alcohol appears to perform better than expected, having the best 
thermodynamic efficiencies, but the shortest ignition delays of the three 
oxygenate. 

7) When looking at the ISFC in terms of volume, likely the most relevant 
expression in practice for the consumer, anisole and 2-phenyl ethanol show 
comparable efficiencies when compared to diesel. Benzyl alcohol clearly 
outperforms the rest, averaging more than 2% higher efficiency compared to 
the rest. 

6.3 Investigations by measurement strategy 2 

6.3.1 Earlier studies 

This study builds on earlier work on (aromatic) cyclic oxygenates as shown in 
the previous section. From its results, it becomes clear that both the soot-NOx 
trade-off and fuel economy are improved for all oxygenates in all investigated 
operation points. In general, the improvement in the soot-NOx trade-off 
correlates with the number of carbon atoms which are separating the oxygen 
atom from the ring (e.g. 0 and 2 for anisole and 2-phenylethanol, respectively). 
Overall better soot-NOx trade-offs were observed for a greater number of carbon 
atoms separating aforementioned groups.  

However, in the section 6.2, the number of operation points was quite limited, so 
this paper examines a far wider window of engine operation. Two parametric 
variations of engine operation will be presented for λ; one is non-EGR operation, 
by means of varying the load via injection duration/quantity and the other is 
EGR operation, by gradually increasing the level of Exhaust Gas Recirculation 
(EGR). The main purpose of this work is not only to evaluate the impact of EGR 
on overall engine performance, while using diesel as well as oxygenate blends, 
but also to  investigate the effect of oxygenate molecular structures on the 
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characteristics of CI engine running in a wider operation range. The discussion 
on fuel consumption and engine efficiency are also treated. Moreover, the soot-
NOx trade-off will be analyzed in detail by dividing the combustion conditions 
into three distinct regimes, varying from rich to lean mixtures.  

6.3.2 Blending methods 

This study will not investigate the effects of density and boiling behavior on the 
emissions performance. It is assumed here that the chemical properties listed 
below (Table 6-4) are chiefly responsible for the difference in overall 
performance with respect to conventional diesel fuel. The methodology for the 
evaluation of the Lower Heating Value (LHV), Cetane Number (CN) and 
stoichiometric ratio can be found in the Appendix. 

Table 6-4 Blend properties of test fuels/blends (for measurement strategy 2) 

Name of Blend Diesel 
(EN590) Anisole-10% Benzyl alcohol-9.6% 2-Phenyl 

ethanol-11.1% 

Base Fuel Diesel 

Base Fuel  
[vol.-%] 100 90 90.4 88.9 

Oxygenate - Anisole Benzyl alcohol 2-phenyl 
ethanol 

Concentration  
[vol.-%] - 10 9.6 11.1 

Oxygen  
[wt.-%] - 1.74 1.74 1.74 

Density  
[kg/l] 0.830 0.846 0.851 0.851 

Calculated LHV 
[MJ/kg] 41.5 39.7 39.6 39.9 

LHV [MJ/kg]  
vs. diesel [%] - -1.8 -1.9 -1.6 

Calculated LHV 
[MJ/l] 34.4 33.6 33.7 34.0 

LHV [MJ/l]  
vs. diesel [%] - -2.4 -2.0 -1.3 

Calculated CN  

[-] 
56 45 46 45 

CN vs. diesel  
[-] - -11 -10 -11 

 

The stoichiometric ratios are listed in Table 6-6. Note that the values for the 
three mixtures are almost identical. 
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Table 6-5 Calculated stoichiometric ratios of the blends (for measurement strategy 2) 

Blend Diesel 
(EN590) Anisole-10% Benzyl alcohol-9.6% 2-Phenyl ethanol-11.1% 

Base Fuel Diesel 

Additive Diesel Anisole Benzyl alcohol 2-Phenyl ethanol 

Stoichiometric 
ratio of additive 14.300 10.832 10.832 11.282 

Stoichiometric 
ratio of blend 14.300 13.95 13.97 13.97 

 

6.3.3 Results and discussions 

These measurements have been performed on CYCLOPS (see Figure II-1 and 
Table II-1) by measurement strategy 2. The details of the measurement strategy 
have been shown in Figure II-2 in the prelude section of Part II. 

First, the measurement accuracy has been checked by considering the variation 
of the CA50, which is the key control factor in this study. In all cases, we 
evaluate the combustion phasing by studying the Ignition Delay (ID), Burn 
Duration (BD) and Heat Release Rate (HRR).  

CA50 AND LOAD CONTROL 

 
 

Figure 6-22 Phasing of 50% heat released Figure 6-23 IMEP for operation of non-EGR 

(unfilled markers) and EGR (filled markers) 

The CA50 is controlled during the measurements. It is determined by taking the 
middle point of cumulative heat release rate, derived from the measured cylinder 
pressure trace. As shown in Figure 6-22, the variations in CA50 are minimized 
to within ±0.8 °CA for the non-EGR operation and ±1.2 °CA for the EGR 
operation. In Figure 6-23, it can be seen that for the EGR condition, load is kept 
as constant as possible at IMEP = 5.5 bar. Only for the λ close to 1 does the load 
begins to deviate at an unacceptable 10% decrease. Also seen from Figure 6-23, 
the IMEP goes to 8.5 bar with a high fueling rate at λ = 1.1 in non-EGR 
operation.  
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In fact, the fixing of CA50 is realized by a variation of the Start of Injection 
(SOI). As shown in Figure 6-24, the SOI is almost constant at TDC, for λ > 2.0, 
but it advances with the decreasing of λ when λ < 2.0, and it decreases more 
rapidly still when EGR is applied. The EGR percentage and intake-oxygen 
percentage have been shown in Figure 6-25. Based on Figures 6-23 to 6-25, the 
high λ (λ = 2.0) points for the EGR sweep and those of the non-EGR sweep for λ 
= 2.0 have the same IMEP, where the EGR sweep starts with zero EGR.  

  
Figure 6-24 Start of Injection (SOI)  Figure 6-25 EGR Flow and Intake oxygen  

COMBUSTION PHASING 

As shown in Figure 6-26, in the non-EGR, the ID’s of all fuels are increasing 
proportionately with λ. Moreover, the ID’s of all oxygenate blends are longer 
than that of diesel, which is in-line with the calculated blend CN’s (Table 6-4). 
The ID of the anisole blend is almost equal to that of benzyl alcohol blend, while 
the ID of 2-phenyl ethanol blend is marginally longer (0.2 CA ~ 0.25 CA). From 
Figure 2-27, in the EGR operation, the difference between the ID of 2-phenyl 
ethanol and other blends becomes larger, especially when close to the 
stoichiometric combustion regime. Similar to the results shown in the non-EGR 
operation, the ID of anisole is similar to that of benzyl alcohol, but both of them 
decrease to that of diesel when the mixtures become richer.  

  
Figure 6-26 Ignition Delay (non-EGR) Figure 6-27 Ignition Delay (EGR)  

As shown in Figure 6-26, in the non-EGR, the ID’s of all fuels are increasing 
proportionately with λ. Moreover, the ID’s of all oxygenate blends are longer 
than that of diesel, which is in-line with the calculated blend CN’s (Table 6-4). 
The ID of the anisole blend is almost equal to that of benzyl alcohol blend, while 
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the ID of 2-phenyl ethanol blend is marginally longer (0.2 CA ~ 0.25 CA). In 
Figure 6-27 can be seen that, in the EGR mode, the difference between the ID of 
2-phenyl ethanol and other blends becomes larger, especially in the range of λ 
=1.3~1.6. However, when closer to stoichiometric conditions, the ID’s for all of 
the fuels/blends convergence. Similar to the results shown in the non-EGR 
operation, the ID of anisole is the similar to that of benzyl alcohol, but both of 
them decrease to that of diesel when the mixtures become richer.  

Because the engine load is fixed for the EGR sweep, the ID of all blends/fuels 
increases with decreasing λ for λ < 2.1, which is the opposite trend compared to 
the non-EGR operation. As shown in Figure 6-28, five representative operation 
points have been selected from five operating regimes, respectively. In non-EGR 
cases, the ID’s of all oxygenate blends are longer than those of diesel, which is 
in-line with the calculated blend CN’s. Conversely, in EGR operation, the ID’s 
of all fuels/blends are unrelated to the trends in CN.  

 

 

  

  

non-EGR operation points EGR operation points 

Figure 6-28 Ignition Delay compared to Cetane Number 
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In order to acquire further insight into the combustion behavior of the 
oxygenated blends, so as to explain this unexpected difference between EGR 
operation and non-EGR operation, HRR curves have been plotted. In Figure 6-
29, the differences in HRR curves between the non-EGR operation points and 
EGR operation points can be investigated for lean combustion conditions. Due 
to EGR, the peak pressure increases for all fuels as a result of a longer ID, this 
manifests in a higher premixed fraction and associated premixed burn spike and 
shorter BD. Consequently, the premixed burn peak occurs later than the case in 
non-EGR while the CA50 is constant. Again, the peak is lowest for diesel, with 
only marginal nuances visible amongst the oxygenates for both EGR and non-
EGR combustion. Most notably, being the slightly higher peak as well as later 
premixed combustion spike seen for 2-phenyl ethanol, partly confirmed by the 
longer ID, as reported earlier.  As can be seen in Figure 6-30, which shows 
comparable curves, but now at more rich conditions, similar trends can be 
observed. 

 

Figure 6-29 Heat Release Rate at lean combustion  

 

Figure 6-30 Heat Release Rate at close to stoichiometric combustion  
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The Burn Duration (BD) is shown in Figure 6-31 and Figure 6-32. In the non-
EGR operation, the BD of all oxygenated blends and diesel decreases for highly 
diluted mixtures. Moreover, the BD for diesel is longer than that of the 
oxygenated blends. In addition, no significant difference could be found 
amongst the three oxygenated blends with respect to BD. However, the BD of 2-
phenyl ethanol blend becomes shorter than that of the other two oxygenate 
blends when λ falls below 2.1, which is similar to the corresponding mixture 
concentration condition in the EGR operation (Figure 6-32) and could be 
expected based on the aforementioned slightly longer ID.  Similarly, from Figure 
6-32 it can be seen that the BD of pure diesel is higher than that of the 
oxygenated blends and that there is no apparent gap between the BD of the 
anisole and benzyl alcohol blends. 

  
Figure 6-31 Burn Duration (non-EGR) Figure 6-32 Burn Duration (EGR)  

SOOT-NOX TRADE-OFF 

Improving the soot-NOx trade-off is one of the most important goals in diesel 
engine research and it is well-known that this trade-off hinges heavily on fuel 
molecular structure [101, 102]. Moreover, the use of EGR to reduce NOx 
emissions from diesel engines has been investigated extensively before [102, 
106].  

 

Figure 6-33 NOx vs. soot emissions at close to stoichiometric combustion with and without 

EGR (λ=1.0~1.5) 

From Figure 6-33, it becomes clear that when running without EGR (open 
symbols), with high combustion temperatures and NOx levels as a result, all fuel 
curves fall neatly onto on narrow trade-off area. It may be concluded that no one 
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fuel stands out, underlining that fuel identity is essentially masked, large 
difference in chemical fuel properties notwithstanding.  

  
Figure 6-34a NOx vs. soot emissions at close 

to stoichiometric combustion (λ=1.0~1.5) 

without EGR (zoomed in from Figure 6-33) 

Figure 6-34b NOx vs. soot emissions at close 

to stoichiometric combustion (λ=1.0~1.5) 

with EGR (zoomed in from Figure 6-33) 

According to the theory mentioned earlier, the oxygenates are far less reactive, 
manifesting in longer ignition delays, so they should typically generate more 
NOx and less soot than the more reactive, neat diesel at a given operating 
conditions. Figure 6-34a provides a confirmation for this as the points of diesel 
are located at the left-top corner for each operating condition (see the rectangle 
box). The trade-off between the two emissions however is not impacted by this 
in the least. In other words, when operating without EGR, the results suggest 
that the benefit of the emission from the oxygenates are not remarkable. 

When operating with EGR conversely (Figure 6-33 and 6-34b), large differences 
are seen between the fuels. All initially show similar behavior with respect to 
classical trade-off curves, which eventually peak and fall as high EGR levels 
increases the ID so that it becomes comparable with the injection duration, and 
the combustion mode shifts into the premixed combustion mode. That said, the 
curves of the oxygenates are greatly improved with respect to diesel. No clear 
distinction can be made amongst the oxygenates. 

 
 

Figure 6-35 NOx Vs soot emissions at lean 

combustion (λ=1.5~2.1) 

Figure 6-36 NOx Vs soot emissions in non-

EGR operation at highly diluted combustion 

(λ>2.1) 
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In Figure 6-35, the trade-offs are plotted for lean combustion conditions. With 
EGR (Figure 6-35), oxygenates show better curves than diesel, albeit far less 
pronounced than seen earlier for close to stoichiometric combustion (Figure 6-
34). Without EGR, the oxygenates even perform slightly worse than diesel. The 
better performance of diesel is greater still at leaner conditions (Figure 6-36). In 
all cases, it is difficult to properly discern between the oxygenates themselves.  

When studying Figures 6-33 to 6-36 more carefully, a higher order trend comes 
to light. In non-EGR mode, comparing the three oxygenates, the soot emissions 
of 2-phenyl ethanol, which has the longest distance between the oxygen group 
and aromatic ring, is highest. When combustion is relatively lean, benzyl alcohol 
shows the best soot-NOx trade-offs. The benefit with respect to the soot-NOx 
trade-off of the low CN oxygenates compared to the high CN diesel is most 
pronounced for low temperature combustion. As combustion temperatures 
increase for whatever reason, be it by a change in load or EGR, fuel identity 
eventually becomes masked with all fuels showing similar curves. For higher 
combustion temperatures still, the trend even reverses as diesel starts to 
outperform the oxygenates.  

It is known that, compared to diesel fuel, both lower CN and fuel oxygen 
suppresses soot emissions as well as increase NOx. At low temperatures / NOx 
levels soot suppression clearly outweighs the associated NOx penalty. At high 
combustion temperatures/ NOx levels the inverse appears to be true. Fortunately, 
there is a trend towards low temperature combustion in diesel engines, 
suggesting that there might be potential interest in low CN oxygenated fuels for 
such applications. For older and even conventional engines that operate without 
EGR, the results suggest that there is no overall emission benefit by using such 
fuels. 

EFFICIENCY 

Ideally, an improvement in the soot-NOx trade-off should be realized at no 
expense of fuel economy. However, the adverse effect of fuel oxygen on the 
heating value typically means that this is difficult to realize for oxygenates. As 
shown in the Table 6-4, compared to neat diesel, the studied oxygenated blends 
have a reduced gravimetric LHV of 1.8%, 1.9% and 1.6% respectively, which is 
more or less in line with the fuel oxygen content in the blends of 1.74 wt.-%.  

Due to the decrease in LHV of the oxygenate blends, penalties in ISFC are 
expected, which are indeed observed in Figure 6-37. In general, the ISFC of 
diesel is lower than that of all oxygenate blends. The fuel consumption of the 
oxygenate blends are slightly higher (1% ~ 3%) than that of the diesel when the 
engine is running in non-EGR operation. For EGR operation, the IFSC penalty 
for the oxygenates is less pronounced and varies between 0.5% ~ 1% when λ > 
1.5. On average, the 2-phenyl ethanol blend performs worst amongst the 
oxygenates both in the non-EGR and EGR operating points.  
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Similar to the discussion on the soot-NOx trade-off, the oxygenates perform best 
at low combustion temperatures. Fuel consumption actually improves for the 
oxygenates as lambda moves towards stoichiometric conditions as a 
consequence of high EGR. Conversely, for lean conditions without EGR, the 
oxygenates perform considerable worse than neat diesel fuel (see Figure 5-37b). 

  
Figure 6-37a ISFC by mass (non-EGR) Figure 6-37b ISFC by mass (EGR) 

Although in scientific work ISFC is plotted gravimetrically (Figure 6-37), in 
reality end-users pay per liter. Given the exceptionally high densities of the 
aromatic oxygenates it is therefore of interest to investigate how ISFC is affected 
when expressed in volumetric terms. In Figure 6-38, the ISFC is plotted relative 
to volume, resulting in markedly lower penalties for the oxygenates in the non-
EGR cases and even equal or slightly better performance than diesel is observed 
for anisole and benzyl alcohol when λ< 2. Moreover, improved benefits of 1~ 4% 
for volumetric ISFC have been realized when EGR is added. Benefits are most 
pronounced for near stoichiometric combustion. 

  
Figure 6-38a ISFC by volume(non-EGR) Figure 6-38b ISFC by volume (EGR) 

In Figure 6-39, the causality behind the ISFC is further investigated in an 
indicated efficiency plot. From these curves, it becomes clear that in nearly all 
instances the low CN oxygenates yield higher efficiencies compared to neat 
diesel. Notable exception is 2-phenyl ethanol for lean combustion conditions. 
Benzyl alcohol blend is the best performing oxygenates, with efficiency 
decreasing in the order:  ηi_benzyl alcohol > ηi_anisole > ηi_2-phenyl ethanol.  
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Figure 6-39a  Indicated Efficiency (non-

EGR) 

Figure 6-39b  Indicated Efficiency (EGR) 

HC AND CO EMISSION 

Finally, CO and HC emission data are presented.  With respect to CO emissions 
(Figure 6-40), similar trends can be observed for all oxygenated blends and neat 
diesel, irrespective of EGR level or prevailing λ. For all fuels a clear optimum is 
visible, with higher CO emissions seen for lean and overly close to 
stoichiometric conditions in particular. The optimum is located for all fuels 
around λ = 2.0. Striking is the fact that CO emissions remain unaffected when 
switching from non-EGR to EGR combustion and seems only to depend on the 
lambda value.  

 

Figure 6-40 CO emissions 

  
Figure 6-41a  HC emissions Figure 6-41b  HC emissions (λ > 1.1) 

(zoomed in from Figure 6-41a) 

Conversely, with respect to HC emissions (Figure 6-41a), save for the high HC 
emissions seen for diesel and 2-phenyl ethanol at near stoichiometric conditions 
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(λ<1.2), all oxygenates perform worse than diesel when EGR is applied(see 
Figure 6-42b). The opposite order of performance is true for operation without 
EGR. Possibly, with EGR and near stoichiometric combustion, conditions occur 
wherein the ignition delay is so long that excessive premixing occurs 
manifesting in incomplete combustion, due to the occurrence regions near the 
edges of the fuel jets that are overly lean (and with EGR overly dilute).  These 
overly mixed regions may lead to increased CO emissions first due to lower 
combustion temperatures and subsequently to higher HC emissions only in the 
most extreme overly mixed regions.  Thus, the lack of increase in CO emissions 
in this research implies that some other pathway (e.g. wall impingement) might 
be causing the higher HC for the oxygenates.   

6.3.4 Summary 

Based on the results and discussion thereof, the main points have been drawn as 
follows:  

1) A two-stage combustion process with characteristic premixed spike was 
found for all of oxygenated blends as well as for neat diesel in non-EGR 
operation mode, but became less distinguishable when increasing the EGR 
level.  

2) EGR plays a very important role in lowering soot emissions for all fuel.  
Pertaining to the oxygenated blends, no clear distinction can be made 
amongst the oxygenates with respect to the soot-NOx trade-off.   

3) In the non-EGR operation, amongst the three oxygenate blends, the soot 
emissions of 2-phenyl ethanol, which has the longest distance between the 
oxygen group and aromatic ring, is highest. Particularly, at lean combustion, 
one could argue that benzyl alcohol shows best benefit from both the soot 
emission and the NOx emission among oxygenate blends.  

4) In terms of ISFC by volume, in the non-EGR operation, benzyl alcohol and 
anisole are comparable to or even lower than that of diesel in close to 
stoichiometric combustion. In the EGR operation, compared to the diesel, an 
improvements in volumetric ISFC is realized for the oxygenates, with 
benzyl alcohol consistently outperforming other oxygenates.  

5) The oxygenate blends are better than diesel in terms of Indicated Thermal 
Efficiency (ηi) when the λ < 2.0 in both the non-EGR and EGR operation. 
Moreover, benzyl alcohol blend is the best one in the order of ηi:  ηi_benzyl 
alcohol > ηi_anisole > ηi_2-phenyl ethanol. Whereas the 2-phenyl ethanol 
blend shows the lowest Indicated Efficiency even lower than that of the 
diesel at the leaner combustion (λ > 2.0).  
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6.4 Conclusions 

In this chapter, three kinds of aromatic oxygenates have been blended in diesel 
with two series of oxygenate percentages, and their emission and performance 
have been measured and analyzed by two kinds of measurement strategies.  

The results demonstrate that both the soot-NOx trade-off and engine efficiency 
are improved for all oxygenates with respect to diesel. With EGR, the 
improvement in the soot-NOx trade-off correlated to some extent with the 
position of the functional oxygen group to the ring, with better overall emission 
behavior observed as the oxygen group was farther removed (i.e. separated by 
carbon atoms) from the ring in the order anisole → benzyl alcohol → 2-phenyl 
ethanol . However, with respect to indicated efficiency or fuel consumptions by 
heating value, benzyl alcohol blend performed best in all operations. 
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Part II: Appendix 

Heating value calculations 

In our research, the GHV (Gross Heating Value) of the fuels have been measured 
according to ASTM D240 [114], it is apparently that their gravimetric heating 
values are considerably lower than is the case for diesel. However, the LHV 
(Lower Heating Value) of the fuels/blends are more important for combustion 
evaluation. As a result, the calculations of the LHVs are necessary for this 
investigation. With respect to a certain neat fuel i: 

                             Equation IIA-1 

Where M is the molar mass of the fuel,       is the corresponding water 

production in the oxidation reaction of each fuel. 

Cetane Number Evaluation 

The CN of the fuels has to be derived from the measured MON (ASTM D2700 
[115]) and RON (ASTM2699 [116]) values of blends with gasoline. First, the 
MON and RON values of the neat fuels are calculated according to Kay’s mixing 
rule [117]. According to Kay, the calculation of RON (or MON) could be 
described as: 

         
    

  
 

    

  
      

    

  
     

    

  
    Equation IIA-2 

Where, RON, V, ρ and M stand for  value of RON, volume, density and molar 
mass respectively, with the subscribe blend, f, g represent blend, fuel as  an 
additive and gasoline respectively. Next, the CN follows from Equation IIA-3 
proposed by Kalghatgi [113].  

                      Equation IIA-3 

Stoichiometric Ratio Calibration 

Because the C-H-O ratios differ widely amongst the test fuels, the stoichiometric 
ratio of each blend should be evaluated for accurate lambda calculation. The 
stoichiometric ratio of EN590 diesel is roughly 14.3 [14]. The air composition is 
supposed to contain 20.95% O2 and 78.09% N2, so that [N2]/[O2] =3.773 when 
other trace gases are neglected. If the hydrocarbon is described as CcHhOo, the 
combustion reaction equation in case of complete combustion can be written as: 
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  Equation IIA-4 

The stoichiometric ratio can then be written as: 

                Equation IIA-5 

Furthermore, constants c, h and o of each blend can be calculated according to 
the volume fraction of the compositions. 

2 2

2 2 2

( / 4 / 2)( 3.773 )

CO / 2 H 3.773( / 4 / 2)

c h oH O c h o O N

c

C

h O c h o N

    

     

(34.41 (4 2 )) / (12 16 )c h o c h o    
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Chapter 7 

 

Conclusions 

In order to investigate which types of cyclic oxygenates are more promising as 
alternative fuels in compression ignition engines, this thesis is focused on the 
exploration of soot production phenomena using advanced (optical) 
measurement methods, combining both fundamental as well as applied research. 
The selected fuel components for the compression ignition engine are based on 
the production from lignin.  

According to the results from chapter 2&3 on the flame research and chapter 4 
on the engine research, it becomes clear that saturated cyclic oxygenate fuels are 
better than diesel in terms of soot production or emission. Moreover, the cyclic 
oxygenates are in an earlier stage of the depolymerization process of lignin than 
the linear compounds. As a result, it is worthwhile to further investigate cyclic 
oxygenates, including saturated cyclic oxygenates and aromatics oxygenates. 

Then, chapter 5 proves that aromatics (2-phenyl ethanol) are better than 
saturated rings (cyclohexaneethanol), based on the measurements of emissions 
and performance on a heavy duty compression ignition engine. Given that it is 
worth to focus on aromatic fuels due to their less cost in the process of 
depolymerization from lignin, two more types of aromatic oxygenates (anisole 
and benzyl alcohol) as well as 2-phenyl ethanol have been investigated in 
chapter 6. The results demonstrate that benzyl alcohol outperforms all of the 
aromatics, with respect to engine performance and emissions. 

The structure of conclusions of this thesis is shown in Figure 7-1. 
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Figure 7-1 Structure of conclusions this thesis 
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It is difficult to say what is impossible, for the dream of yesterday  

is the hope of today and the reality of tomorrow. 
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