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Abstract 
Autoignition and reactivity studies of renewable fuels and their blends with conventional 

fuels 

Gani Issayev 

Population growth and increasing standards of living have resulted in a rapid demand for 

energy. Our primary energy production is still dominated by fossil fuels. This extensive 

usage of fossil fuels has led to global warming, environmental pollution, as well as the 

depletion of hydrocarbon resources. The prevailing difficult situation offers not only a 

challenge but also an opportunity to search for alternatives to fossil fuels. Hence, there is 

an urgent need to explore environmentally friendly and cost-effective renewable energy 

sources.  

This thesis investigates the combustion characteristics of promising alternative fuels and 

their blends using a combination of experimental and modelling methodologies. The 

studied fuels include ethanol, diethyl ether, dimethyl ether, dimethoxy methane, γ-

valerolactone, cyclopentanone, and ammonia. For the results presented in this thesis, the 

studies may be classified into three main categories: 

1. Ignition delay time measurements of ethanol and its blends by using a rapid compression 

machine and a shock tube. The blends studied include binary mixtures of ethanol/diethyl 

ether and ternary mixtures of ethanol/diethyl ether/ethyl levulinate. A chemical kinetic 

model has been constructed and validated over a wide range of experimental conditions.  

2. Ignition delay time and flame speed measurements of ammonia blended with 

combustion promoters by utilizing a rapid compression machine and a constant 

volume spherical reactor. In this work, dimethyl ether, diethyl ether, and dimethoxy 
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methane are explored as potential promoters of ammonia combustion. Chemical 

kinetic models were developed and validated in the high temperature regime by using 

flame speed data and in the low-to-intermediate temperature regime by using ignition 

delay time data.  

3. Octane boosting and emissions minimization effects of next generation oxygenated 

biofuels. These studies were carried out using a cooperative fuel research engine 

operating in a homogenous charge compression ignition (HCCI) mode. The 

oxygenated fuels considered here include γ-valerolactone and cyclopentanone. The 

results showed that γ-valerolactone and cyclopentanone can be effective additives for 

octane boosting and emission reduction of conventional fuels.  

Overall, the results and outcomes of this thesis will be highly useful in choosing and 

optimizing alternative fuels for future transportation systems. 

This thesis contains Supplementary Material. 
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1. Introduction 

1.1 Background and Motivation 

Nowadays, alternative energy sources are becoming crucial for a number of reasons such 

as stringent emission regulations and depleting oil reserves. Renewable energy sources 

such as solar, wind, and biofuels are going to play key roles in mitigating the effects of 

climate change. Energy demand of the transportation sector will be a substantial component 

of our future energy infrastructure. Not only will the electrification of transportation 

increase but also the liquid-fuel driven vehicle fleet will remain relevant for several 

decades. In this regard, alternative fuels with reduced emissions and increased efficiency 

are expected to be more widespread [1]. 

Alternative fuels have gained a lot of interest for a sustainable and green future. These 

alternative fuels are advantageous over traditional fossil fuels due to their renewable nature 

as well as reduced greenhouse gas (GHG) emissions. However, their combustion 

characteristics, well-to-wheel GHG emissions, energy return on investment (EROI), and 

water-land usage must be optimized before they can fully replace petroleum-based fuels 

[2-4]. A new report from the International Energy Agency [5] showed that transport biofuel 

production constituted 6% of total fuel use in 2019 with an annual projected growth of 3%. 

At this pace, the Sustainable Development Scenario (SDS) target of 10% [5] annual biofuel 

growth is not reachable. In order to align with the SDS, further developments in biofuel 

production technologies and introduction of new alternative fuels are required. It is 

desirable to produce cost-effective alternative fuels in quantities large enough to cover the 

energy needs of our globe. However, optimal production of alternative fuels should also be 

matched with optimal utilization in energy-conversion devices. 
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Therefore, efforts have accelerated in the combustion community to study various 

alternative fuels for their application in engines and turbines. The molecular structure of a 

particular alternative fuel dictates its energy output, pollutant yield and oxidation pathways. 

Potential alternative fuels include bio-derived alcohols, bio-derived oxygenates, synthetic 

hydrocarbons, solar fuels, electric fuels, and ammonia. The suitability of an alternative fuel 

depends on its ability to reduce harmful pollutants as well as enhancing its overall 

efficiency. 

First-generation biofuels are more often related to edible biomass and they include ethanol 

and biodiesel (see Fig. 1.1). They have been studied extensively in terms of their production 

and utilization [6-8]. However these fuels are unsustainable as the production requires high 

energy input and extensive water-land usage [9]. Non-food feedstocks, such as 

lignocellulosic biomass and algae, are used to produce second and third generation biofuels 

(Fig. 1.1). Algal biomass has gained great interest due as it does not require arable land and 

fresh water to produce it [10]. Production techniques of bio-engineered algae for 4th 

generation biofuels are also being explored [11]. In this thesis, the combustion behaviors 

of various bio-derived fuels and their blends were studied, including ethanol, ethyl 

levulinate, diethyl ether, dimethyl ether, dimethoxy methane, γ-valerolactone, and 

cyclopentanone. 
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Figure 1.1. Biofuel types and their feedstocks. 

Fossil fuels are the main source of energy and will remain important for several decades to 

come. Burning fossil fuels have resulted in a steady increase of greenhouse gas (GHG) 

emissions. Carbon dioxide (CO2) is the major contributor to GHG emissions and is one of 

the main culprits of global warming. One possible way to mitigate global warming is to 

reduce CO2 emissions through the utilization of renewable energy sources. The adoption 

of renewable carbon-free fuels is a very promising solution. It will not only help to mitigate 

global warming but also to diversify the global energy system. Hydrogen is a carbon-free 

and renewable fuel. However, its sustainability is challenging due to its high cost of storage 

and transportation. On the other hand, ammonia (NH3) is regarded as a carbon-free and 

renewable fuel [12] that can be produced from fossil fuels, biomass or renewable sources 

[13] with a lower cost of storage and transportation [14]. As a result, NH3 has gained 

growing interest as a sustainable alternative fuel and as a viable hydrogen storage fuel in 

the energy sector [15]. Unfortunately, there are barriers to using NH3 directly as a fuel such 

as its low reactivity, low flame speeds, low flammability limits, low combustion efficiency, 
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and high NOx emissions [15, 16]. To circumvent these challenges, it has been suggested 

that ammonia be blended with other fuels for various energy applications, such as in 

modern internal combustion engines for better performance [17-23]. These studies used a 

dual-fuel approach of blending ammonia with dimethyl ether (DME, CH3-O-CH3), 

hydrogen (H2), and methane (CH4) to promote its combustion by enhancing ammonia's low 

flame speed, narrow flammability range, and high resistance to autoignition. One prior 

work characterized the combustion behavior of NH3 blended with diethyl ether (DEE, 

C2H5-O-C2H5) in a compression ignition engine [24]. It was reported that the addition of 

15 – 20% DEE to NH3 (by weight) reduced the compression ratio requirement for the 

combustion from 35:1 for pure NH3 to 16:1 for the blend.  

In order to represent fuel combustion characteristics in internal combustion engines and to 

predict/optimize the performance of engines, chemical kinetic models describing fuel 

oxidation chemistry are required. The steps included in the development of a chemical 

kinetic model are shown in Fig. 1.2. It starts from ab initio calculations of reactions rates 

and species thermodynamic properties, where these calculations can have varying degrees 

of accuracy depending on the level of theory employed. Next, fuel pyrolysis and oxidation 

pathways are proposed. Reaction classes are then assigned to these pathways and reaction 

rate rules are applied to estimate or optimize the rate coefficients. Finally, a detailed 

chemical kinetic model is assembled incorporating various species and reactions. A key 

step thereafter is to validate the developed kinetic model with experimental combustion 

data from various well-characterized reactors such as shock tubes, rapid compression 

machines, laminar flames, jet-stirred reactors, and flow reactors. If the agreement of model 

with the experimental data is not satisfactory, the model is modified to improve its 
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prediction performance. At this stage, the model may contain thousands of species and tens 

of thousands of reactions. Therefore, model reduction methodologies are applied so that 

the reduced model can be used in reactive CFD engine simulations. In this thesis, 

fundamental experiments have been carried out for various fuels and fuel blends to validate 

and improve chemical kinetic models of alternative fuels.  

 

Figure 1.2. Development of chemical kinetic models for practical fuels (adapted from 

[25]). 

1.2  Scope and organization of the dissertation 

This dissertation focuses on the investigation of the combustion behaviors of alternative 

fuels and their blends with conventional fuels. Suitable chemical kinetic models were 

assembled to simulate experimental data based on literature mechanisms. These chemical 

kinetic models were validated in the low-to-intermediate temperature regime by using rapid 

compression machine (RCM) ignition delay time (IDT) data in the high temperature regime 

using shock tube IDT data as well as constant volume spherical reactor (CVSR) flame 

speed data. The RCM IDT data were measured at high pressures (20 – 40 bar) at 
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stoichiometric and fuel-lean conditions, while the flame speeds (FSs) were measured at 

comparatively lower pressures (1 – 5 bar) at varying equivalence ratios. In addition, engine 

studies were conducted to analyze the octane boosting and emissions reduction properties 

of two next generation bio-derived oxygenated fuels. The dissertation is organized as 

follows: 

 Chapter 2 provides a brief description of the homogenous reactors utilized in this 

dissertation, i.e., the KAUST high-pressure shock tube (ST), rapid compression 

machine (RCM) and constant volume spherical reactor (CVSR), as well as the 

cooperative fuel research (CFR) engine.  

 Chapter 3 presents autoignition reactivity studies of pure ethanol (EtOH), pure diethyl 

ether (DEE), DEE/EtOH binary blend, and DEE/EtOH/ethyl levulinate (EL) ternary 

blend using the RCM and ST. The chemical kinetic modelling was aided by Professor 

Mani Sarathy. The ternary blend formulation methodology was designed by Dr. 

Michael Howard and Professor Stephen Dooley. 

 Chapter 4 discusses IDT and FS measurements of ammonia (NH3) blended with various 

combustion promoters. The combustion promoters applied here are diethyl ether 

(DEE), dimethyl ether (DME), and dimethoxy methane (DMM). A wide-range of 

experimental conditions were covered for a number of fuel blends to investigate their 

blending characteristics. Chemical kinetic models were assembled to predict the 

performance of these blends and to study radical interactions of the different fuels. In 

these studies, the FS data were acquired by Dr. Ayman Elbaz and the chemical kinetic 

models were developed by Dr. Krishna Shrestha and Dr. Binod Giri. 



22 

 

 Chapter 5 presents engine combustion studies of oxygenate fuels blended with a low-

octane number gasoline (FACE J) fuel. The cooperative fuel research (CFR) engine is 

used in homogenous charge compression ignition (HCCI) mode to identify octane 

numbers of the blends. Emissions characteristics of these fuel blends have also been 

studied by using an FTIR spectrometer. In these studies, CFR engine experiments were 

aided by Dr. J.-B. Masurier and Dr. Eshan Singh. 

 Chapter 6 presents a detailed summary of the findings of this dissertation and 

recommendations for future studies. 

Parts of this dissertation have been previously published in academic journals and 

proceedings. A number of other manuscripts are currently being prepared.  

Chapter 3 includes contents that are adapted with permission from:  

i) G. Issayev, S. M. Sarathy, and A. Farooq, “Autoignition of diethyl ether and a 

diethyl ether/ethanol blend.” Fuel, Volume 279 (2020), 118553, Copyright © 

2020 Elsevier Ltd. 

ii) M.S. Howard, G. Issayev, N. Naser, S.M. Sarathy, A. Farooq, S. Dooley, 

“Ethanolic gasoline, a lignocellulosic advanced biofuel.” Sustainable Energy & 

Fuels, Volume 3 (2019) Pages 409-421, Copyright © 2019 The Royal Society 

of Chemistry. 

Chapter 4 includes contents that are adapted with permission from: 

i) G. Issayev, B.R. Giri, A.M. Elbaz, K.P. Shrestha, F. Mauss, W.L. Roberts, A. 

Farooq, “Combustion behavior of ammonia blended with diethyl ether.” 
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doi:https://doi.org/10.1016/j.proci.2020.06.337, Copyright © 2020 The 

Combustion Institute. Published by Elsevier Inc. 
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Roberts, “Experimental and Kinetic Modeling Study of Laminar Flame Speed 

of Dimethoxymethane and Ammonia Blends.” Energy & Fuels, Volume 34 

(2020) Pages 14726-14740, © 2020 American Chemical Society. 

Chapter 5 includes contents that are adapted with permission from: 
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2. Experimental Methods 

2.1 Rapid Compression Machine  

Rapid compression machines (RCMs) are widely used to study fuel autoignition properties 

at engine relevant conditions. The experimental conditions prevailing in an RCM cover 

low-to-intermediate temperatures and moderate-to-high pressures. The development 

history and current trends in RCM experiments were thoroughly reviewed by 

Goldsborough et al. [26]. 

The KAUST RCM has a twin opposed-piston design, which is similar to the machine at 

NUI Galway [27]. The design of these RCMs originated from the Shell Thornton RCM 

[28]. A twin-piston configuration is beneficial over a single piston design in terms of lower 

vibration levels and fast compression times. The characteristics of the KAUST RCM are 

given in Table 2.1. The pistons are driven pneumatically and arrested at the end of 

compression (EOC) position by the hydraulic locking system. 

Table 2.1. Characteristics of the KAUST RCM. 

Parameter Unit Value 

Bore mm 50.8 

Piston distance (before compression) mm 357 

Piston distance (after compression) mm 19 

Compression ratio* – 13 

Compressed pressure range bar 10 – 40 
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Compressed temperature range K 600 – 1200 

Test time ms 3 – 200 

Piston velocity m/s 10 – 15  

Maximum heating temperature ⁰C 125 

Creviced Volume**/Compressed Volume – 0.103 

Operating Regime Ma <<1 (low) 

                            * Compression Ratio is variable      ** For one piston head 

The desired EOC temperatures and pressures can be achieved by varying the initial 

pressure (pi), the initial temperature (Ti), the diluent gas compositions (γ is changed), or by 

varying the compression ratio. By applying the isentropic compression expression, the 

compressed gas temperature (TC) can be calculated which is shown in the Equation 2.1: 

 
∫

𝛾(𝑇)

𝛾(𝑇) − 1

𝑑𝑇

𝑇
= 𝑙𝑛 (

𝑝𝐶
𝑝𝑖
)

𝑇𝐶

𝑇𝑖

 Eq. 2.1 

where pC is the compressed pressure, and γ(T) is the ratio of specific heats of the mixture 

as a function of temperature. The entire combustion chamber, piston sleeves, and 

connecting lines are insulated and heated to 100 ⁰C temperature to avoid fuel condensation. 

A general schematic diagram of the KAUST RCM is presented in Fig. 2.1. The fuel-

air/diluent mixtures are prepared in two different mixing vessels: MV1 and MV2 (see Fig. 

2.1). One mixing vessel is used to prepare reactive mixtures, and the second one is used 

for non-reactive mixtures. In the non-reactive mixtures the oxygen (O2) content is replaced 

by nitrogen (N2). Both mixing vessels are covered with heavily insulated heating jackets 



26 

 

as well as equipped with magnetic stirrers. A minimum of two hours are required to a 

mixture to be considered homogenous. Static mixture pressures are measured using two 

MKS baratrons (capacitance manometers): 100 Torr and 10,000 Torr. While the dynamic 

pressure is recorded by utilizing the Kistler 6045A pressure transducer mounted in the 

combustion chamber. 

 

Figure 2.1. Schematic diagram of the RCM experimental setup. 

A typical pressure trace from an RCM experiment is shown in Fig. 2.2. Here, the top dead 

center (TDC) or end of compression (EOC) time is the time of the local maximum after 
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compression. The IDT is defined as the time between the EOC and the maximum value of 

pressure derivative in the post-compression phase. Volume profiles are generated from the 

non-reactive pressure trace and used to carry out chemical kinetic simulations considering 

the facility effects. Parameters affecting the RCM IDT measurements are listed in the Table 

2.2. The highest uncertainty stems from the measured mixture composition for liquid fuels 

[29, 30], whereas this value is lower for a gaseous fuel (please refer to the table 2.2). The 

next highest contributors are the initial temperature measurement and compressed pressure 

determination. All of these parameters yield a ± 1% uncertainty in the compressed 

temperature for liquid fuels and ± 0.8 % for gaseous fuels. Finally, the estimated 

uncertainty in the IDT measurement(s) is ± 15 – 20% (liquid fuels) and ± 10 – 18% (gaseous 

fuels). For each experimental data point reported a minimum of three repeated runs were 

performed. The repeatability is within 10% for all the data points reported. 

 

Figure 2.2. Representative RCM pressure trace. 
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The RCM piston heads are designed with a crevice volume to suppress vortex roll-up [31]. 

The design and dimensions of the crevice containment is shown in Fig. 2.3. In order to 

compute accurately the crevice volume, we used SolidWorks Software (see Fig. 2.3). As a 

result, the crevice volume was found to be 3.984 cm3 which is 10.335% of the compressed 

volume (the compressed volume is 38.510 cm3). These crevice design is based on the study 

of Würmel and Simmie [27].           

 

 

Figure 2.3. Geometric parameters for crevice and reaction chamber design of the RCM 

(all dimensions are in mm). Calculated crevice volume by SolidWorks (down, blue shaded 

area). 
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Table 2.2. Parameters effecting RCM IDT measurements. 

 

 

Uncertainty 

Parameter Liquid fuel Gaseous 

fuel 

Ti ± 2.2 K ± 2.2 K 

pi ± 0.25 % ± 0.25 % 

pC ± 2.5 % ± 2.5 % 

γ* ± 0.5 % ± 0.5 % 

Φ ± 5 % ± 0.2 % 

TC ± 1 % ± 0.8 % 

IDT ± 15 - 20 % ± 10 - 18 % 

* Uncertainties in NASA polynomial coefficients   

 

Heat loss simulations (zero-D simulations) are utilized by using volume profiles generated 

from non-reactive pressure profiles. Mittal et al. [32] showed that the zero-D simulations 

of two-staged ignition (see Fig. 2.4) can be problematic, especially for fuels with 

pronounced negative temperature coefficient behaviors. They compared the CFD 

simulations with the zero-D simulations, where the first stage was captured well but the 

magnitude of the pressure increase was significantly higher for the zero-D simulations, 
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which resulted in shortened total (second stage) IDTs. Hence, there can be considerable 

gas flow into the crevice volume due to the first stage heat release which results in longer 

experimental total IDTs compared to the zero-D simulations. One possible way to solve 

this problem was proposed by Goldsborough et al. [33], where they utilized a multi-zone 

heat loss model [33]. 

 
Figure 2.4. A representative measured two stage ignition behavior in an RCM 

experiment. 

2.2 High Pressure Shock Tube 

The KAUST high pressure shock tube (HPST) is a stainless-steel tube closed at both ends. 

It consists of two parts: the driven section and the driver section. These sections are 

separated by a dual diaphragm arrangement. The diaphragms are made of aluminum with 

various thickness and are pre-scored. The score depth and thickness of the diaphragms are 

selected to achieve the required compressed pressures and temperatures. The 

characteristics of the HPST are given in Table 2.2. 
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Table 2.3. Characteristics of the KAUST HPST. 

Parameter Unit Value 

Inner diameter cm 10 

Driver section length m 6.6 

Driven section length m from 2.2 – 6.6 

Compressed pressure range bar 20 – 100 

Compressed temperature range K 700 – 3000 

Test time ms 5 

Maximum heating temperature ⁰C 200 

Operating regime Ma > 1 

The driven section, mixing tank, connecting lines, and mixing manifold are heated with the 

custom designed insulated heating jackets. The side-wall pressure trace is recorded using 

a Kistler 603B1 pressure transducer located at 10.48 mm from the end-wall. The incident 

shock velocity is measured by using six PCB 113B26 piezoelectric pressure transducers 

(PZTs) located axially over 3.7 m near the end of the driven section. All pressure 

transducers are covered with an RTV silicone layer to protect them from thermal effects. 

In addition, OH* chemiluminescence at 307 nm is recorded through a sapphire window 

placed at the end-wall and/or side-wall. 

In the HPST, fuel/‘air’ mixtures are used in the IDT experiments at high temperatures. A 

typical HPST pressure trace is given in Fig. 2.3. Here, the IDT is defined as the time 
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interval between the arrival of the reflected shock wave and the onset of the ignition near 

the end wall. The estimated uncertainty in the HPST IDT experiments is ± 20 – 22% [34]. 

 

Figure 2.5. Typical HPST pressure trace and IDT measurement (driver gas: helium). 

2.3 Constant Volume Spherical Reactor 

The CVSR at KAUST is a sphere with an inner diameter of 330 mm. There are two 

orthogonal quartz windows with a diameter of 120 mm. The vessel has a sufficiently large 

diameter, ensuring that it has a negligibly small influence on flame propagation. Various 

blends of NH3/DME, NH3/DEE, and NH3/DMM in ‘air’ were prepared directly in the 

reactor. The initial temperature was recorded by two Chromel-Alumel thermocouples at 

two different locations inside the vessel to ensure thermal homogeneity of the mixture. 

Reactive mixtures were ignited using two spark electrodes (1.2 mm diameter) maintained 

in a V-shape configuration at the center of the reactor with a gap of 1 mm, and the average 

spark ignition energy was set to 24 mJ. Flame propagation, for a maximum diameter up to 

120 mm, was captured by schlieren photography with a high-speed camera (Photron; 
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FastCam Ultima APX 120K) at 4000 frames per second and 512×512 pixels. All 

experiments were carried out at an initial temperature of 298 K and pressures of 1, 3 and 5 

bar. The CVSR experimental further details can be found in [35]. 

From schlieren images, the time-dependent radius of the propagating spherical laminar 

flames, Rf (t), was measured. Laminar flame speeds, Sn, were then derived as  

 
𝑆𝑛 =

𝑑𝑅𝑓

𝑑𝑡
 Eq. 2.2 

The spherically propagating flame is subjected to flame stretch, and thus Sn represents the 

stretched laminar flame speed, which is dependent on the total flame stretch rate, . The 

stretch rate in spherical flame, , is defined from the following equation: 

 1

𝐴
× (

𝑑𝐴

𝑑𝑡
) = 𝑆𝑛 × (

2

𝑅𝑓
) Eq. 2.3 

where A is the flame surface area.  

In this work, the Ss (unstretched laminar burning velocity ) and Lb (the burned gas 

Markstein length) values were calculated by using Eq. 2.4 which is a non-linear relation of 

Sn and  [36]. 

 
(
𝑆𝑛
𝑆𝑆
)2 × 𝑙𝑛[(

𝑆𝑛
𝑆𝑆
)2] = −

2𝐿𝑏𝜅

𝑆𝑆
 Eq. 2.4 

Cooperative Fuel Research (CFR) engine 

Table 2.4 summarizes the main characteristics of the Waukesha F1/F2 Cooperative Fuel 

Research (CFR) engine used in this work. A detailed review of the CFR can be found 

elsewhere [37], with only a short description provided here. It is a single cylinder Spark 
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Ignition (SI) engine with a variable compression ratio of 4:1 to 18:1. It was modified for 

autoignition studies of the homogeneous charge compression ignition (HCCI) combustion 

modes. For operations at both SI and HCCI combustion modes, the original carburetor was 

replaced by a port fuel injector. The rest of the intake manifold has also been replaced for 

variable intake conditions: intake pressure (from 0.5 bar to 1.3 bar), intake temperature 

(from 25 °C to 200 °C), lambda () or equivalence ratio (φ) (from very lean to slightly 

rich). 

Table 2.4. Characteristics of the CFR engine. 

Parameter Unit Value 
Displaced volume cc 611.7 
Stroke mm 114.3 
Bore mm 82.55 
Connecting rod mm 256 
Compression ratio – 4:1 to 18:1 
Number of valves  2 
Exhaust valve opening CA ATDC 140 
Exhaust valve closure CA ATDC –345 
Inlet valve opening CA ATDC –350 
Inlet valve closure CA ATDC –146 

Coolant water 

temperature 

ºC 100 ± 1.5 

Oil temperature ºC 57 ± 8 

The piezo-electric pressure transducers and thermocouples are applied to record signals 

from the combustion of fuel blends. Intake and exhaust pressures were monitored through 

absolute pressure transducers whereas the temperatures of the intake and exhaust gases are 

monitored at every cycle via K-type thermocouples. All pressure traces are obtained with 

a resolution of 0.2 crank angle with an encoder set on the crankshaft. A total of 200 

consecutive cycles are then recorded and analyzed through the data post-processing 

arrangement. 
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3. Autoignition Reactivity Studies of Ethanol/Ether Blends 

In this chapter, IDTs and chemical kinetics of biofuels, oxygenates, and their blends are 

reported. These alternative fuels are crucial for a sustainable energy future. The chapter is 

organized as follows. First, the autoignition of pure ethanol is studied for a comparative 

study across various research laboratories. Second, IDTs of pure diethyl ether and its blends 

with ethanol are investigated to study the interaction of a high-reactivity fuel (diethyl ether) 

with a low-reactivity fuel (ethanol). Lastly, ternary blends of lignocellulosic-derived ethyl 

levulinate, diethyl ether, and ethanol are studied to propose future biofuel blends capable 

of emulating the properties of conventional gasoline/diesel. 

 3.1 Ethanol Autoignition 

3.1.1 Introduction 

There are a number of operational RCM facilities in the world. They vary from each other 

in terms of design, crevice containment (its entrance angle and volume), the locking 

system, etc. [26]. Consequently, the experimental results obtained (e.g., pressures profiles, 

and IDTs) vary from facility to facility. Hence, it was agreed to organize device 

characterization initiative in order to quantify and understand how these device design 

differences influence the viability of data sets obtained from RCMs. The aim is to 

investigate the differences in the measured IDT data from several devices.       

There have been two characterization initiatives so far:  

1) 1st characterization initiative of iso-octane IDT measurements; 

2) 2nd characterization initiative of EtOH IDT measurements.    
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3.1.2 RCM 1st characterization initiative: iso-octane IDT measurements 

Auto-ignition delay time measurements of iso-octane stoichiometric fuel-air mixtures at 20 

bar compressed pressure were conducted for the 1st RCM characterization initiative. The 

experimental data from several RCMs were obtained and compared (see in Fig. 3.1). 

Generally, there is good agreement at low temperature and high temperature regions. 

However, the discrepancy is apparent in the NTC region.  

During this campaign, several issues have been identified: 

1) Pronounced NTC behavior and multistage heat release phenomenon of the tested fuel, 

i.e., iso-octane; 

2) 2nd  stage heat release can complicate the fluid interactions with the chamber geometry; 

3) Higher reactivity of the NTC region can result in hotter bulk core gas and with the 

cooler boundary layer;   

4) Iso-octane is a long-chained hydrocarbon and it requires a large combustion kinetic 

model, therefore resulting in greater uncertainties of the reaction mechanism.  

 

Figure 3.1. Iso-octane IDT data comparisons for several RCMs, data are from 1st 

Characterization Initiative [26] (ANL – Argonne National Laboratory, NUIG – National 

University of Ireland Galway, UConn – University of Connecticut, UAkron – University 

of Akron). 
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3.1.3 RCM 2nd characterization initiative: EtOH IDT measurements 

Due to the issues encountered in the 1st characterization initiative, it was agreed that the 

tested fuel should be without an NTC behavior and a smaller-chain liquid fuel is preferable. 

Therefore, EtOH was chosen as a model fuel for the 2nd characterization initiative. Test 

matrixes and experimental conditions are in given in the Table 3.1. 

Table 3.1. Test Matrix for the EtOH IDT experiments 

Mixture Mixture Fraction Composition 

Compressed 

Pressure 

(bar) 

Compressed 

Temperature 

(K) 

  EtOH O2 N2 Sum Diluent/O2     

#1 1 3 11.28 15.28 3.76 20, 40 ≈ 800 – 1000 

#2 0.5 1.5 11.43 13.43 7.62 20, 40 ≈ 800 – 1000 

IDT measurement results are plotted in the Fig. 3.2. The data were compared with available 

literature IDT data for pure EtOH [38]. Interestingly, there is good agreement between the 

two sets of data at 40 bar pressure; however, at 20 bar pressure the discrepancy is about 

factor of two. The KAUST data are faster than the NUIG data. The reason could lie in the 

varying amounts of argon dilution. As it was reported by Würmel et al. [39], the more 

argon in the mixture the longer the IDT due to its more pronounced heat loss. In our 

experiments the argon content was 25% of the total diluent concentration. The mixtures 

used in the NUIG experiments had 60% argon for the 20 bar experiments while 30% argon 

was used for their 40 bar experiments. It is clear from both IDT plots as well as from the 

diluent composition analysis that the differences are due to the argon content. More IDT 

data from different RCMs are required to draw conclusions. That is an ongoing project 

with RWTH Aachen, NUIG, Argonne National Laboratory, and other research groups. 
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When we consider heat loss simulations, there is good agreement of the model with both 

sets of data, especially at stoichiometric conditions with slight a under-prediction at the 20 

bar diluted condition for both sets of data. 

 
Figure 3.2. IDT results of EtOH. (a) and (b) stoichiometric conditions, and comparisons 

with literature EtOH IDT Data [38]. (c) diluted condition. Lines are the heat loss 

simulations, AramcoMech2.0 was used. 

3.2 Ethanol / Diethyl Ether Blend 

3.2.1 Introduction 

Ethanol (EtOH) is a widely used biofuels. For instance, more than 97% of U.S. gasoline is 

E10, which contains 10 vol% EtOH. There are also E15 and E85 gasolines with large 

fractions of EtOH in the market. EtOH is utilized as an effective octane enhancer for spark 
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ignition (SI) engines [40, 41], which results in enhanced engine performance and reduced 

emissions [40-42]. In [43] it has been shown that EtOH blended with gasoline decreases 

lifecycle CO2 emissions through engine operations at higher thermodynamic efficiencies. 

Diethyl ether (DEE) is an oxygenated biofuel which can be produced: i) as a by-product of 

the hydration of ethylene to produce ethanol; ii) as a direct product from EtOH by acid 

ether synthesis [44]. The production process can be adjusted to make more or less of either 

product, i.e., EtOH or DEE. DEE is highly reactive fuel with a cetane number of 

approximately 139 [45] and it has been used as a blending component with conventional 

diesel fuel in CI engines [46, 47]. It has been used as a combustion enhancer for an 

acetylene-fueled HCCI engine [48], and it was also blended with diesel which resulted in 

improved engine performance and reduced emissions [49].  

It is interesting to study blends of EtOH and DEE, because both fuels have common 

production pathways as well as striking differences in reactivity. In order to achieve the 

required physical and chemical properties of the blend it is intended to blend the EtOH and 

DEE in varying proportions. These blends can be successfully utilized in advanced low-

temperature combustion (LTC) engine technologies. Blends of EtOH and DEE were used 

in an HCCI engine in a study by Mack et al. [50] and it resulted in increased efficiencies 

and reduced emission levels. In another study by Polat [51] it was shown that the addition 

of DEE to EtOH allowed an HCCI engine to operate at leaner conditions.  

Hence, it is necessary to develop a detailed chemical kinetic model for DEE/EtOH blends 

to perform reactive computational fluid dynamic (CFD) simulations. Such simulations can 

accurately reveal the combustion phasing and emissions of engines operating using 
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DEE/EtOH blends. An EtOH combustion kinetic model has been well-understood and 

validated [8]. However, the DEE oxidation chemical kinetic model is not as mature. The 

shock tube oxidation and pyrolysis of DEE was studied by Yasunaga et al. [52]. Werler et 

al. [53] performed IDT measurements of DEE in a shock tube and in an RCM, and Uygun 

[54] measured shock tube IDT of stoichiometric DEE/air mixtures. Moreover, six new 

chemical kinetic models [55-60] are available to describe DEE low temperature oxidation.  

In this work, IDTs of pure DEE and 50% DEE/50% EtOH (by mole) blends are measured 

in the high-to-low temperature regions at 20 bar – 40 bar pressures at fuel-lean and 

stoichiometric conditions. The measured IDT data are compared with literature models and 

modifications are proposed to improve the agreement between the model predictions and 

the experiments. In addition, multi-stage ignition behavior is discussed and analyzed with 

rate-of-production and reaction flux analyses. This work provides a foundation to predict 

the reactivity of DEE/EtOH blends in modern compression ignition (CI) engines. 

IDTs of pure DEE and DEE/EtOH blend were measured by using the HPST and the RCM. 

Experiments were conducted at two pressures (20 and 40 bar) at two equivalence ratios 

(0.5 and 1.0), in the temperature range of 550 – 1100 K. The experimental conditions and 

mixture compositions are listed in Table 3.2. For experimental details please refer to 

Sections 2.1 and 2.2. 
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Table 3.2. Experimental conditions for ignition delay time measurements. 

Fuel 

 

Reactor φ (in air) Pressure (bar) Temperature (K) 

DEE ST 0.5, 1.0 20, 40 618 – 1050 

DEE RCM 0.5, 1.0 20, 40 548 – 610 

50% DEE/50% 

EtOH (by mole)  

RCM 0.5, 1.0 20, 40 550 – 840 

3.2.2 Results and discussion 

3.2.2.1 Ignition delay time measurements 

Total IDTs from the ST and RCM experiments are plotted in Fig. 3.3. Some key trends can 

be observed from the plots: 

i) IDTs decrease with increasing pressure and increasing equivalence ratio; 

ii) The stoichiometric 40 bar case is the most reactive one; 

iii) The dependence of IDTs on equivalence ratio and pressure is highest in the 

intermediate temperature window (763 – 850 K) see Fig. 3.4; 

iv) Typical Arrhenius-type behavior is observed at high (> 850 K) and low (< 650 

K) temperatures; 

v) A clear negative temperature coefficient (NTC) behavior is observed in the 

intermediate temperature range. 

The figures also include IDTs of neat DEE from Uygun [54]. At φ = 1.0, the shock tube 

data of pure DEE from our work (blue circles) and those of Uygun [54] (blue stars) are in 

good agreement. 
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Figure 3.3. Measured total IDTs of neat DEE, pure EtOH and 50% DEE/50% EtOH (by 

mole) blend compared with literature DEE data. Stoichiometric neat DEE shock tube 

data are from Uygun [54] (blue stars), pure EtOH data are from Zhang et al. [38]. 
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Figure 3.4. Variation of measured IDTs with (a) equivalence ratio and (b) pressure (pure 

EtOH data are from Zhang et al. [38]). 

3.2.2 Chemical kinetic modelling 

3.2.2.1 Kinetic models of DEE ignition 

The ethanol combustion kinetic model is well known and has been well validated [61-63]. 

Hence, one of the aims of this work is to develop an experimentally validated chemical 

model for the combustion of pure DEE as well as for DEE/EtOH blends. Therefore, all six 

available DEE literature models were compared with the ST IDT data of pure DEE which 

is shown in Fig. 3.5. From the analysis it is observed that: 

i) The Serinyel et al. [58] model over-predicts the IDT trends at all conditions; 

ii) The Tran et al. [60] and Tang et al. [59] models under-predict the experimental 

IDT data; 

iii) The Eble et al. [55] model captures the 40 bar stoichiometric experimental data 

but over-predicts high-temperature experiments for all other conditions; 

iv) The Hu et al. [56] and Sakai et al. [57] models reproduce the IDT curves better 

compared to the other models. 

The DEE model of Sakai et al. [57] has been chosen for the reasons listed below: 
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a) The Experimental IDT data are captured better compared to the other models; 

b) It is one of the most comprehensive models in the low-to-intermediate temperature 

regime;  

c) The Hu et al. [56] model performs similarly to that of Sakai et al. [57] and is a 

reduced model based on Sakai et al. [57]. 

 

Figure 3.5. Ignition delay time comparison of shock tube data (this work) and literature 

DEE models. Constant volume simulations, except φ = 0.5, 20 bar where dp5/dt = 3%/ms 

is used due to longer IDTs. 
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3.2.2.2 Modelling of DEE/EtOH blend 

To predict the IDTs of the DEE/EtOH blend the Zhang et al. [38] EtOH model and the 

Sakai et al. [57] DEE models were combined to form a composite model. The simulated 

IDT curves of the composite model are shown as dashed lines in Fig 3.6. It is observed that 

the composite model is less reactive than the data, especially in the low-temperature region. 

Nevertheless, the Sakai et al. [57] model captures the pure DEE high temperature IDT 

trend. 

 

Figure 3.6. Comparison of measured total IDTs (solid symbols) with heat loss 

simulations (open symbols with connecting lines; RCM data) and constant volume 

simulations (ST data) of the composite DEE (Sakai et al. [57])/EtOH (Zhang et al. [38]) 

model. Dashed lines: original Sakai et al. [57]; Solid lines: modified Sakai et al. [57]. 

Fuel mixture: 50% DEE/50% EtOH by mole. 
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In order to tune the chemical kinetic model the temperature sensitivity analysis was 

conducted. Subsequently, brute force IDT sensitivity analysis performed by using the Eq. 

3.1: 

 

𝑆 =
𝑙𝑜𝑔(

𝜏2
𝜏0.5

)

𝑙𝑜𝑔(4)
 

Eq. 3.1 

The results of the sensitivity analysis are shown in Fig. 3.7 for the top 10 crucial reactions. 

H-atom abstraction by ȮH radicals from EtOH and the decomposition of ethoxy 

ethylperoxy radicals (C4H8ObOOHc) inhibit the reactivity of the system. On the other 

hand, H-atom abstractions from DEE by ȮH, HȮ2, and CH3Ȯ2 radicals promote reactivity 

(all abstractions are from the α position). In addition, the decomposition of ethoxy ethyl 

ketohydroperoxide (bCOC3H7OcOOH) radical, a chain branching reaction, enhances the 

system’s reactivity. 

 

Figure 3.7. Brute force sensitivity to IDT predictions for a 50% DEE/50% EtOH blend. A 

positive sensitivity indicates increased IDTs or reduced reactivity, and vice-versa. 

As mentioned above, the composite model is less reactive compared to the experimental 

data, hence its reactivity had to be increased. The rate constant of ethoxy ethyl 

ketohydroperoxide decomposition was estimated by Sakai et al. [57] where the rate of O–
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O bond fission was taken from [64, 65] but the activation energy was decreased by 1.5 kcal 

mol–1. Although the authors did not ascribe a specific uncertainty to this rate constant, the 

uncertainty may be quite high in the absence of ab initio calculations or experimental 

determinations. In this work, the activation energy of ethoxy ethyl ketohydroperoxide 

decomposition is decreased further by 0.5 kcal mol–1 to increase the model’s reactivity at 

low temperatures. In addition, the A-factor of α-H-atom abstraction by ȮH radicals from 

DEE is increased by a factor of two to further promote the overall reactivity of the model, 

making the rate constant the same as that calculated by Ogura et al. [66]. We applied these 

two modifications to the composite model. The improved results of modified the composite 

model can be seen as the solid lines in Fig.3.6.  

3.2.3 Multi-stage ignition behavior of pure DEE and DEE/EtOH blend 

Low temperature RCM experiments at fuel-lean conditions exhibited multi-stage ignition 

behaviors in both the neat DEE and DEE/EtOH blend. The instances of these behaviors are 

shown in Fig 3.8 where a three-stage ignition is shown. The following observations are 

noted: 

1) Multi-stage combustion behavior is more pronounced for pure DEE compared to 

the blend; 

2)  The pressure increase is higher for the first-stage ignition compared to the second 

and third stage for neat DEE;  

3) The second-stage pressure increase is highest for the blend; 

4) The first and second stage ignitions can clearly be identified using the pressure 

derivative; 
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5)  The 3rd ignition stage is defined as either the maximum pressure value or where 

the pressure derivative slope changes.  

This type of multi-stage combustion behavior was observed in previous studies for the very 

lean combustion of n-heptane [67] as well as for other hydrocarbons [68]. Moreover, heat 

loss simulation pressure profiles of all available DEE models are plotted in Fig. 3.9. All 

models show a four-stage ignition; however, the Tran et al. [60] and Serinyel et al. [58] 

models only exhibit three stages. 

 

Figure 3.8. RCM experimental pressure traces exhibiting three-staged ignition for pure 

DEE (a) and DEE/EtOH (b) blends at fuel-lean conditions. 
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Figure 3.9. Simulated pressure profiles of all models compared to the experimental 

pressure profile. Detailed regions (A, B, C) highlight the stages of ignitions. Circled 

numbers represent the legends and rectangular numbers represent the stages of ignition. 

Conditions: pure DEE, φ = 0.5, pEOC = 21.5 bar, TEOC = 566 K. 

The total IDTs are plotted in Fig. 3.6. In Fig. 3.10, the IDTs of various stages of ignition 

are plotted and compared with the modified Sakai et al. [57] model. It is seen that all stages 

converge at lower temperatures whereas the 1st stage ignition is far removed from the other 

stages at higher temperatures. There is good agreement between the heat loss simulated 

IDTs using the modified Sakai et al. [57] model and the experimentally measured IDTs. It 
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is worth noting that the model predicts four ignition stages while only three stages of 

ignition were observed experimentally. 

 

Figure 3.10. Measured ignition delays (solid symbols) of various stages of ignition for 

pure DEE (a, b) and DEE/EtOH (c, d) blend at lean conditions. Predictions (open 

symbols with connecting lines) by the modified Sakai et al. [57] model are also shown. 

Constant volume simulations profiles of pressure, temperature, and heat release rate (HRR) 

are illustrated in Fig. 3.11. Clear four ignition stages can be observed, with a weak second-

stage ignition. The reason that only a three-stage ignition is observed in the experiments 

can be explained by the weakness of the second stage, making it hard to see experimentally.  
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Figure 3.11. Simulated temperature, pressure, and HRR for pure DEE (a, b) and 

DEE/EtOH (c, d) blend. Shaded regions represent the first (τ1), second (τ2), third (τ3), 

and total (τt) IDTs. Simulations carried out using the modified Sakai et al. [57] model. 

It is evident from the simulated HRR profiles in Fig. 3.11 that the addition of EtOH to DEE 

changes the highest heat release stage to the third stage. To understand this change in the 

HRR profile, the heats of production per reaction for the pure DEE and for the DEE/EtOH 

blend are analyzed in Fig. 3.12. The following conclusions can be drawn from this analysis: 

1) Energy is consumed by the decomposition of hydrogen peroxide and ethoxy ethyl 

ketohydroperoxide decomposition in both systems; 

2) The most of the energy is generated by the termination (Ḣ + O2 (+M) → HȮ2 (+M)) 

reaction and recombination of hydrogen peroxy radicals (2HȮ2 → H2O2 + O2) for 

pure DEE as well as for the DEE/EtOH blend; 
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3) A higher heat release occurs at the first stage due to the reaction of methyl radicals 

with molecular oxygen (ĊH3 + O2 (+M) → CH3Ȯ2 (+M)) and the formation of 

methanol from methyl peroxy for neat DEE; 

4) By adding EtOH to DEE, the heat release at the third stage become dominant due 

to the reactions such as CO oxidation by hydroxyl radical ȮH (CO + ȮH → CO2 + 

Ḣ) and Ḣ + O2 (+M) → HȮ2 (+M).      

 

Figure 3.12. Heat production per reaction for (a) pure DEE, pEOC= 21.5 bar, TEOC = 566 

K, φ = 0.5 (b) 50% DEE/50% EtOH 50% pEOC = 20.86 bar, TEOC = 606 K, φ = 0.5. 

3.2.4 Effect of dimethyl ether (DME) and diethyl ether (DEE) on ethanol 

reactivity 

Zhang et al. [38] previously studied the autoignition of EtOH and dimethyl ether (DME) 

blends. Hence, it is interesting to compare the blending effects of DME and DEE with 

EtOH. A comparison of pure DEE, DEE/EtOH blend, and DME/EtOH IDTs is presented 

in Fig. 3.13. It is clear that the DEE/EtOH blend is much more reactive compared to the 
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DME/EtOH blend even though both have the same amount of EtOH (50% by mole). The 

IDT measurements for the pure EtOH and DME/EtOH blend, as well as the DME/EtOH 

chemical kinetic model predictions are from Zhang et al. [38]. 

 

Figure 3.13. Reactivity comparison of EtOH, DME, DEE and DME/EtOH, DEE/EtOH 

blends. All blends are 50% /50% by mole. EtOH and DME IDT data are from Zhang et 

al. [38]. Modified model prediction was shown. 

The radical and intermediate production rates as well as the reaction flux are analyzed to 

understand the autoignition reactivity difference in the DEE and DME blends with EtOH. 

They are shown in Figs. 3.14 and 3.15, respectively. It is observed that the key 

intermediates formed during the oxidation of DME and DEE are formaldehyde (CH2O) 

and acetaldehyde (CH3CHO), respectively, over a wide range of temperatures. This 

observation was previously confirmed by speciation and modelling studies of DME [69-
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71] and DEE [58, 60]. In a previous work, Salooja [72] examined the exceptional reactivity 

of DEE and concluded that the production of acetaldehyde during the oxidation of DEE 

results in high reactivity. In another related work, Salooja [73] observed that aldehydes, 

produced as primary intermediates, control the reactivity of di-alkane ethers, and 

acetaldehyde is the most reactive aldehyde compared to formaldehyde and larger 

aldehydes. Therefore, in agreement with previous studies [58, 60, 69-72], we conclude that 

the reactivity of DEE/EtOH and DME/EtOH blends is controlled by the production of 

acetaldehyde and formaldehyde/formic acid, respectively. 

 

Figure 3.14. Normalized radical and intermediate production rates at 2/3*τign for 

DEE/EtOH and DME/EtOH blends. Conditions: T = 700 K (a) and 1200 K (b), p = 20 

bar, φ = 1.0. 
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Figure 3.15. Reaction flux analysis for (a) DEE/EtOH and (b) DME/EtOH blends at the 

2/3* τign. Conditions: T = 700 K (blue) and 1200 K (red), p = 20 bar, φ = 1.0. 
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3.3 Biofuel tri-blends: Diethyl Ether/Ethanol/Ethyl Levulinate 

3.3.1 Introduction 

There is an increasing concern regarding the consequences of petroleum derived fuels 

which has led to energy producers turning towards sustainable energy sources. Thence, a 

number of production methods of advanced biofuels from lignocellulosic biomass have 

recently been discovered [74-76]. From these research works, it can be concluded that the 

production of alternative fuels from non-edible biomass is currently challenging. The 

challenges include technical issues as well as the expense of the fuels compared to 

conventional fossil fuels. However, the future is encouraging with novel developments in 

bio-fuel production technology. 

Dimitriou et al. [77] recommended to minimize the synthesis steps as much as possible in 

order to reduce the production costs of advanced fuels. Thus, production methods with 

fewest synthesis and purification steps can significantly reduce the price of advanced 

biofuels. One of the most promising methods is the acid hydrolysis of cellulose, where 

cellulose may come from lignocellulosic plant waste. In this process, a solvent is needed 

to extract the lower molecular components from the biomass. The production of levulinic 

acid is achieved if water is utilized as the solvent, whereas alkyl levulinate is formed if an 

alcohol is the solvent. The latter approach is suggested to be a promising biofuel production 

method [78]. Together with the formation of an alkyl levulinate, the simultaneous 

conversion of the alcohol to ether occurs [79]. Therefore, mixtures of alkyl levulinate, 

alcohol, and ether are formed from this process. Each component of the mixture possesses 

different physical and chemical characteristics. Particularly, the autoignition behavior of 

the mixture with varying concentrations of each component is of great interest. The 
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concentration of each constituent is varied through the synthesis parameters such as 

temperature, time, and acid concentration. These adjustments yield a fuel blend with 

preferred properties [80].  

In this study, the autoignition properties of fuel blends of ethyl levulinate (EL), diethyl 

ether (DEE) and ethanol (EtOH) have been considered. The combustion characteristics of 

each blend component differ drastically, which can be summarized as follows: 

1) EL has been blended with diesel [81]. However, due to solubility issues with diesel 

at low temperatures [82], it was proposed to blend EL with gasoline instead and it 

has been shown that EL enhances the anti-knock tendency of gasoline fuel [83, 84].  

2) EtOH is used as an octane enhancer for gasoline fuels [85]. Nevertheless, EtOH 

cannot be blended with diesel fuels due to a reduction in cetane number, solubility 

limits [86], and reduced flash point [87]. 

3) DEE has a high cetane number [45] and it is an ideal fuel to blend with diesel. It 

was blended with biodiesel to enhance its reactivity [88]. It has good miscibility 

with diesel, and can be used as a co-solvent [44]. In addition, it is problematic to 

use DEE as a single fuel due to its low flashpoint [46]. 

The blending of EtOH and DEE were studied previously [45, 89, 90]. Hence, the addition 

of ethyl levulinate into this biofuel blend has technical as well as commercial potential. 

This work examines the autoignition characteristics of a ternary blend of EL, DEE, and 

EtOH. A detailed chemical kinetic model was developed and validated against a wide range 

of experimental conditions. 
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3.3.2 Methodology 

The KAUST ignition quality tester (IQT) is used to determine derived cetane numbers 

(DCN) as per ASTM D6890. The details of the reactor and experimental procedures can 

be found in [91]. Using the IQT DCN data, a fuel blend (35/27/38 mol% EL/DEE/EtOH) 

was formulated which has a RON = 95 and MON = 88.3. Thereafter, IDTs of this gasoline-

type ternary blend were measured using the RCM at pressures of 20 and 40 bar, and at 

stoichiometric and fuel-lean conditions. 

3.3.3 Results and Discussion 

While taking some data for a follow-up study, we decided to repeat some IDT points. The 

new experiments produced quite different results. We investigated this further and 

concluded that the previous results were indeed erroneous. The IDT data published in the 

paper were incorrect due to experimental issues and we are in the process of writing an 

erratum. The comparisons between the new IDT data and the reported IDT data are shown 

in Fig. 3.16 (a) and (b). 

 
Figure 3.16. IDT results of the ternary mixture (Gasoline type) at 20 bar (a) and 40 bar 

(b) (comparison between previous results (open symbols) and new results (solid 

symbols)). 
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Fig. 3.17 (a) and (b) show comparisons of simulations (including facility effects) with the 

experimental results at 20 bar and 40 bar pressures, respectively. The model over-predicts 

the IDT trends a lot. The reason for this is that the model was adjusted based on our 

previously erroneously collected IDT data. We have improved the model performance 

(solid lines) compared to the published model (dotted lines). 

 

Figure 3.17. IDT heat loss simulation results of the ternary mixture (Gasoline type) at 20 

bar (a) and 40 bar (b) (all are new IDT data). Dotted lines are the simulations results of 

the published paper and solid lines are the results of the improved model. 

In this chapter, IDTs of biofuels, advanced biofuels, as well as their blends have been 

reported. Chemical kinetic models describing their combustion have been assembled and 

validated against a wide range of experimental conditions. It is shown that DEE enhances 

the reactivity of its blends with ethanol through the formation of acetaldehyde as an 

intermediate. 
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4. Ignition Delay Time and Flame Speed Measurements 

of Ammonia Blended with Combustion Promoters 

In this chapter, IDTs and laminar flame speeds of ammonia blended with combustion 

promoters are reported. The proposed combustion promoters are bio-derived oxygenates, 

such as diethyl ether (DEE), dimethyl ether (DME), and dimethoxymethane. Moreover, 

combustion kinetic models were developed to accurately predict the combustion behavior 

of the blends. The KAUST RCM facility and the KAUST Constant Volume Spherical 

Reactor (CVSR) were utilized. The laminar flame speed data were used to validate the 

chemical kinetic model at high temperatures, while the RCM data were used to validate 

the low-to-intermediate temperature chemistry. 

4.1 Introduction 

It is well-known that ammonia is relatively un-reactive. One strategy to overcome its low 

reactivity is to burn it with reactive fuels or so called “combustion enhancers” [92]. In this 

thesis, NH3 has been blended with reactive bio-derived fuels such as diethyl ether (DEE), 

dimethyl ether (DME), and dimethoxy methane (DMM). 

Oxygenated biofuels, such as ethers, have been studied extensively [44, 93-101]. Ethers 

were successfully blended with diesel to achieve increased efficiency as well as to lower 

emissions. Moreover, ethers can be produced from biomass and renewable sources. 

Different production pathways for three ethers used in this works are: 

1) DME can be produced: 

a. Directly from synthesis gas [102]; 

b. From methanol through dehydration [103]; 

c. From CO2 and renewable H2 [104] (Fig. 4.1). 
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2) DEE can be produced: 

a. By EtOH acid-catalyzed dehydration [44] 

b. By dehydration of EtOH with various catalyst materials [105]; 

3) DMM can be produced: 

a. As a result of catalytic reaction of methanol with formaldehyde [106]; 

b. From catalytic synthesis utilizing methanol, carbon dioxide, and molecular 

hydrogen [107, 108]. 

By analyzing these production pathways, it can be concluded that the ether production can 

be sustainable. 

 
Figure 4.1. Renewable DME production and its utilization (adopted from [104]). 
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As a consequences, we propose to blend NH3 with DEE, DME, and DMM in order to 

overcome the drawbacks associated with the combustion of ammonia. These ethers are 

advantageous due to their renewable nature, reduced emissions, improved efficiencies, and 

increased combustion reactivity (they are used as combustion promoters). 

4.2 Methodology 

IDTs of NH3/DEE, NH3/DME, and NH3/DMM blends were measured using the RCM for 

a range of mole fractions of DME, DEE, and DMM. Laminar burning velocities of 

NH3/DME, NH3/DEE, and NH3/DMM premixed flames were measured using the CVSR 

at different equivalence ratios and pressures, for various concentrations of DEE, DME, and 

DMM in NH3. 

 

 4.3 Results and Discussion 

4.3.1 NH3/DEE blends 

4.3.1.1 NH3/DEE IDT results 

IDTs of various NH3/DEE blends were measured by using the RCM over a temperature 

range of 620 – 942 K, at pressures of 20 and 40 bar, for fuel-lean (φ = 0.5) and 

stoichiometric (φ = 1.0) conditions. DEE mole fractions (χDEE) were varied between 0.05 

and 0.20 to examine the blending effects. IDTs of the fuel blends are plotted in Fig. 4.2. It 

is clear that the ignition of NH3 is expedited by the addition of DEE. An addition of as little 

as 5% DEE increases the reactivity of the mixture with NH3 by about 30 times as compared 

to the neat NH3 results at TC = 900 K and pC = 20 bar. Among all the blends, the χDEE = 0.2 

blend exhibited the highest reactivity.  
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Figure 4.2. Ignition delay times of various NH3/DEE blends at (a) 20 bar, φ = 1.0 and for 

(b)  χDEE = 0.05, p = 20 and 40 bar, φ = 0.5 and 1.0. Lines are heat-loss simulations of the 

composite NH3/DEE model. Also shown are IDT data of FACE F gasoline [109], and 

constant volume IDT simulations of neat NH3 and neat DEE for comparison. 

Figure 4.2(b) shows the equivalence ratio and pressure dependence of χDEE=0.05 blend. 

Overall, the reactivity of this blend exhibited a large pressure and equivalence ratio 

dependence. As expected, IDTs decrease with increasing pressure and equivalence ratio. 

Moreover, the NTC behavior was suppressed for higher NH3 concentrations. 

In Fig. 4.2(a) literature IDT data for FACE F gasoline (from [109]) are also plotted. 

Remarkably, the χDEE = 0.1 blend displayed a similar IDT curve compared to the FACE F 

gasoline. However, the χDEE = 0.1 blend has a flatter NTC regime which indicates that the 

blends possess a higher octane sensitivity [110] (OS= RON - MON) compared to FACE F 

gasoline. It is well-documented that fuels with high octane sensitivity are preferable for 

modern down sized boosted engines [111]. 
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A detailed chemical kinetic model was assembled to analyze the combustion behavior of 

the NH3/DEE blends. The base mechanism is from Shrestha et al. [112] and the Sakai et 

al. [57] DEE sub-mechanism was added to it. The base mechanism was validated for C1 – 

C2 hydrocarbon/oxygenated fuels and for NH3 [113].  

Simulations, including facility effects, using the assembled chemical kinetic model are 

shown as lines in Fig. 4.2(a) and (b), except for pure NH3 and pure DEE IDT where the 

lines are constant volume simulations. Overall the model performs well, especially for 

higher DEE concentrations (χDEE ≥ 0.1). Nevertheless, there are some discrepancies in the 

NTC region, particularly for the χDEE  = 0.05 blend. 

Brute force IDT sensitivity analyses (utilizing Eq. 3.1) were conducted to highlight the key 

reactions that control the combustion of the NH3/DEE blends (see Fig. 4.3). Generally, the 

combustion behavior of the NH3/DEE blends is controlled by NH2, Q̇OOH, and Ȯ2QOOH 

radical reactions. H-atom abstraction from NH3 by hydroxyl radicals inhibits the reactivity 

of the system, whereas hydroxyl radical consumption by DEE enhances reactivity. Q̇OOH 

and Ȯ2QOOH radical reactions are crucial in the NTC region for the NH3/DEE blend. In 

addition to these reactions, ṄH2 radical reactions play a significant role in the blend 

combustion. Reaction rate coefficients of the few reactions involving ṄH2 radicals are 

obscure [22]. The branching ratio of ṄH2 radical reaction with NO2 (i.e., the reactions: ṄH2 

+ NO2 = N2O + H2O and ṄH2 + NO2 = H2NȮ + NO) is also very important. Unfortunately, 

the branching ratios and rate coefficients of these reactions have high uncertainties and 

further studies are required. Furthermore, some cross-reactions involving carbon and 

nitrogen need to be rectified. 
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Figure 4.3. Brute force IDT sensitivity analysis of the dual-fuel blend. Positive sensitivity 

indicates increased IDTs or reduced reactivity, and vice versa. 

4.3.1.1 Laminar flame speeds of NH3/DEE blends 

Laminar flame speeds (LFS) were measured at T = 298 K, p = 1 bar, with varying 

equivalence ratios. Representative schlieren images, used to compute laminar flame 

speeds, are shown in Fig. 4.4. It can be seen that flames propagate without any disturbances 

or wrinkling which is true for all of the cases tested. In these experiments, the center of the 

flame and the gap of the two-spark electrodes overlapped. As expected, the flames have 
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higher propagation speeds at φ = 1.2 compared to those at φ = 0.9. Moreover, the higher 

DEE concentration blends show faster flame propagation. 

 

 

Figure 4.4. Schlieren images of NH3/DEE-air premixed flames at χDEE  = 0.2 top row, and 

χDEE  = 0.4 bottom row. 

An important parameter used to describe the flame response to flame stretch is the burned 

gas Markstein length (Lb). The variation of Lb as a function of φ is presented in Fig. 4.5. 

All blends exhibited a decrease in Lb with increasing equivalence ratio apart from the χDEE 

 =  0.1 blend. This indicates that the χDEE  = 0.1 blend flame behaves similarly to NH3-air 

[114] and CH4-air [115] flames where Lewis number (Le) was found to increase with 

equivalence ratio.  This unbalance in Le number increases flame instability for χDEE  = 0.1 

blend. In the early stage of the propagation of this flame, thermal-diffusive instability plays 

a dominant role. This is caused by the competing effects between heat conduction from the 

flame and the reactant diffusion towards the flame. On the other hand, all other blends 

show similar flame characteristics to DEE-air [116] and iso-octane-air flames [115]. From 

Markstein length analysis, we conclude that the flames of χDEE  = 0.2, χDEE  = 0.3, and χDEE 
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 = 0.4 blends are stable, whereas χDEE  = 0.1 blend has flame instabilities arising from 

thermal-diffusive effects.   

 
Figure 4.5. Burned gas Markstein length, Lb, versus φ. 

Unstretched adiabatic laminar burning velocities are plotted in Fig. 4.6. NH3/DEE flames 

exhibited similar behavior to hydrocarbon flames, reaching the maximum flame speed 

values at φ ∼ 1.1. In addition, flame speed variations for various blends are presented in 

Fig. 4.7. Overall, flame speeds are expedited with increasing DEE content. For instance, 

adding 10% DEE (χDEE  =  0.1) to NH3 increases the SL by around 120% compared to pure 

NH3-air flames [114, 117, 118] at φ = 1.1 (Fig. 4.9). The constructed chemical kinetic 

model captures well the laminar flame speeds of the blends. However, there are some 

discrepancies. Henceforth, further improvement of the DEE/NH3 kinetic model is required.   
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Figure 4.6. One-dimensional, adiabatic laminar burning velocity (SL) of NH3/DEE blends 

as a function of equivalence ratio. Dashed lines are chemical kinetic simulations with the 

model assembled in this work. Literature burning velocities for pure NH3-air flames 

[114, 117, 118] are also shown. 

 
Figure 4.7. Variation of laminar flame speed (SL) for various NH3/DEE blend flames. The 

symbols and the lines represent the experimental data (this work and Hayakawa et al. 

[114]) and the results of the current chemical kinetic model, respectively, at the specified 

conditions. 
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4.3.2 NH3/DME blends 

4.3.2.1 NH3/DME IDT results 

Figure 4.8 shows measured total IDTs taken in the RCM for different blends of 

ammonia and dimethyl ether (DME). Experiments were performed over a temperature 

range of 649 – 950 K, at pressures near 20 and 40 bar, for stoichiometric (φ = 1) and 

fuel-lean (φ = 0.5) mixtures in air. In the NH3/DME blends, the NH3 mole fraction was 

varied between 0.5 to 0.95 to determine the trend in the ignition behavior by increasing 

the NH3 fraction in the fuel blend. As expected, the IDTs decrease with increasing 

pressures and increasing equivalence ratios. Generally all IDTs exhibit typical 

Arrhenius behavior. The figure also displays facility effect simulations (lines) where a 

newly developed DME/DMM/NH3 oxidation model [119] is used. The model 

reproduces the experimental IDT data with reasonable accuracy.  
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Figure 4.8. IDT results (symbols) and heat loss simulation (lines) results for different 

DME/NH3 blends. 
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The effect of varying the NH3 concentration on the measured IDTs of the NH3/DME 

blends is displayed in Fig. 4.9. Clearly, the ignition behavior of NH3 is immensely 

enhanced by the addition of as little as 5% DME for the RCM conditions. As anticipated, 

the IDTs of the NH3/DME blends are longer than for pure DME due to the high 

autoignition resistance of NH3. Note that the simulations for pure DME (χDME = 1) and 

pure NH3 (χDME = 0) presented in Fig. 4.9 are perfomed assuming constant volume 

conditions. The fuel blends containing χDME = 0.5 and χDME = 0.4 were found to exhibit 

similar reactivity within the experimental uncertainty.  

 

Figure 4.9. Blending effects of DME on NH3. Pure DME ( χDME = 1) and Pure NH3 ( 

χDME = 0) IDTs are constant volume simulations. 

Furthermore, a brute force sensitivity analysis to IDT was conducted to identify the key 

reactions, the results of which are shown in Fig. 4.10. It should be noted that the reactions 

with the negative sensitivity values are reactivity promoting reactions, whereas the 

reactions with positive values inhibit reactivity. As obveserved from Fig. 4.10 NH3 
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addition decreases reactivity. This occurs through H-atom abstraction from NH3 by 

hydroxyl (ȮH) radical, with NH3 acting as an hydroxyl radical scavenger. In addition , the 

overall reactivity of the system is inhibited by ṄH2 radical reactions with NO2 and NO for 

higher NH3 concentrations (χDME = 0.1 and χDME = 0.05). 

 

Figure 4.10. Brute force IDT sensitivity analysis. Where the reactions with negative 

values are reactivity promoting reactions while with the positive values are reactivity 

inhibiting reactions. 

4.3.2.2 NH3/DME Flame Speed Results 

Laminar flame speeds were measured for different NH3/DME blends over a range of 

equivalence ratios (0.8 – 1.3), at T = 298 K, pressures of 1, 3 and 5 bar. The DME mole 

fraction in the blend was varied from 0.179 to 0.467. 
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Figure 4.11 represents the unstretched adiabatic laminar burning velocities, SL, for various 

NH3/DME blends as a function of equivalence ratio. The variation of flame speed for 

various blends as a function of pressure is represented in Fig. 4.12. NH3/DME flames 

showed behavior like that seen for hydrocarbon flames, attaining a maximum value of SL 

at φ ~ 1.1. Burning velocities were found to increase with increasing χDME. 

 

Figure 4.11. One-dimensional, adiabatic laminar burning velocity (SL) of NH3/DME 

blends as a function of equivalence ratio. The lines are chemical kinetic simulations with 

the model developed in this work. 
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Figure 4.12. Laminar flame speeds for various NH3/DME blends as a function of 

pressure. Pure NH3 FS data are from Hayakawa et al. [114]. 

The NH3/DME kinetic model performed reasonably well in predicting the experimental 

laminar flame speed data. Some discrepancies were observed for the χDME = 0.368 and 

χDME = 0.467 mixtures at 1 bar pressure and at fuel-rich (φ = 1.1, 1.2, 1.3) conditions. 

Sensitivity analyses were carried out to identify the key reactions that control flame speeds 

of the NH3/DME mixtures, Fig. 4.13. In addition to the typical dependency on C0 – C2 

reactions, flame speeds are sensitive to ammonia related chemistry, such as NH3 + ȮH, 

ṄH2 + NO and ṄH2 + NH. 
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Figure 4.13. Laminar flame speed sensitivity. 

 



76 

 

4.3.3 NH3/Dimethoxymethane blends 

4.3.3.1 NH3/DMM IDT results 

The autoignition characteristics of various blends of NH3 and DMM (dimethoxy methane) 

were investigated over a temperature range of 628 – 928 K, at pressures near 20 and 40 bar, 

and at equivalence ratios of 0.5 and 1.0. Mole fraction of DMM, χDMM, was varied between 

0.1 – 0.3 to observe the trend in the ignition behavior of NH3 in NH3/DMM blends. Figure 

4.14 displays the effect of DMM on the reactivity of NH3 at RCM conditions. Note that in 

Fig 4.14 the neat DMM IDT data are from Jacobs et al. [120] and the pure NH3 data are 

from the constant volume IDT simulations. An immense reduction in the IDTs of the 

NH3/DMM blends compared to the neat NH3 mixtures was observed, indicating the 

boosting effect of DMM on the autoignition behavior of NH3. For example, with as little 

as 10% addition of DMM to NH3 the reactivity was enhanced by ~ 30 fold, compared to 

neat NH3 at T ~ 900 K and φ = 1. Among the blends studied, the χDMM = 0.3 blend exhibited 

the highest reactivity, nearly approaching IDTs of neat DMM at similar conditions. The 

overall reactivity of a given NH3/DMM blend increases as the temperature increases 

showing an Arrhenius behavior. The IDTs of the blends exhibit a smooth transition to the 

low-temperature regime without showing a clear negative temperature coefficient (NTC) 

regime, Fig. 4.14. As seen, the slopes of the IDT curves display different global activation 

energies. The stoichiometric blend of χDMM = 0.1 exhibits a significantly higher activation 

energy compared to the χDMM = 0.2 and χDMM = 0.3 blends, indicating an NH3-like ignition 

behavior for mixtures with low mole fractions (≤ 0.1) of DMM. 
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Figure 4.14. Blending effects of DMM on NH3. Pure DMM ( χDMM = 1)  IDT data are 

from Jacobs et al. [120] and Pure NH3 ( χDMM = 0) IDTs are constant volume 

simulations. 

A recently published DMM/DME/NH3 model [119] was utilized to perform IDT 

simulations including RCM facility effects, Fig. 4.15. The model captures well IDT trends 

even at higher NH3 concentrations. Interestingly, there are some discrepancies for the fuel-

lean mixtures at pressures of both 20 and 40 bar, Fig. 4.15(c). Work is ongoing to identify 

the sensitive reactions and update the kinetic model for better prediction accuracy. 
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Figure 4.15. IDT measurement results and heat loss simulation results of various 

NH3/DMM blends. 

  

4.3.3.2 NH3/DMM Flame Speed results 

Figure 4.16 shows representative schlieren images of the propagating spherical laminar 

flames. The centers of the studied flames were close to the spark electrodes up to flame 

radius of 60 mm with no appreciable deformation of the flame appearance. This indicates 

that any buoyancy effect on the flame shape was negligible.  
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Figure 4.16. Schlieren images of NH3/DMM flames recorded at (a) χDMM = 0.2 and (b) 

χDMM = 0.6, for the equivalence ratios (φ) of 0.9, 1.1, and 1.3. 

Figure 4.17 shows the comparison between the model predictions and experimental 

measurements for the laminar burning velocities (SL) of the DMM/NH3 blends. The 

measured SL of the neat DMM/air flames [121] are also presented. The experimental data 

from the present work is in excellent agreement with that of Gillespie [121]. The present 

kinetic model performs excellently in predicting the SLs for neat DMM at all equivalence 
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ratios investigated. However, the laminar flame speeds of the DMM/NH3 blends are 

somewhat over-predicted. The discrepancies between the model prediction and the 

measurements are the highest for the χDMM = 0.6 cases. The model will be improved further 

in a future work to better predict the IDT and flame speed data. 

 

Figure 4.17. Comparison of the measured SL with simulated values for various 

DMM/NH3 blends and neat DMM. 

In this chapter, IDTs and the flame speeds of the blends of NH3 with three different 

combustion promoters are presented. The proposed combustion promoters are bio-derived 

and renewable fuels. Chemical kinetic models have been assembled to predict the 

combustion characteristics of these blends. Generally, ignition is promoted and flame speed 

is expedited by the addition of promoters. Moreover, the effectiveness of the three 

promoters is compared in Fig. 4.18. It can be summarized that DEE is most effective in 

increasing IDTs, Fig. 4.18(a), followed by DME and the least effective promoter is DMM. 
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Similarly, DEE has the highest flame speed enhancing property, followed by DMM, and 

DME has the least flame expediting effect (refer to Fig. 4.18(b)). 

Different chemistry regimes results in the different IDT and flame speed effects of the 

promoters. In this work, IDTs are measured at low-to-intermediate temperatures and flame 

speed measurements correspond to high temperature chemistry. Following are some 

important conclusions:  

1) IDT reactivity enhancement behavior is: DEE followed by DME and the least reactive 

is DMM. This is due to the fact that DEE [60] and DME [119] exhibit strong reactivity 

at low temperatures compared to DMM [119]. The strong reactivity of DEE and DME 

at low temperatures is due to the fact that the chain-branching pathway of O2 addition 

leading to the ketohydroperoxides and hydroxyl radicals (ȮH) is favored. The hydroxyl 

radical subsequently attacks the fuel. For DMM, low-temperature chain-branching 

pathway gets strong competition from chain propagation pathways which results in 

reduced low-temperature reactivity of DMM.  

2) Flame speed enhancement is: the highest flame speed for DEE/NH3 blend, followed by 

DMM and the smallest flame speed for DME blend. This is because the flames are 

mainly controlled by high temperature chemistry. At high temperatures, all fuels are 

mainly attacked by H-atom and OH radicals to form fuel radical. The two primary 

radicals of DEE mainly go through thermal dissociation to give C2
̇ H5, CH3CHO and 

C2H4 at early stages [122]. DMM also has two primary fuel radicals which mainly form 

CH3OCHO (methyl formate) and CH3OĊH2 which finally lead to CH3Ȯ and CO (from 

methyl formate) and  ĊH3 and CH2O (from CH3OĊH2) [119]. In case of DME, there 
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is only one primary fuel radical, which leads to less radical formation in flames 

compared to DEE and DMM [119]. The highest flame speed of DEE blend is due to 

the fact that CH3CHO, C2
̇ H5 and C2H4 are directly formed by the dissociation of the 

primary fuel radial in early phase.  

 

Figure 4.18. Combustion enhancement effectiveness comparison of different promoters: 

(a) IDT reactivity enhancement and (b) flame speed expedition characteristics. 
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In these studies, our primary goal was to effectively utilize ammonia with the help of a 

combustion promoter in the least amount possible. Based on IDT and flame speed results, 

following conclusions can be drawn:  

1) 10 % DEE / 90 % NH3 blend has IDT trend similar to the FACE F gasoline. 

Moreover, this blend has higher octane sensitivity which makes it a an excellent blend for 

modern downsized turbo charged engines. However, this blend has flame instabilities at 

equivalence ratios below 0.9. If the engine operates at slightly richer (φ >1.0) or 

stoichiometric conditions (φ =1.0), the flames are as stable as in hydrocarbon fuels. Hence, 

for modern turbocharged engines operating at stoichiometric [123] or richer conditions, 

this blend is quite suitable. 

2)  In case of the engine technologies which operate at lean conditions such as HCCI, 

10 % DEE / 90 % NH3 blend is not suitable due to flame instability issues at these 

conditions. For these types of engines, we propose to 20 % DEE / 80 % NH3 blend. As the 

conditions are lean, there will be high amount of NO and NO2 formation because of the 

following reactions: 

NO + HȮ2 => NO2 + ȮH 

NO2 + Ḣ => NO + ȮH  

Both reactions result in increased hydroxyl radicals which in turn will expedite the 

reactivity.  

Selective catalytic reduction (SCR) process can be applied to reduce NOx, where some 

ammonia from the fuel stream can be used rather than having a separate urea tank: 
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4NO + 4NH3 + O2 => 4N2 + 6H2O 

2NO2 + 4NH3 + O2 => 3N2 + 6H2O 

NO2 + NO + 2NH3 => 2N2 + 3H2O 

Hence, the optimal blend of DEE and ammonia can be chosen based on the operating 

conditions of the engines. If engine operates at stoichiometric and slightly richer 

conditions, then 10% DEE / 90% NH3 blend can be utilized directly, while for the engines 

operating at lean conditions 20 % DEE / 80 % NH3 blend can be used with SCR process to 

reduce NOx emissions. 

 

 

5. Engine Combustion Studies of Biofuels Blended with a 

Low-Octane Gasoline  

In this chapter, the octane boosting effects of two next generation biofuels (i.e., γ-

valerolactone and cyclopentanone) are presented. These studies were performed using a 

Cooperative Fuel Research (CFR) engine operating at a homogenous charge compression 

ignition (HCCI) combustion mode. Octane boosting effects were rated with a low-octane 

FACE (Fuels for Advanced Combustion Engines) J gasoline fuel. Cyclopentanone (CPN) 

was blended directly with the FACE J gasoline fuel, while γ-valerolactone (GVL) was 

mixed with EtOH as a co-solvent due to its non-miscibility. Exhaust unburned hydrocarbon 

and carbon monoxide emissions were also measured. In addition, RCM IDTs were 

measured for the CPN/FACE J blends. From these studies it can be concluded that both 
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fuels not only have a great potential in octane boosting but can also help reduce tailpipe 

emissions. 

5.1  Introduction 

One of the ways to meet global energy and emission challenges is to use renewable energy 

sources, e.g., lignocellulosic fuels [124]. Furfural can be derived from lignocellulosic 

biomass [125]. Consequently, furfural is used to produce many value-added chemicals, for 

instance tetrahydrofuran, furfuryl alcohol, cyclopentanone (CPN) [126], γ-valerolactone 

(GVL) [127], and others.  

Recently, novel biofuel production methods have been invented such as catalytic 

conversion process of lignocellulosic biomass [128-132] and fungi destruction of cellulose 

[133]. Hence, with technological developments, GVL and CPN production may soon be 

economically viable as renewable fuels. Most importantly, these biofuels have beneficial 

physical and chemical properties [134, 135], such as: 

1) High heat of vaporization; 

2) Low stoichiometric air-fuel ratio; 

3) High autoignition temperatures; 

4) High antiknock characteristics; 

5) Reduced emissions [134, 136, 137].  

CPN has been chosen as one of the advanced fuel candidates for higher efficiency and 

lower emissions by the US Department of Energy Co-Optimization of Fuels and Engines 

(“Co-Optima”) initiative [138].  
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Horváth et al. [134] studied the octane boosting effects of mixtures of GVL and EtOH 

blended with commercial gasoline (RON = 95). Bereczky et al. [139] examined the 

blending effects of GVL on the combustion behavior of a diesel fuel in a four cylinder, 

turbocharged direct injection diesel engine, where the authors showed improved 

performance and reduced carbon monoxide (CO), unburnt hydrocarbon (UHC) and, soot 

emissions. 

An HCCI engine work by Yang et al. [140] showed that CPN is a perfect candidate for 

modern turbo-charged SI engines due to its high autoignition resistance (higher than 

ethanol). A recent paper by Scheer et al. [141] confirmed experimentally the lower 

reactivity of CPN. They proved that this behavior is due to the dominant chain-terminating 

HȮ2-elimination pathways. 

Jatana et al. [142] considered different fuel types to study fuel property effects on low-

speed pre-ignition (LSPI) in a modern turbocharged and downsized GDI engine. The fuel 

types tested included a ketone (CPN), an alcohol (2-methyl-1-butanol) and an aromatic 

(ethylbenzene). These fuels were blended with Haltermann premium-grade certification 

fuel. All three types of fuel increased LSPI events but exhibited different LSPI 

characteristics due to their distinct kinetics. 

The current trends in the development of more efficient modern spark ignition engines are 

moving towards increasing compression ratios and implementing turbocharging [11]. To 

achieve high efficiency, fuels having high octane number are highly attractive to mitigate 

engine knocking events in SI engines. In addition, utilizing low octane number fuels 

directly can significantly reduce refinery costs as well as emissions (well-to-tank 
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emissions) by eliminating the catalytic reforming and isomerization units required for the 

production of high octane gasolines [143].  

For these reasons, GVL and CPN may be promising candidates as octane boosters as well 

as emissions reducers. These studies aim to examine the octane boosting potential of GVL 

and CPN for their applicability as fuel additives in internal combustion engines. The 

blending effects of GVL were investigated by mixing it with a low octane fuel FACE J 

(octane number ~ 70). EtOH was added to enhance the miscibility of the mixtures. 

Similarly, the octane boosting effects of CPN were studied but without EtOH addition as 

CPN has good miscibility with FACE J gasoline. 

5.2  Methodology 

5.2.1 Cooperative Fuel Research (CFR) engine 

In this study, the octane boosting effects of GVL and CPN on a low octane fuel (FACE J) 

were examined under HCCI combustion mode. The blends were prepared on a volume-

basis manner. Tables 5.1 and 5.2 represent the fuel matrices used in these studies. Details 

of the methodology for the HCCI blending octane number measurements can be found 

elsewhere [144]. 
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Table 5.1. CPN/FACE J blends test matrix 

FACE J 

[%vol] 

CPN 

[%vol] 

97.5 2.5 
95 5.0 

92.5 7.5 
90.0 10.0 
87.5 12.5 
85.0 15.0 
80.0 20.0 

Table 5.2. GVL/EtOH/FACE J blends test matrix. 

FACE J 

[%vol] 

EtOH 

[%vol] 
GVL 

[%vol] 

100 – – 
92.5 2.50 5.0 
88.75 3.75 7.5 
85.0 5.00 10.0 
70.0 10.0 20.0 

 

5.2.2 HCCI octane number (ON) rating methodology 

The octane boosting effects of GVL and CPN were rated on the basis of four HCCI 

ONs. These HCCI ONs are based on the combination of intake temperature and rotation 

speed from the RON (600 rpm and 52 °C) and MON (900 rpm and 149 °C) tests. Other 

parameters are fixed, such as an intake pressure of 1 bar and a lambda (𝜆) of 3 (φ = 

0.333). These HCCI ONs were used to rate sample fuels under multiple conditions and 

finally to assess the individual or combined impact of the intake temperature and the 

rotation speed. Figure 5.1 maps out all four HCCI octane numbers corresponding to 

intake temperatures and rotation speeds.  
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Figure 5.1. HCCI octane numbers map with respect to the intake temperature and the 

rotation speed. 

In addition to these four sets of conditions, reference scales are needed to rate the ONs of 

the fuel blends. Several PRF blends were examined to build the ON scales. The definition 

of the ON scale under the HCCI combustion mode is the combustion phasing criterion 

rather than a certain compression ratio as in traditional RON and MON ratings. The 

combustion phasing can be altered from a late combustion (after TDC) to an early 

combustion (before TDC) by varying the compression ratio. In this methodology, the 

combustion phasing criterion is chosen to be at 3 crank angles after TDC (CA ATDC), and 

the corresponding compression ratio converts into the ON. A sweep of the compression 

ratio is performed, and the specific combustion phasing is located by interpolation. In Fig. 

5.2 an example of the approach for PRF 60 is presented. 
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Figure 5.2. Compression ratio versus CA50 for PRF60 fuel under the four set of HCCI 

conditions. Vertical dashed line corresponds to the combustion phasing criterion. 

The combustion phasing is identified for PRFs starting from 60 to 100 with a step size of 

10 ON. The compression ratio corresponding to a 3 CA ATDC for each given reference 

fuel was recorded. Thereafter, the ON of the reference fuel as a function of compression 

ratio is plotted in Fig. 5.3, which provides the octane scales for each HCCI ON. The trends 

obtained are fitted using second-order polynomials which in turn are used to compute the 

ON of a fuel blend. 
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Figure 5.3. A plot showing octane number scales for four HCCI ONs. Symbols indicate 

the measured data points; whereas the dashed lines are the results of the fit to the 

second-order polynomial. The color code is the same as in Fig. 5.1. 

The ON scales were utilized to determine the ON of each fuel mixture listed in Tables 5.1 

and 5.2 for the four HCCI ONs. The results are presented with both the rated ONs (directly 

assessed from the ON scales) and the blending octane number computed using the 

following equation [145]: 

 
𝑂𝑁𝑏𝑙𝑒𝑛𝑑 = (1 − 𝐶𝑏𝑜𝑜𝑠𝑡𝑒𝑟) × 𝑂𝑁𝑏𝑎𝑠𝑒 + 𝐶𝑏𝑜𝑜𝑠𝑡𝑒𝑟 × 𝑏𝑂𝑁𝑣,𝑏𝑜𝑜𝑠𝑡𝑒𝑟  Eq. 5.1 

where 𝑂𝑁𝑏𝑙𝑒𝑛𝑑 is the measured ON of the blend, 𝑂𝑁𝑏𝑎𝑠𝑒 is the ON of the base-fuel and 

𝐶𝑏𝑜𝑜𝑠𝑡𝑒𝑟 is the volume fraction of the booster (GVL/EtOH or CPN). The volumetric 

blending ON (𝑏𝑂𝑁𝑣,𝑏𝑜𝑜𝑠𝑡𝑒𝑟) was computed using all of these experimentally determined 

parameters. 

In addition to the volume-basis blending ON [145-147], there is also a molar-basis blending 

ON relation in the literature [145, 148]. The volume base methodology is preferable in 

terms of the petroleum perspective whereas the molar base approach is a better option from 
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an engine perspective. Hereafter, the molar-basis blending ON calculated by the following 

Equation 5.2 which is a modified version of Equation 5.1. 

 
𝑂𝑁𝑏𝑙𝑒𝑛𝑑 = (1 − 𝑥𝑏𝑜𝑜𝑠𝑡𝑒𝑟) × 𝑂𝑁𝑏𝑎𝑠𝑒 + 𝑥𝑏𝑜𝑜𝑠𝑡𝑒𝑟 × 𝑏𝑂𝑁𝑚,𝑏𝑜𝑜𝑠𝑡𝑒𝑟  Eq. 5.2 

where 𝑥𝑏𝑜𝑜𝑠𝑡𝑒𝑟 is the mole fraction of the booster which is calculated by the Equations 5.3 

and 5.4. 

 
𝑥𝑏𝑜𝑜𝑠𝑡𝑒𝑟 =

𝐶𝑏𝑜𝑜𝑠𝑡𝑒𝑟
𝐶𝑏𝑜𝑜𝑠𝑡𝑒𝑟 + (1 − 𝐶𝑏𝑜𝑜𝑠𝑡𝑒𝑟) × 𝑟𝑚𝑣

 Eq. 5.3 

 

 
𝑥𝑏𝑜𝑜𝑠𝑡𝑒𝑟 =

𝑣𝑏𝑜𝑜𝑠𝑡𝑒𝑟
𝑣𝑏𝑎𝑠𝑒

=

𝑀𝑏𝑜𝑜𝑠𝑡𝑒𝑟

𝜌𝑏𝑜𝑜𝑠𝑡𝑒𝑟
𝑀𝑏𝑎𝑠𝑒

𝜌𝑏𝑎𝑠𝑒

 Eq. 5.4 

All other terms are identical to the volume-basis equation. Finally, the molar-basis blending 

ON (𝑏𝑂𝑁𝑚,𝑏𝑜𝑜𝑠𝑡𝑒𝑟) is computed. 

5.3  Results and Discussion  

5.3.1 GVL/FACE J blends 

5.3.1.1 Volume basis results 

The results of the volume basis HCCI ONs are shown in Fig. 5.4 for the GVL blends with 

FACE J. The trends show that the octane number monotonically increases with an increase 

in the volume fraction of the booster (2/3 GVL + 1/3 EtOH) for all HCCI conditions. This 

increase in ON can be an identification of the octane boosting potential of the blends. 

However, we need to be cautious as the ON of the booster is not known. If the ON of the 

booster is known, then the type of octane boosting (either non-linear or linear) will readily 

be identified from the data presented in Fig. 5.4. The blending ON should be computed in 

order to draw a meaningful conclusion.  
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Figure 5.4. ON rating for various volumetric fraction of GVL/EtOH mixtures. 

The blending ONs are calculated using Equation 5.1 and Fig. 5.4 presents the results. 

Furthermore, the results of the blending ONs are plotted in Fig. 5.5. The blending ONs are 

in the range of 100 – 200. As can be observed, there are two definite trends for each intake 

temperature. The high intake temperature resulted in an increasing ON trend (synergetic 

blending effect) whereas the opposite trend (antagonistic blending effect) appears at low 

intake temperatures. However, both trends converge with increasing booster concentration.  
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Figure 5.5. Blending octane number for various volumetric fraction of GVL/EtOH 

mixtures. 

5.3.1.2 Molar basis results 

The molar basis ON boosting can be computed by utilizing Equations 5.2 – 5.4 and the 

results of Figure 5.4. Here, a 0.66 GVL/0.33 EtOH blend by volume translates into a 11/20 

GVL/9/20 EtOH blend by mole. For computations, the molar mass (𝑀𝑏𝑜𝑜𝑠𝑡𝑒𝑟) and the 

density (𝜌𝑏𝑜𝑜𝑠𝑡𝑒𝑟) of the blend were taken as 75.82 g/mol and 963 g/L, respectively. The 

results of the ONs by mole basis are shown in Figure 5.6. Similar behaviors are observed 

for the volume-basis (Fig. 5.4) and molar-basis ONs (Fig. 5.6) for this particular octane 

booster. In both approaches, the observed trends are almost identical. 
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Figure 5.6. Octane number for various molar fraction of GVL/EtOH mixture. 

The blending ONs on the molar-basis are also calculated and are shown in Fig. 5.7. Once 

more, similar trends to the volume-basis blending ONs (Fig. 5.5) are observed. 

 

Figure 5.7. Blending octane number for various molar fraction of GVL/EtOH mixtures. 
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Figure 5.8. Carbon monoxide and unburned hydrocarbon emissions of FACE J with 

various fractions of GVL/EtOH volume and mole based. 

In addition to the HCCI ON measurements, exhaust emissions data were recorded using an 

AVL SESAM i60 FTIR analyzer. In Figs. 5.8(a) and 5.8(b), carbon monoxide (CO) and 

the unburned hydrocarbon (UHC) emissions data are provided for different blends. It is 

obvious that the addition of GVL/EtOH results in reduced CO and UHC emissions. From 

the results of both ON boosting and emissions reduction effects of GVL, one can conclude 

that GVL addition results in an increase in engine efficiency and in emission reductions. 



97 

 

5.3.2 CPN/FACE J blends 

Four HCCI octane numbers (ONs) were measured for the fuel blends of cyclopentanone 

(CPN) and FACE J gasoline, as given in Table 5.2. The results are shown in Figs. 5.9(a) 

and (b). Trends show that ONs increase with increasing CPN content for all HCCI 

conditions. This ON increase indicates the octane boosting property of CPN. ON increased 

at a fast rate for a 12.5% CPN blend in FACE J. 

 

 
Figure 5.9. ONs of FACE J with various fractions of CPN: volume (a) and mole (b) 

based. 

Blending ONs are computed in the same manner as described above for the GVL blends. 

The results of volume-basis and molar-basis blending ONs are shown in Figs. 5.10(a) and 

5.10(b). Blending ONs were found to range from 40 – 170. The blending ONs of the CPN 
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and FACE J blends exhibit non-linear octane boosting phenomena. An antagonistic, non-

linear blending effect can be observed. 

 

Figure 5.10. Blending octane number of FACE J with various fractions of CPN volume 

(a) and mole based (b). 

Moreover, combustion emissions were recorded using an AVL SESAM i60 FTIR analyzer. 

In Figs. 5.11(a) and 5.11(b), carbon monoxide (CO) and the unburned hydrocarbon (UHC) 

emissions data are provided for different blends at different HCCI conditions. The addition 

of CPN to FACE J gasoline fuel resulted in a drastic reduction in CO and UHC emissions. 

The UHC emissions are reduced significantly from around 175 g per kWh to 60 g per kWh. 
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We can conclude that CPN addition results in engine efficiency increase (ON boosting) as 

well as emissions reduction. 

 

Figure 5.11. Carbon monoxide (a) and unburned hydrocarbon (b) emissions of FACE J 

with various fractions of CPN volume and mole based. 

5.3.2.1 CPN/FACE J blends RCM IDT measurements and chemical 

kinetic analysis 

Measured total IDTs from the RCM experiments are plotted in Fig. 5.12(a). Some expected 

trends can be observed in the graph, such as IDTs shortening as pressures and equivalence 

ratios increase, with the fuel-lean 20 bar case being the least reactive while the 

stoichiometric 40 bar condition is the most reactive one. The equivalence ratio and pressure 

dependence is highest in the intermediate temperature window (756 – 870 K). The trends 
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depict characteristic Arrhenius behavior at high (> 870 K) and low (< 756 K) temperatures, 

and negative temperature coefficient (NTC) behavior at temperatures in between. 

Moreover, in Fig. 5.12(a), IDT simulation results including facility effects are shown 

as solid lines. For the facility effect simulations, a composite kinetic model was 

assembled by combining the models of Sarathy et al. [109] for FACE J gasoline and 

the Zhang et al. [149] model to describe CPN kinetics. The constructed model captures 

well the IDT trends especially at low temperatures. However, it over-predicts the 

reactivity in the NTC and higher temperature regions.  
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Figure 5.12. RCM IDT results compared with heat loss simulations (a) and compared 

with literature IDT data of pure FACE J (from [150] ) and pure FACE F (from [109]) 

gasolines IDT (b). 

Figure 5.12(b) shows a comparison of the IDT results of an 80% FACE J/20% CPN blend 

with the literature FACE J [150] and FACE F [109] gasoline IDTs. Interestingly, the IDT 

curve of the blend falls between both gasoline fuel IDTs in the NTC region, which indicates 

a higher octane number than pure FACE J but lower than that of the FACE F gasoline. 



102 

 

Hence, we can conclude that our blend has an octane number of less than 94.4 but it is 

significantly higher than 72, which was also confirmed by the CFR engine experiments. 

 

Figure 5.13. Brute force IDT sensitivity analysis results of pure FACE J (a) and 20% 

CPN/80% FACE J blend (b). Positive sensitivity indicates increased IDTs or reduced 

reactivity, and vice versa. 

It is necessary at this point to understand which reactions control the reactivity of neat 

FACE J and the CPN/FACE J blends. For this reason, a brute force IDT sensitivity analysis 

was conducted to determine the top 10 most-sensitive reactions, and the results are shown 

in Fig. 5. 13 for pure FACE J (a) and the blend (b) at T = 810 K, φ = 1, p = 20 bar. Reactions 
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with a positive sensitivity coefficient inhibit reactivity (increased IDTs), while those with 

a negative coefficient promote reactivity (shortened IDTs). It is apparent that secondary H-

atom abstraction by hydroxyl radicals from n-heptane (NC7H16) promotes the reactivity 

of pure FACE J the most. CPN addition to FACE J results in the promotion of reactions 

which inhibit the overall reactivity of the blend. Reactions reducing the reactivity of the 

blend include H-atom abstraction from CPN by ȮH radicals and HȮ2 elimination from 

RȮ2 radicals. This mechanism of reduced reactivity was also confirmed in an earlier study 

by Scheer at al. [141]. Overall, it can be concluded that the reactivity inhibition or the 

octane boosting effect of CPN is due to chain-terminating HȮ2 elimination reactions from 

RȮ2 radicals. 

In this chapter, HCCI ONs and exhaust emissions studies of next generation biofuels 

blended with low octane number gasoline are presented. The biofuels resulted in significant 

enhancement of ON as well as a significant reduction in emissions. Additionally, RCM 

IDTs of a CPN/FACE J blend were measured, and a chemical kinetic model was 

assembled. IDT simulations including facility effects agreed well with the experimental 

data. A brute force sensitivity analysis was performed to identify the key reactions 

controlling reactivity (i.e., affecting the ON). The results of the sensitivity analysis showed 

that the octane boosting effect is achieved through the chain-terminating HȮ2-elimination 

reactions from RȮ2 radicals. Overall, blending these oxygenated biofuels with a low ON 

fuel can be advantageous in terms of: 1) efficiency enhancement through an ON increase; 

2) emissions reduction; 3) reduced cost and reduced well-to-tank emissions by using a low 

ON fuel. 
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6. Summary and Future Work 

6.1  Summary of Results 

6.1.1 Ethanol Autoignition 

An RCM characterization initiative was organized to quantify and understand how 

variations in device design and operations affect the variability of data obtained from 

RCMs. EtOH was chosen as a test fuel. Experimental IDTs of EtOH at different conditions 

and dilutions were measured. Further IDT data are required from different RCMs to draw 

a meaningful conclusion. 

6.1.2 Ethanol/Diethyl Ether blends 

Ignition delay times for pure DEE and for a DEE/EtOH blend were measured over a wide 

range of engine-relevant conditions. A composite model, consisting of literature models of 

DEE (Sakai et al. [57]) and EtOH (Zhang et al. [38]), over-estimated the measured IDTs 

of the DEE/EtOH blend. The DEE model was modified which significantly improved the 

agreement between the low-temperature IDT measurements and the model predictions. The 

RCM experiments at fuel-lean conditions exhibited a unique 3-stage ignition behavior for 

neat DEE as well as for the DEE/EtOH blend. The kinetic model, on the other hand, 

predicted a 4-stage ignition behavior with a relatively weak second-stage ignition. Finally, 

a reactivity comparison of DME/EtOH and DEE/EtOH blends showed the important role 

played by formaldehyde/formic acid and acetaldehyde formation as intermediates in the 

two respective blends. 

6.1.3 Biofuel tri-blends: DEE/EL/EtOH blends 

The ignition properties of EL/DEE/EtOH blends were determined with IQT and RCM 

measurements. The IQT measurements highlighted the flexible range of fuels, of varying 
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ignition quality, that are capable of being produced by blending EL, DEE, and EtOH. The 

flexibility of varying each component is a significant benefit for the acid hydrolysis of 

lignocellulosic biomass in alcohols over other potential biofuel technologies. 

One specific mixture formulated to have an estimated RON of 95, typical of market 

gasoline, was selected for a detailed study. The RCM IDT data published in a peer-

reviewed journal paper was incorrect due to experimental issues and an erratum is being 

prepared to correct the record. 

6.1.4 Ignition Delay Time and Flame Speed Measurements of 

Ammonia Blended with Combustion Promoters 
Ignition delay time and laminar flame speed measurements of NH3/DEE, NH3/DME, and 

NH3/DMM blends were investigated over a wide range of experimental conditions. The 

addition of the proposed promoters (DME, DEE and DMM) was found to immensely 

enhance the combustion behavior of NH3. Interestingly, a 10% DEE/90% NH3 blend 

exhibited very similar autoignition behavior as that of a FACE F gasoline. Therefore, from 

a combustion standpoint, blends of NH3/DEE could be utilized directly in current and 

future internal engine applications. A higher percentage of ammonia in the fuel blend is 

encouraged as it will lower the overall carbon content of the fuel and possibly the fuel cost. 

However, our flame speed measurements revealed that high amounts of ammonia can result 

in flame instability. 

Some key findings are summarized as follows: 

 For a given NH3/combustion promoter blend, measured IDTs showed a significant 

pressure and equivalence ratio dependence. 
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 NH3/combustion promoter detailed chemical kinetic models performed reasonably 

well in predicting our experimental data.  

 IDT brute force sensitivity analyses showed that the combustion promoter related 

radicals enhance reactivity whereas NH3 radicals inhibit reactivity by consuming 

hydroxyl (ȮH) radicals. 

 DEE was found to be the most effective combustion promoter. 

6.1.5 Engine Combustion Studies of Biofuels Blended with a Low-

Octane Gasoline 

The octane boosting potentials of GVL and CPN were investigated using a CFR engine for 

four sets of HCCI experimental conditions. As GVL is immiscible with FACE J, EtOH 

was added as a solvent. CPN was blended directly with FACE J. The following conclusions 

were drawn: 

 The GVL/EtOH blend with FACE J resulted into in non-linear synergistic and 

antagonistic octane boosting effects.  

 The CPN/FACE J blend showed a non-linear synergetic ON boosting effect. 

 The blends exhibited reduced emission levels comparing to the pure FACE J 

gasoline, with a significant reduction in emissions observed for the CPN blends. 

 A chemical kinetic analysis of the CPN/FACE J blend showed that CPN exhibits 

octane boosting through chain-terminating HȮ2-elimination reactions from RȮ2 

radicals.  
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These bio-derived molecules look promising in terms of their feedstocks (non-edible 

biomass), resistance to the auto-ignition, and properties for reducing harmful emissions 

during combustion. 

6.2  Future Work 

6.2.1 Ethanol blended with di-n-alkyl ethers 

Ethanol blended with diethyl ether was studied and the reactivities of the dimethyl 

ether/ethanol and diethyl ether/ethanol blends were compared. There are two more highly 

reactive di-n-alkanes: di-n-butyl ether and di-n-propyl ether. Thus, it would be interesting 

to study ethanol blended with these two ethers. To observe clear differences in their 

reactivities, we propose to measure IDTs of diethyl ether/ethanol, di-n-butyl ether/ethanol, 

and di-n-propyl ether/ethanol blends at ratios of 20% ether/80% ethanol by mole. 

6.2.2 Ammonia blended with dibutyl ether 

In addition to the promoters studied, there is the possibility to utilize di-butyl ether as a 

combustion promoter. Recently, di-butyl ether is also gaining a lot of interest as a 

sustainable alternative fuel. Hence, it would interesting to study combustion behavior of 

di-butyl ether and ammonia blends. 

6.2.3 RCM high speed imaging by using the optical cell 

An optical cell was designed for the RCM which enables high speed imaging experiments 

to be conducted. These imaging data will enable the observation of the nature of ignition 

(whether it is homogeneous or not) as well as pre-ignition phenomenon. This will be the 

first imaging experiment in a double piston RCM. 
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APPENDIX A: Passivation technique 

Since ammonia is known to adsorb to metallic surfaces, passivation technique was applied 

before each mixture preparation to prevent NH3 loss. This surface passivation was applied 

for mixing vessels as well as the combustion chamber. According to this technique, around 

100 Torr of NH3 was introduced for at least 10 minutes in the mixing vessel or combustion 

chamber. Next, a rough pump was used to vacuum to about 50 mTorr pressure. This process 

can be repeated 2 – 3 times to reach effective passivation. The method was applied before 

the mixture preparation and before each experiment in the RCM. The mixing vessels and 

the connecting lines were heated to ∼ 100 °C to further minimize ammonia adsorption. 
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APPENDIX B: Combining reactive and non-reactive 

pressure trace to generate modified volume profile 

If there is a big difference (more than 15 K) in simulated and experimental TDC 

temperatures, then a modified non-reactive pressure trace may be used for volume 

generation. 

The Matlab code can be found below. 
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APPENDIX C: Tapered seal holder o-ring replacement 

If there is a problem with the oil pressurizing (if it is leaking or not pressurizing), this is an 

indication of the damaged o-ring of the tapered seal holder. The o-ring can be replaced with 

the new one and glued. But before gluing, the o-ring has to be properly placed in the slot 

(the correct size of the o-ring). If the o-ring is properly placed then there should not be 

elongation (or deformation) when it is squeezed. After applying the glue, it has to be cured 

for one day.  Please note that the old copper washers (four) have to be replaced with new 

ones. The o-ring type is BNR 70.  
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APPENDIX D: List of Supplementary Materials 

1) Four Matlab Codes for TDC temperature calculation, gamma value computation, 

volume generation and to construct a modified pressure trace (as described in 

APPENDIX B) 

2) Standard operation procedure (SOP) of the RCM and an additional SOP 

document 

3) An excel file which consists of the sheets: (i) fuel vapor pressure check and 

required heating temperature of the mixing vessels, lines and combustion 

chamber; (ii) computation of the volume of fuel required for injection; (iii) binary 

mixture phase check; (iv) calculation of the mixture composition and mixture 

preparation. 

 

 

 

 

 


